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ABSTRACT 

The concentration of tin and palladium in catalysts used in 

electroless copper plating have been determined by Rutherford 

backscattering spectrometry with high energy (2-5) MeV 4He+. The 

tin:palladium ratio in the catalyst decreases when exposed to an 

alkaline solution. X-ray photoelectron spectroscopy has confirmed this 

result and has shown the palladium in the catalyst is present as 

palladium metal and the tin is present, probably as an oxidized 

species, to a depth of about 30 A. Catalysts for the electroless 

plating of copper are obtained by the reaction of Pd(II) and Sn(II). 

The extent of the reaction and the concentrations of the reaction 

products depend on the solution conditions. Conflicting results 

obtained in previous investigations of tin-palladium catalysts can be 

explained on this basis. 

Single crystals of gallium arsenide, (GaAs(lOO)), were found to 

dissolve in synthetic lung fluid (Gamble solution). The concentrations 

of arsenic and gallium in the Gamble solution as well as the 

arsenic:gallium ratio on the GaAs surface increased continuously as the 

time of exposure to the Gamble solution increased. X-ray photoelectron 

spectroscopic studies of the gallium arsenide surface showed that 

arsenic migrated to the surface and it was oxidized to a species 

resembling AS203 and finally solubilized by the Gamble solution. The 

solubility of gallium was governed primarily by the formation of stable 

complexes with the citrate and phosphate ions in the Gamble solution. 

xi 



Zinc that was present in the single crystals of gallium arsenide also 

migrated to the surface. 

xii 



PART I: TIN-PALLADIUM CATALYSTS IN ELECTROLESS COPPER PLATING 
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CHAPTER 1 

INTRODUCTION, PART I 

An important method that is used today for the deposition of 

copper onto various substrates is electroless plating (1-6). In this 

method, the deposition of copper occurs without the use of an external 

source of electricity, in contrast to the electrolytic plating of 

copper. One of the primary applications of electroless copper plating 

is in the deposition of copper onto plastics and other non-conductive 

substrates. Electroless plating is widely used in the semiconductor 

industry in the manufacture of printed circuit boards. One of the 

chief advantages of electroless plating is it~ ability to deposit a 

metal such as copper onto a nonconductive substrate. It is also 

superior to electrolytic plating for plating through holes which may be 

present in a substrate used in the manufacture of circuit boards. The 

rate of plating is also slower in electroless plating, which is 

desirable in some applications. Electroless copper plating can also be 

used to deposit a layer of a copper on a substrate which can then serve 

as a base for later plating by the electrolytic method. 

Electroless plating of copper is carried out by the reduction of 

Cu+2 by formaldehyde in an alkaline bath at a temperature of 

approximately 70° C. The reaction is generally carried out at a pH 

between 11 and 14 and as a result, the presence of a complexing agent 

such as EDTA is necessary to prevent the precipitation of copper 

hydroxide. The desired pH is obtained by the addition of NaOH. 
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Additives are often used to stabilize the bath or to improve the 

quality of the copper deposit (7-11). An example of the latter class 

of additives is cyanide ion (7,8). The composition of a typical 

plating bath is shown in Table 1.1. Lukes proposed the following 

equation for the reaction based on his observations of Cu+2 and OH

consumption and H2 evolution (2): 

Cu+2 + 2HCHO + 40H- ~ CuD + H2 + 2H20 + 2HCOO- (1.1) 

The consumption of HCHO and OH- in the plating process is always more 

than that shown above due to side reactions such as the Cannizzaro 

reaction for aldehydes: 

(1.2) 

It has also been shown that the surface of the copper assumes a mixed 

potential during the plating process and the overall reaction can be 

broken down into the cathodic reduction of Cu+2 and the anodic 

oxidation of formaldehyde (3): 

(1.3) 

(1.4) 

The reduction of copper by this process is favored at an alkaline pH of 

greater than approximately 9.5 (12-14). Below this pH, no plating will 

occur. The plating baths become unstable, however, if the bath becomes 

too alkaline, which generally occurs above pH 13. On copper surfaces, 

the above reactions occur autocatalytically, but a catalyst is needed 

for nonconductive substrates. 

The kinetics of the electroless copper plating process have been 

studied by several different workers (15-19). The following general 
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Table 1.1 

Composition of a Typical Electroless Copper Plating Solution 

Concentration 

CuS0405H20 

Na2EDTAo2H20 

CW 

NaOH 

HCHO 

0.04 M 

0.10 M 

25 mg/L 

a 

0.04 M b 

a. pH adjusted to 11.8 with NaOH 

b. 0.3% v/v formalin solution 
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equation describes the rate of plating for a solution containing EDTA 

as a comp1exing agent and formaldehyde as the reducing agent: 

Rp1ating = k[Cu+2 ]a.[HCHO]b.[OH-]c.[EDTA]d (1.5) 

Various reaction orders have been reported for each of these 

components. The reaction order for Cu(II) ranges from approximately 

0.35 to 0.8, that of HCHO from 0.07 to 0.25, that for OH- from 0.08 to 

-0.7, and that of the ligand (including tartrate) varies from 0.19 to 

-0.04. Although there are considerable differences in these values, it 

appears that the copper(II) concentration and the pH exert the greatest 

effect on the rate of plating, with the formaldehyde having a minor 

effect and the ligand being relatively unimportant in the kinetics. 

Donahue has discussed this wide range of values and attributes the wide 

spread to several factors (15). The most obvious reason is that many 

of these studies were done under very different conditions. There is 

generally an optimum pH at which the rate of plating is greatest (12-

14). Depending on the pH range used, relative to the optimum pH, the 

observed effect of OH- can be either to increase or decrease the rate 

of plating. The rate of increase or decrease in the rate of plating 

can also be affected by the pH range chosen. Other factors which 

cannot be as easily explained include the catalytic nature of the 

substrate and the effects of mass transport on the specific rate 

constant and on the reaction order for Cu(I!). Donahue also mentions 

that five different methods and two different types of surfaces were 

used in these studies. 

The most widely accepted proposal for the reaction mechanism of 

e1ectro1ess plating of copper is the hydride mechanism (20-23). This 
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mechanism is primarily concerned with the reactions that the reducing 

agent undergoes in solution and on the surface. Methylene glycol, 

formed by reaction of HCHO and water, loses a proton to OH- and is 

adsorbed on the metal surface. A hydrogen atom is then transferred to 

the metal surface. The adsorbed species is then oxidized to formate 

ion by OH-. The adsorbed H atom is either oxidized by OH- or 

recombines with another H atom on the surface to produce H2' These 

last two reactions (1.10 and 1.11) are thought to be in competition 

with each other. Since evolution of H2 is observed to occur on copper, 

the recombination of H atoms is said to be the favored step. 

HCHO + H20; CH2(OH)2 

CH2(OH)2 + OH- ; CH20HO- + H20 
Cu 

CH20HO- ~ oCHOHO-(ad) + oH(ad) 

oCHOHO-(ad) + OH- ~ HCOO- + H20 + e

oH(ad) + OH- ~ H20 + e-

2 oH(ad) ~ H2 

(1.6) 

(1.7) 

(1.8) 

(1.9) 

(1.10) 

(1.11) 

When a catalyst is deposited on a substrate from a solution containing 

palladium, in order to initiate the plating of copper, the oxidation of 

adsorbed hydrogen atoms is the favored process. As the plating 

proceeds and the catalyst is covered by copper, the recombination of H 

atoms is the favored process. 

Copper can be deposited on a nonconductive substrate by the 

electroless plating process only if it has first been immersed in a 

catalyst containing solution. A critical step in the fabrication of 

printed circuit boards is the deposition of a palladium-tin catalyst 

for the electroless deposition of copper. For many years a two stage 
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process was used for this purpose. The substrate was immersed in an 

acid solution of dilute SnC12 (sensitization step) followed by 

immersion in an acid solution of PdC12 (activation step). In the 

1960' s a single step process 'vas introduc1;d in which the substrate was 

immersed in an aqueous HCl solution containing a mixture of SnC12 and 

PdC12' The activity of the PdC12-SnC12 catalyst in the single step was 

enhanced by treatment of the substrate surface with a solution of Hel, 

H2S04' or NaOH (acceleration step). 

In the single step process, the nature of the palladium and tin 

species that are adsorbed on the substrate surface has been the subject 

of a large number of investigations (24-29). The bulk of the 

experimental evidence supports the following model for the single step 

sensitization: colloidal particles of a Pd-Sn alloy, ~20 A in diameter 

and stabilized by a layer of adsorbed Sn+2 , are formed in the 

sensitizing solution and are adsorbed on the substrate when it is 

immersed in the sensitizing bath. When the substrate is rinsed with 

water, tin compounds such as Sn(IV) hydroxides are precipitated on the 

surface of the colloidal particles. These Sn(IV) hydroxides 

redissolve, either in the solution that is used as an accelerator or in 

the copper plating solution (24-26). 

The chemical reactions that occur when PdC12 and SnC12 are mixed 

in an HCl solution can be represented by: 

Pd+2 + Sn+2 ~ [Pd(II) • 3Sn(II)lcomplex ~ PdO + Sn+4 + 2Sn+2 (1.12 ) 

Experimental evidence for the formation of the 1:3 Sn(II)-Pd(II) 

complex and its slow autoreduction has been provided by l19 Sn Mossbauer 

spectroscopy and by Rutherford backscattering spectrometry (25,26). 
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The above results however, are in disagreement with previous 

radiotracer work that was carried out with the ~-emitters l13 Sn and 

l09pd (27). These experiments show that a 1:2 palladium complex was 

formed and that palladium is not formed via the reaction: 

Sn+2 + Pd+2 ~ PdO + Sn+4 (1.13) 

An electron diffraction study of a dielectric surface treated with 

a SnC12-PdC12-HCl solution followed by an accelerator solution 

indicated that a totally different compound, Pd3Sn, was formed on the 

surface (28). From the results it is evident that the palladium-tin 

ratio in the deposits on the substrate is variable and appears to be 

governed not only by the nature of the substrate but also by 

unspecified solution conditions. It is conceivable that these reported 

variations in the palladium-tin ratio were caused by the interaction of 

the catalyst on the substrate with components of the electroless copper 

plating bath. Several workers have examined the variations in the 

palladium-tin ratio by employing Rutherford backscattering spectrometry 

with 2 MeV He+ ions (25,26,29). The palladium and tin peaks in the 

backscattering spectra show considerable overlap, especially if the 

energy of the incident He+ ion beam is less than 2 MeV. In Chapter 3 

the effects on the tin-palladium ratio caused by immersion of the 

catalyst coated substrate in an alkaline solution have been re

examined. A He+ beam between 2 and 5 MeV was used and, from the areas 

under the tin and palladium peaks which were obtained by a 

decomposition technique described in Chapter 4, the ratio of tin to 

palladium was determined as well as the surface concentrations of each. 

In addition, a photoelectron spectroscopic study of the surfaces of the 
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catalyst coated substrates before and after immersion in an alkaline 

solution was carried out. The variability of the Sn:Pd ratio that has 

been reported in previous investigations can be explained on the basis 

of chemical reactions that occur on the surface of the catalyst in 

alkaline solutions. 

In the study of the copper plating process it is desirable to 

prepare activated substrate surfaces in a reproducible manner since any 

variation in the catalyst coated substrate surface will cause 

variations in the kinetics of the reactions that occur in the plating 

solution. In view of the varying results reported for the composition 

of the tin-palladium coating on a catalyzed substrate, the study of an 

alternative, synthetic catalyst was undertaken, which is described in 

Chapter 3. The object was to prepare a catalyst which could be 

prepared in a single step in a reproducible manner. The catalyst 

desired should also be stable in solution in which the concentrations 

of all components are known. A tin-palladium catalyst was prepared 

with these considerations in mind. It was synthesized from palladium 

chloride, tin chloride, and acetylacetone. The catalyst can be applied 

to a nonconductive substrate by immersing the substrate in a solution 

of the catalyst and an organic solvent and allowing the solvent to 

evaporate. 

It is also necessary to identify the reactive species that are 

present in the plating bath. The reduction of the copper(II) species 

to copper metal is undoubtedly a complex process. Processes have been 

previously proposed for the oxidation of formaldehyde, which are 

primarily dependent on the presence of the formaldehyde monomer. It is 
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therefore important to identify the formaldehyde species that are 

present in the plating solution which may participate in the plating 

reaction. 

In many of the studies done in the area of ele~troless plating of 

copper, the solution conditions employed are often unspecified, 

particularly with respect to formaldehyde. This is of importance 

because of the nature of the commercial source of formaldehyde. 

Formaldehyde is generally available as a 37% w/w solution, also known 

as formalin. It also often contains up to 15% methanol to inhibit 

polymerization. These solutions do not contain, however, only 

formaldehyde in the form of the monomer. Formaldehyde is present in 

aqueous solutions in the form of methylene glycol and low molecular 

weight poly(oxymethylene) glycols of the form HO(CH20)nH. The 

following equilibrium between formaldehyde and methylene glycol exists 

in water: 

(1.14) 

The equilibrium constant for this reaction is on the order of 103 at 

room temperature (30). Polymers form as a result of condensation 

reactions involving methylene glycol. 

CH2(OH)2 ; HOCH20CH20H + H20 

HO(CH20)2H + CH2(OH)2 ; HO(CH20)3H + H20 

HO(CH20)nH + CH2(OH)2 ; HO( CH20 ) (n+l)H + H20 

(1.15) 

(1.16) 

(1.17) 

These polymers decompose to methylene glycol when formaldehyde solution 

is diluted, and the process is accelerated by temperature increase and 

alkaline pH. All three of these conditions are present in a 

electroless plating bath. The rate of depo1ymerization is uncertain 
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and it is unclear if these polymeric species play any role in the 

reduction process or in controlling the amount of methylene glycol 

present in the solution. 

The determination of formaldehyde species in the solution during 

the course of the plating process should make it possible to follow the 

kinetics of the reaction as a function of various solution parameters. 

The concentration of the formaldehyde species in solution are not 

easily determined due to the nature of the plating solution. A method 

was developed for the determination of the volatile formaldehyde 

species in the gas phase by passing nitrogen gas through the plating 

solution during plating. The assumption has been made that equilibrium 

is rapidly attained between the formaldehyde species in solution and in 

the nitrogen gas phase. The method is based on the reaction of the 

volatile species with chromotropic acid in concentrated H2S04 to form a 

deep violet color (31). The effect and role of polymers present in the 

original formaldehyde solution on the plating process was investigated 

by the use of paraformaldehyde, a long chain linear poly(oxymethylene) 

glycol, and s-trioxane, a cyclic trimer, as alternative reducing 

agents. 
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CHAPTER 2 

RUTHERFORD BACKSCATTERING SPECTROMETRY 

In recent years ion beam techniques have seen increasing use in 

the investigation and analysis of surfaces of various materials 

(69,70). One of these techniques is Rutherford backscattering 

spectrometry, also known as RBS. Although this technique has been 

known for many years, it has not been widely used until about 15 years 

ago when the silicon surface barrier detector became commercially 

available (71-73). This detector has a resolution of ~15 KeV which 

compares well with other types of detectors (74,75). 

RBS is particularly useful in the nondestructive analysis of thin 

films and semiconductor materials. This technique is also useful for 

the determination of the surface concentration of an element on a 

substrate, elemental concentrations as a function of depth, areal 

densities or film thicknesses, and elemental composition. One of the 

drawbacks of RBS is that it only provides elemental information about 

the sample, and cannot be used to obtain information about the chemical 

nature of the sample. It is also generally not as surface sensitive as 

other surface analysis techniques since the depth resolution is limited 

to approximately 100 to 200 A by the detector resolution. It is also 

not particularly applicable for the determination of low atomic weight 

elements. This can be advantageous, however, because low atomic weight 

substrates can be used in the study of samples containing heavy 

elements. The achievable degree of surface resolution eliminates the 
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need for maintaining a high vacuum in the RBS system. Samples to be 

analyzed by RBS should also possess good lateral uniformity if readily 

interpretable results are to be obtained because the beam cross section 

is of the order of 1 mm2 . Since RBS is most often used to study the 

bulk of a sample, it can provide complementary information when used in 

conjunction with other techniques such as X-ray photoelectron 

spectroscopy. 

Rutherford backscattering spectrometry is based on experimental 

work performed by Ernest Rutherford in 1906 and also on the work of 

Geiger and Marsden. In their experiments they observed that when a 

beam of alpha particles from radium was scattered by a gold foil, some 

of the particles were deflected back towards the source at angles 

greater than 90°. This early work was used to help develop 

Rutherford's model of the atom and also to develop the theory that 

underlies backscattering (76-82). 

Basic Concepts 

In a typical Rutherford backscattering experiment a collimated, 

monoenergetic beam of 4 Mev 4He+ particles is directed onto a target. 

Most of the particles are lodged in the target, but some are deflected 

by close encounters with the nuclei of the target atoms. These 

deflections are caused by the Coulombic repulsion between the nucleus 

of the target atom and the nucleus of the projectile atom. The 

following assumptions have been made to simplify the description of the 

backscattering process and must hold in order for the scattering 

process to be considered Rutherford. 
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1. The interaction between the projectile atom and the target atom is 

a two body collision which can be described by classical physics as an 

elastic collision. Both kinetic energy and momentum are conserved in 

this collision. 

2. The target atoms are assumed to behave as if isolated from one 

another in the sample. 

3. The projectile atom loses energy in a gradual manner as it passes 

through the target material, unless it collides with a target atom. 

In the backscattering process described above a 4He+ projectile 

moving at a high. velocity collides with a stationary atom in the target 

material and imparts some of its energy to the target atom. The target 

atom recoils from the collision with an amount of energy determined 

through the equations governing the conservation of momentum and 

kinetic energy (Fig. 2.1). It is assumed in this process that the 

energy of the projectile atom is much larger than the binding energy of 

the atoms in the target and low enough so that nuclear reactions do not 

occur. 

These equations can also be used to determine the energy with 

which the projectile atom recoils from the collision when the mass and 

velocity of atoms and the angles of recoil are taken into 

consideration. The resulting equation shown below gives the ratio of 

the energy of the projectile after collision to the initial energy of 

the projectile, where Ml is the mass of the projectile, M2 is the mass 

of the target atom, and e is the scattering angle. 

14 
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Fig. 2.1 Representation of an elastic collision between a target atom 
of mass M2 and a projectile atom of mass Ml. initial velocity 
Va. and initial energy EO. After the collision. the 
projectile scatters with velocity Vl and energy of El. 
The target atom recoils with velocity V2 and energy E2. 
In this collision both energy and momentum are conserved. 
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[ 
2 Mi·sin28)1/2 + Ml·cos8 r (M2 -

E/EO KM2 (2.1) 
(Ml + M2) 

_ [ [1 • (Ml/M2)2.sin2Sjl/2 + (Ml/M2)·cos8 r 1 + (Ml/M2) 

This ratio is also known as the kinematic factor, K. It can be seen 

from this equation that the kinematic factor depends only on the ratio 

of the target and projectile masses and the scattering angle. Values 

for the kinematic factor have been calculated for many elements at 

various scattering angles and are available in the literature (69,83). 

The scattering angle and the mass of the projectile generally remain 

constant in a backscattering experiment. The observed differences in 

energy of the projectile after scattering occurs is mainly due to 

differences in the masses of the target atoms, assuming the energy of 

the projectile before collision is equal. 

When analyzing a sample by RBS the ability to resolve masses is of 

importance. When a sample contains target atoms of different mass, it 

is desirable that the difference in the energies of the projectiles 

backscattering off each of these atoms be at a maximum. This 

difference in energies, ~El' is related to the difference in the target 

atom masses, ~2' by the following equation, where EO is the incident 

beam energy and dK/dM2 is the derivative of the kinematic factor with 

respect to the target atom mass M2: 

(2.2) 

When the mass of the target atom is much greater than the projectile 

and the scattering angle e is near 180
0

, this expression becomes: 



(2.3) 

where ~ =(~ - 8) radians 

The mass resolution can be increased by increasing the energy of the 

incident ion beam, increasing the mass of the projectile atom, and by 

positioning the detector at a scattering angle as near to 180 0 as is 

practical. Generally, during an experiment the scattering angle i.s 

fixed and 4He is used as the projectile. The mass resolution can then 

be increased by increasing the beam energy. The mass resolution is 

also limited by the resolution of the detector, since the value of 6El 

cannot be less than 15 KeV. 

Another important consideration in RBS is the probability that a 

projectile atom will be scattered. Additionally, in order to provide 

useful information about the sample, this atom must be scattered to the 

detector. In the sample chamber, a surface barrier detector with a 

surface area of A is situated at a distance R from the sample. A solid 

angle n (equal to A(R2) is subtended by the detector at the target 

(Fig. 2.2). The differential scattering cross section is used to 

determine the probability that a scattered 4He+ will strike the 

detector (Eqn. 3.4). This expression is valid when the force between 

the target atom and projectile atom is given by Coulomb's law. 

(2.4) 

[

Ill - «Ml/M2)esin8)2jl/2 + COS8)2] 

[1-«Ml/M2)e sin8)2 j l/2 

In this expression, Zl is the atomic number of a projectile atom 

with mass Ml, Z2 is the atomic number of the target atom with mass M2' 

E is the energy of the projectile just before scattering, 8 is the 
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Fig. 2.2 Illustration of the concept of the scattering cross-section. 
Only projectile atoms that are backscattered within the solid 
angle of the detector are detected. 

18 



19 

scattering angle, and e is the electronic charge. Values for the 

scattering cross section of most elements at several common scattering 

angles are available in the literature (69). When this expression is 

inspected, it can be seen that the scattering cross section is 

2 2 
proportional to both Zl and Z2' The scattering cross section increases 

for heavier projectile atoms, with the cross section of l2C for a given 

target atom being 9 times greater than that of 4He . Thus, the 

technique is much more sensitive to heavier elements than lighter 

elements. It is approximately 7 times more sensitive to Pd as compared 

to Cl. The cross section is also inversely proportional to the square 

of the projectile energy. The variation of the scattering cross-

section with energy and with different elements is shown in Fig. 2.3. 

Although increasing the energy of the 4He+ beam may be desirable with 

certain samples, it also may decrease the backscattering yield from the 

lighter elements to very low levels. This equation also shows that as 

projectiles slow down as they travel through the sample they are more 

likely to be scattered. The cross section also increases as the 

scattering angle is reduced. By comparing the variables which optimize 

the RBS technique with respect to the scattering cross section and mass 

resolution it can be seen that they often do not give the optimum 

conditions for all samples. 

As the projectiles from the incident ion beam travel through the 

sample, they gradually lose energy. This energy loss is related to the 

stopping cross section of that particular material. Energy is lost 

through near collisions with nuclei in the target and through 

interactions with the electron shells of the target atoms. The energy 
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loss can be defined with respect to the distance traveled, or dE/dX. 

If the atomic density, N, is then taken into account, the expression 

for the stopping cross section is obtained. 

~ = (l/N)odE/dX (2.5) 

The amount of energy lost, ~E, by a projectile traveling through a 

target of element A would be determined as follows: 

~E = ~Ao(NAot) (2.6) 

NA atomic density 

t target thickness 

These values of stopping cross sections for the elements are generally 

determined experimentally, but some have been determined by 

interpolation (69,84). The stopping cross section generally increases 

with atomic number, but there are exceptions to this, particularly with 

some of the transition elements. The stopping cross section is also 

energy dependent, with a maximum for most elements occurring at 

approximately 1 Mev (Fig. 2.4). 

Stopping cross sections are of use when scattering has occurred at 

some depth below the surface of the sample. The energy lost by the 

particle in traveling through the sample, or a layer, can be used to 

help determine at what depth the scattering occurred. Stopping cross 

sections are useful in determining the depth profile of a sample, where 

composition as a function of depth is desired. 

The previous equation is used for element~l targets, but for 

compound films the contribution to the stopping cross section from all 

elements present in the target must be considered. As the projectile 

passes through the target, the projectile encounters one atom at a time 
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and the effects on the projectile are additive. This is known as the 

'principle of additivity of stopping cross sections', also known as 

Bragg's rule (69). In this rule the energy loss is the sum of the 

energy losses in each of the elements present in the tar~et, weighted 

according to their abundance in the target. The target may be a 

compound or a sample with an equivalent composition. For example, a 

target with the stoichiometry of AaBb would have the following stopping 

cross section: 

(2.7) 

The energy loss can then be calculated in the same manner as before 

using this cross section. 

Particles traveling through a sample are also subject to a 

phenomenon kno~~ as energy straggling. As a projectile atom travels 

through the sample, it interacts with the nuclei and electron shells of 

the target material in a random manner. This results in a statistical 

fluctuation in the amount of energy lost by a group of particles 

traveling through the same thickness of material. This becomes 

important in depth profiling since it affects the degree of accuracy in 

defining the depth from which a particle was scattered. The stopping 

cross sections are relatively well defined, and are accurate to within 

a few percent. Experimental data indicate that the standard deviation 

of the energy straggling is of the order of 2 to 4% (69), but is also 

dependent on the thickness of the film. 

Instrumentation 

A 5.5 MV Van de Graaff accelerator (Model CN, High Voltage 

Engineering Corp.) was used to produce the 4He+ beam used in this work. 
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The ions are formed in the RF source and pass down the acceleration 

tube to a 90
0 

energy analyzing magnet at the base of the generator. 

The beam passes through a set of control slits and through three sets 

of collimating and cleaning slits before entering the sample chamber 

(Fig. 2.5). This final set of slits is used to define the beam. The 

beam area was about 4 mm2 . The vacuum is maintained in the system at 

approximately 2-3 x 10- 6 torr with liquid nitrogen trapped oil 

diffusion pumps. 

A sample 'card was located in the sample chamber for loading 

approximately 8 samples at a time. The sample chamber could also be 

isolated from the beam line with valves to facilitate the rapid 

changing of sample cards. The sample chamber was maintained at a 

pressure of 2-3 x 10- 6 torr and was also electrically isolated from the 

beam line so that it could serve as a Faraday cup. This configuration 

enabled the determination of the number of ions incident on sample by 

measuring all the charge entering the sample chamber with a charge 

measuring circuit. A RBS standard of bismuth implanted in silicon was 

used to check the efficiency of charge collection (85). 

The backscattered ions were detected with a surface barrier 

detector (Ortec model BA-14-25-100) with an energy resolution of 15 

KeV. The detector subtends a solid angle of 0.78 x 10- 3 steradians at 

the sample surface. The detector, which is mounted at a scattering 

angle of 170 0
, is essentially a n-type silicon wafer with a gold 

electrode on the front and a aluminum electrode in the rear (73). When 

a particle strikes the detector and passes through the thin gold layer 

into the silicon, electron-hole pairs are formed which are swept out of 
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the detector as a result of a voltage applied across the detector. The 

resulting signal passes through a preamplifier and to an amplifier 

where the pulses are shaped before entering a 1024 channel analyzer for 

pulse height analysis. The height of the pulse is proportional to the 

energy of the particle striking the detector. The data contained in 

the multichannel analyzer can then be sent to an IBM PC computer for 

permanent storage. Once the spectrum of a sample is collected and 

stored, it can be analyzed by one of the methods to be discussed in the 

following section. 

Analysis of Samples 

One of the advantages of RBS is that quantitative information can 

be obtained with minimal use of standards. It is also possible to 

obtain qualitative information about a sample. The types of 

quantitative information that can be obtained include stoichiometry, 

surface concentrations of elements, film thicknesses (when the atomic 

density of the sample is known), and composition as a function of 

depth. There are many different types of samples that can be analyzed 

by RBS, but in this section examples of the more commonly encountered 

types of samples will be shown. 

Analysis of a Thin Elemental Film 

One of the simpler analyses is the determination of the thickness 

of an elemental film on a light atomic weight substrate. The spectrum 

of a zinc film on a carbon substrate analyzed by a 2 Mev 4He+ beam at a 

scattering angle of 170
0 

is shown in Fig. 2.6. The peak for zinc 

appears at a higher energy than does the carbon plateau since zinc has 

the higher atomic weight. Since the carbon signal appears as a plateau 
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with no back edge, this indicates it is 'infinitely thick' with 

respect to the ion beam. The ions are unable to completely travel 

through it and are lodged in the sample. The height of the carbon 

plateau also increases at the lower energies since the scattering cross 

section is higher at these energies. 

As a first step in the analysis, it is desirable to confirm that 

the metal film is zinc. This is done by determining the position 

(channel number) of the surface edge or peak and calculating the 

kinematic factor. For very thin films ( < 100 A) the channel number of 

the peak maximum is taken as the surface peak. For much thicker films 

the surface edge is taken as the channel number at the half height of 

the front edge. The surface edge for the zinc peak occurs at channel 

785 ± 0.5. The energy of this channel position can be determined using 

the energy calibration data that the energy per channel is 2.000 KeV 

and the y intercept is zero. Channel number 785 corresponds to an 

energy of 1570 KeV. By taking the ratio of El' the energy of the 

backscattered 4He+ ions, to incident beam energy EO, the kinematic 

factor can be determined. In this case the value of K is approximately 

0.785, which agrees very closely with the literature value of 0.7840 

(69). The metal film in this case in most likely zinc. 

El = mx + b 

where x = channel number 

El = energy at channel x 

m energy/channel (KeV/channel) 

b y intercept in KeV 

(2.000 KeV/Chan.)o(785 ± 0.5 chan.) + 0 

(2.8) 

1570 ± 1 KeV 
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K El/EO 

1570 ± 1 KeV / 2000 KeV 

0.785 ± 0.001 

(2.9) 

Care should be taken when this approach is used to perform qualitative 

analysis. If sample is composed of two layers of different metals, the 

peak position of the underlying layer will be shifted to a lower energy 

since the 4He+ particles scattered from the bottom layer will have lost 

additional energy while passing in and out of the top layer. This 

problem can be resolved by collecting a second spectrum after tilting 

the sample with respect to the ion beam so that the beam strikes the 

sample at an angle less than 90°. The peak position of the top layer 

will be the same while the peak position of the bottom layer will be 

moved to lower energies since the 4He+ particles will have lost more 

ene~gy in traversing the top layer than when the ion beam was normal to 

the target surface. 

In the peak integration method, the area of a peak, A, is related 

to the thickness, t, of a film by the following equation: 

(2.10) 

In this equation, Q is the number of particles incident on the sample, 

o the solid angle subtended by the detector at the sample, a the 

Rutherford scattering cross section, N the atomic density of the 

sample, t the thickness, and 92 the angle between the target normal and 

the ion beam axis. This equation does not take into account some of 

the instrumental considerations and assumptions which have been made. 

One additional factor used in the calculation is the dead time ratio, 

DTR. This factor accounts for the number of particles that strike the 
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detector and are not detected. The pulse height analyzer will not 

accept a pulse while it is processing another, and as a result some of 

the pulses are not counted. This is corrected for by taking the ratio 

of the clock (real) time to the amount of time the analyzer is on, out 

of the total time. The other factor is the bismuth correction factor, 

CFBi' This factor is obtained by analyzing a standard and taking the 

ratio of the known value to the value obtained experimentally. This 

factor accounts for inefficiencies in the charge collection, error in 

the solid angle measurement, validity of the assumption of the 

production of only singly charged He projectiles, etc. The thickness 

of the zinc film can be calculated using the following equation which 

relates the corrected peak area to the thickness of the film when the 

ion beam is normal to the sample surface. 

(2.11) 

Initially, the surface energy approximation (SEA) is used to 

calculate the thickness, or areal density, of the zinc film. In this 

approximation, it is assumed that the projectile atom loses very little 

energy in passing through the sample prior to scattering and the value 

of a at EO is valid throughout the film thickness. The number of 

particles striking the target, Q, and the scattering cross section at 2 

MeV must first be calculated. The values of the scattering cross 

sections at 1 MeV for most elements are available in Ref. 69. 

Q' = total charge incident on sample in Coulombs 

q charge of one He+ in Coulombs 

Q Q' / q (2.12) 
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Q 25.00 ~C / 1.602 x 10-19 ~C per ion 

= 1.561 x 1014 ions 

2 
aZn (2 MeV) aZn (l Mev) / EO (2.13) 

4.701 x 10- 24 cm2.steradian- 1 / (2 MeV)2 

1.18 x 10- 24 cm2.steradian-1 

(200000 ± 447)·(1.05)·(1.10 ± 0.03) 

(1.561 x 1014 ).(1.00 ± 0.02 x 10- 3).(1.18 x 10- 24 ) 

(1.25 ± 0.04) x 1018 atoms/cm2 

The uncertainties in the peak area, bismuth correction factor, and the 

solid angle of the detector have also been included. The uncertainty 

in the peak area has been taken as the square root of the peak area 

since scattering is a random process. 

Now, the mean energy approximation (MEA) must be made to determine 

if the surface energy approximation was valid. First, the energy lost 

by the 4He+ particles in passing though the zinc film is determined by 

using the stopping cross section of zinc at 2000 Kev, (Zn(2000 KeV). 

The mean energy of the 4He+ particles in the zinc film before 

scattering is then calculated, followed by the correction factor. 

E(mean) 

(Zn(2000 KeV)o(Nt)Zn 

82.8 KeV 

EO - (~Ein/2) 

2000 - 41 

1959 KeV 

(2.14) 

(2.15) 
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CF = (E(mean)/EO)2 

(1959/2000)2 

0.959 

(2.16) 

The thickness by the mean energy approximation (after 1 iteration): 

(Nt)Zn (0.959)0((1.25 ± 0.04) x 1018 atoms/cm2) 

(1.20 ± 0.04) x 1018 atoms/cm2 

In this case, the surface energy approximation gives a slightly larger 

value for (Not)Zn due to the thickness of the film. Since the film is 

composed of a pure element, it is possible to calculate the actual 

thickness of film using the atomic density of zinc. It is assumed that 

the density of bulk Zn is the same as that of the film. The thickness 

is obcained by dividing Not by N, the atomic density of zinc. 

t (Not)Zn / NZn (2.17) 

t 1.20±0.04 x 1018 atoms/cm2 / 6.55 x 1022 atoms/cm3 

1830 ± 60 A 

The uncertainties in this method arise mainly from the uncertainties in 

the values of the peak area, dead time ratio, solid angle n, the 

bismuth correction factor, and also in the zinc film density. Since 

the uncertainty in the value of the bismuth standard is 3%, the 

thickness cannot be determined with an uncertainty of better than 3%. 

There is a second method of determining the thickness of a film. 

The peak width method uses the measured energy width of the peak and 

gives an independent method of determining the film thickness. The 

energy width is measured from the half height of the front edge to the 

half height of the back edge. The peak area integration method is 

preferred to this method because there is generally more error 
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associated with determining the half heights and in the tabulated 

stopping cross section values than in determining peak area. The 

thickness of the film is found using the stopping cross section factor: 

t.E (2.18) 

The measured width of the Zn peak, or t.E, is 150 KeV. In this 

expression the stopping cross section factor, [€], takes into account 

energy losses as the 4He+ ions travel in and out of the sample and is 

given by: 

[ € ] K 1 o €out (2.19) 

In this equation, K is the kinematic factor for zinc, 81 is the angle 

between the beam axis and the normal to the sample and 82 is 180
0 

minus 

the backscattering angle. In this analysis the beam is normal to the 

sample and the scattering angle is 170
0

• As in the peak integration 

method, the first approximation used to calculate the film thickness is 

the surface energy approximation method. In this approximation the 

energy losses in traveling in and out of the film are assumed to be 

small. The value of €in is calculated at the initial beam energy of 

and the value of €out is calculated at an energy of KoEO, the energy 

the ion just after scattering. Tabulated values of [ € ] using the 

surface energy approximation (69,86) are available and are designated 

as [eO]' These values are good only for single element films. The 

thickness using the SEA is as follows: 

t.E / [€O]Zn 

150 KeV / 123.1 x 10-18 KeV ocm2 

1.22 x 1018 atoms/cm2 

(2.20) 

EO 

of 
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Since it was assumed the energy losses incurred by the particle in 

traveling in and out of the sample were negligible, the value for the 

thickness should be confirmed using the mean energy approximation. In 

this case the value of Ein is determined at the mean energy of the 

particle on its inward path through the film, or at 1959 KeV. The 

value of Eout is determined at the mean energy of the particle on its 

outward path after scattering, or at 1460 KeV. This mean energy is 

found by averaging the energy of the particle just after scattering at 

the back of the film, 1503 KeV [K.(EO - ~Ein)l, and the energy of the 

particle as it exits the film, 1416 KeV, which is the energy at the 

back edge of the zinc peak. The actual values of fin and fout are 

found by interpolation of the data tables (69,84). The stopping cross 

section factor can then be calculated: 

[fl mean = 

[fl mean 

K 

0.7840 
1 

• €in(mean) + __ ~l __ __ • fout(mean) (2.21) 
cos 62 

• 66.47 x 10-18 + 1 
0.985 

• 71.19 x 10- 18 

124.4 x 10- 18 KeV.cm2 

Using this value of [fl, the thickness of the Zn layer can be 

calculated. 

150 KeV / 124.4 x 10- 18 KeV.cm2 

= 1.21 x 1018 atoms/cm2 

tZn 1.21 x 1018 atoms/cm2 / 6.55 x 1022 atoms/cm3 

1850 ± 100 A 

In this case, the MEA calculation results in a thickness which is 

approximately 15 A thinner than that obtained with the SEA, which in 

this case agrees within uncertainties. The uncertainty in the stopping 

34 



cross section is approximately 5%, and when combined with the error in 

determining the peak width, results in an overall uncertainty in the 

film thickness of approximately 5%. 

Stoichiometry of a Multi-Element Film 

The full spectrum of a Sn/Pd catalyst coated on a carbon substrate 

and analyzed at a beam energy of 1892 KeV is shown in Fig. 2.7. 

Although Cl and 0 are also present in the catalyst coating, the main 

interest is in the relative amounts of Sn and Pd in the catalyst and 

the amount of each on the substrate. This sample was re-analyzed at a 

beam energy of 3776 KeV to improve resolution of the Sn and Pd peaks. 

The portion of the spectrum containing the Sn and Pd peaks is shown in 

Fig. 2.8. The additional experimental parameters are shown in the 

figure. The two peaks in the spectrum are overlapping, and the peak 

areas were determined using the decomposition method presented in 

Chapter 4. The surface concentrations of each are determined using the 

peak integration method as before. 

ASn°DTRoCFBi / QaOooSn 

ApdoDTRoCFBi / QoOoopd 

(2.22) 

(2.23) 

The surface concentration of Sn is (1.2 ± 0.1) x 1016 atoms/cm2 and 

that of Pd is (7.0 ± 0.6) x 1015 atoms/cm2 . The surface energy 

approximation was used for this sample since it appears to be a fairly 

thin film, based on the Sn and Pd peak widths from the RBS spectrum. 

It is not possible to calculate the actual thickness of this sample 

since the atomic density of this sample is unknown. The stoichiometry, 

or Sn:Pd ratio of the sample can be obtained by dividing the surface 

concentration of Sn by the surface concentration of Pd; i.e. by 
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Fig. 2.8 RBS spectrum of the Sn-Pd catalyst on a carbon substrate 
after a 5 min immersion in the catalyst mixture and a 1 min 
rinse in H20. The incident beam energy was 3776 KeV (total 
dose - 100.0 ~C). The energy per channel is 3.742 ± 0.003 
KeV, DTR - 1.006, CFBi - 1.13, n - 0.78 ± 0.02 msr, and 
9 - 170° . 
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dividing the two above equations. These equations both have the 

variables of DTR, CFBi' and Q in common and cancel out. The equation 

for the stoichiometry then becomes the ratio of the peak areas and the 

scattering cross sections. 

(Not)Sn ASnooPd 

(Not)Pd APdooSn 

(4653 ± 200) 0 11.1 x 10- 24 

(2352 ± 200) 0 13.13 x 10- 24 

1.7 ± 0.2 

The uncertainty in the result is due to uncertainties in the 

determination of the peak areas. 

(2.25) 

Stoichiometry and Thickness of a Thick Film Containing Two Elements 

In some cases it is not possible to obtain a spectrum of a sample 

where the peaks are sufficiently separated to obtain the peak area of 

each peak. In other cases, \he sample is too thick for the beam to 

completely penetrate the sample (Fig. 2.9). The RBS spectrum of a 

cobalt-chromium foil (supplied by the Polaroid Corp.) is shown in Fig. 

2.10. In this case, where the atomic weights of the sample components 

are very close, there is almost complete overlap of the peaks, even 

though the sample was analyzed at a beam energy of 4700 KeV. The 

stoichiometry can be calculated for this sample using the height 

method. The height of the front edge of the peak for a sample 

component is proportional to the concentration, N, of that element at 

the front surface of the sample. 

(2.26) 
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Fig. 2.9 RBS spectrum of a bulk material containing two elements. 
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Fig. 2.10 RBS spectrum of a Co/Cr foil analyzed at a 4He+ beam energy 
of 4700 KeV (total dose = 25.02 ~C). The energy per channel 
is 4.626 ± 0.003 KeV, DTR = 1.005, CFBi - 1.08 ± 0.04, 
n = 0.78 ± 0.02 msr, e = 170

0

, and ACoCr - 339901. 
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In this equation, the parameters Q, 0, a, N, and 82 represent the 

number of ions incident on the sample, the solid angle of the detector, 

the scattering cross section of the element, the concentration of the 

component in the sample, and the angle between the target normal and 

the ion beam axis, respectively, just as in the peak integration 

method. If the surface energy approximation is made the parameter t is 

the thickness of sample such that all the particles scattered in this 

layer have lost an amount of energy equal to the energy width of one 

channel of the multichannel analyzer. Also, all of the particles 

scattered within this thickness t will all be placed in the same 

channel in the multichannel analyzer. The height of the front edges of 

the peaks are used in the following equation to estimate the 

stoichiometry: 

HCooacrotcr 

HCroaCo·tCo 
(2.27) 

As a first approximation, the ratio of tCr/tCo is assumed to be one, 

and the stoichiometry is calculated based on the heights and scattering 

cross sections of each component. In this particular example, the 

ratio actually should be very close to one since the elements are of 

very similar atomic weights. 

NCo (880 ± 20) 0 2.996 x 10- 24 

NCr (180 ± 20) 0 3.801 x 10- 24 

3.85 ± 0.44 

This value is close to that obtained in a preliminary analysis at 3776 

KeV, so it is assumed that the scattering cross sections for Co and Cr 
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are 'Rutherford' at 4700 KeV. A better estimate of the stoichiometry 

can be obtained if the ratio tCr/tCo is used in the calculation. If 

KCroEO is the position of the front edge of the Cr peak. then ions 

scattered in the thickness tCr will emerge from the sample with energy 

El equal to KCroEO - e, where e is the energy width of one channel. 

The value of e is then the difference between KCroEO and El' 

(2.28) 

The value of El can be calculated by the following equation: 

(2.29) 

The energy losses in a thickness equal to tCr are determined by the 

following equations: 

€Cr(EO)oNcrotcr 
+ ---------------- (2.30) 

(2.31) 

In this experiment. 81 is 0° since the beam is normal to the surface 

and 82. 180° minus the scattering angle, is 10°. 

The value of e can then be shown as: 

The expressions for ~Ein and ~Eout are then substituted in: 

e = [KcrO€cr(EO) 

cos 81 

+ [

Kcro €CO(EO) + 

cos 81 

(2.32) 

(2.33) 

(2.34) 
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This equation can be rewritten to given an equation which can easily be 

solved for tCr' 

[[

KcrO€cr(EO) €cr(KCrOEO)] [KcrO€CO(EO) 
e= + + + ----------

cos 81 cos 82 cos 81 

A similar equation can also be written to relate e to the thickness teo 

by exchanging all the variables for Cr in the above equation with those 

of Co, and vice versa. 

[[

KCOO€CO(EO) €CO(KCoOEO)] [KCOO€cr(EO) 
e= + + + ---------

cos 81 cos 82 cos 81 

When these equations are solved for tCr and tCo and divided, the 

following expression results which can be used to recalculate the 

stoichiometry when the approximate stoichiometry is known. 

(2.37) 

tCr 

[KCoo ,Cr (Eol 

cos 81 

+ ,Cr(KCoo'OI] 

cos 82 

+ [NCO] 0 [coo,CO(EOI 

NCr cos 81 

+ ,CO(KCOOEOI] 

cos 82 

tco [,cro,Cr(EOI ,Cr(KCrOE01] rCO] 0 [cr
o 
,Co( Eol ,CO(KCroE01] 

+ + + 
cos 81 cos 82 NCr cos 81 cos 82 

The values for the stopping cross sections at 4700 KeV can be obtained 

by extrapolation of the values in the tables (69,84). 

tCr (
[(0.7634)0(48.0 x 10-15 ) + (55.5 x 10-15 / 0.985)1 ) 

+ 3.85 0[(0.7634)0(49.5 x 10- 15 ) + (56.5 x 10-15 / 0.985») 

(
[(0.7362)0(48.0 x 10- 15 ) + (56.2 x 10-15 / 0.9~5)1 ) 

+ 3.85 0[(0.7362)0(49.5 x 10- 15 ) + (57.2 x 10- 15 / 0.985») 

1. 01 ± 0.05 



The value of tCr/tco can now be included in the calculation. The 

uncertainties have also been included. The uncertainty in the stopping 

cross sections result in an uncertainty of about 5% in the ratio of 

tCr/tco. The uncertainties in the heights are those associated with 

determining the heights of the front edges. 

NCr (880 ± 20) 0 2.996 x 10- 24 
0 (l. 01 ± 0.05) 

NCo (180 ± 20) 0 3.801 x 10- 24 

3.9 ± 0.5 

This method is generally not the method of choice if it is possible to 

obtain peak areas, but it can be used to determine the stoichiometry of 

a thick sample or of bulk material. 

The thickness of this foil can be found even though the areas of 

the individual peaks cannot be accurately determined. By using the 

peak area of the Co/Cr peak and the stoichiometry of the foil, the peak 

integration method may be used as follows: 

ACoCr 

ACo 

ACr 

ACoCr 

ACo + ACr 

QonooCo 0 (No t) Co 

QonooCro(Not)Cr 

QonooCoo(Not)Co + QonooCro(Not)Cr 

(2.38) 

(2.39) 

(2.40) 

(2.41) 

The relation of the area of the cobalt peak to that of the chromium 

peak can be obtained by dividing equation 2.39 by equation 2.40 and 

solving for ACo: 

ACo = ACro (NCofNCr) 0 (oColoCr) 

Equation 2.38 then becomes: 

ACoCr = ACro (Nco/NCr ) 0 (oColoCr) + ACr 

(2.42) 

(2.43) 
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By substituting in equation 2.40 for ACr ' solving for (Not)Cr' and 

correcting the area for the dead time ratio and the bismuth correction 

factor, equation 2.43 becomes: 

(Not)Cr = ----------------------------

QonoaCro[l + (NCo/NCr)·(aCo/aCr)] 
(2.44) 

The numerical values can then be substituted in to solve for (Not)Cr: 

NCo/NCr = 3.9 ± 0.5 

aCr(4700 KeV) 1.356 x 10- 25 cm20steradian 

aCo/aCr = 1.269 

(339901 ± 583)0(1.005)0(1.08 ± 0.04) 

(1.562x1014 )0(0.78±0.02 x 10- 3 )(1.356x10- 25 )(1 + 3.89 01.269) 

(3.8 ± 0.4) x 1018 atoms/cm2 

The value of (Not)Co can be found by using the stoichiometry of the 

(NCo/NCr)o(Not)Cr 

(3.9 ± 0.5).(3.8 ± 0.4) x 1018 atoms/cm2 

(1.5 ± 0.3) x 1019 atoms/cm2 

(2.45) 

This foil is rather thick so it is necessary to do a mean energy 

approximation as described earlier in the analysis of the zinc film. 

(2.46) 

(48.0 x 10- 18 KeV ocm2)0(3.76 x 1018 atoms ocm 2) 

+ (49.5 x 10-18 KeV ocm2)0(1.46 x 1019 atoms ocm2) 

= 903 KeV 

Emean = EO - (~Ein/2) 

= 4700 - (903/2) 4248 KeV 

(2.46) 
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CF 2 (Emean/EO) 

(4248/4700)2 = 0.817 

(2.47) 

After multiplying the 'thicknesses' by the correction factor, the new 

values are: 

3.07 x 1018 atoms/cm2 

1.19 x 1019 atoms/cm2 

More than one iteration of this procedure may be required to obtain 

the best values. Additional iterations are performed by placing the 

values of (Not)Cr and (Not)Co from the last iteration back into the 

energy loss equation and recalculating the values of ~Ein' Emean. and 

CF. 

2nd 

3rd 

iteration: 

~Ein = 736 KeV 

Emean = 4332 KeV 

CF = 0.849 

(Not)Cr 3.19 x 1018 

(Not)Co l.24 x 1019 

iteration: 

~Ein = 766 KeV 

Emean = 4317 KeV 

CF = 0.844 

atoms/cm2 

atoms/cm2 

(3.17 ± 0.33) x 1018 atoms/cm2 

(1.23 ± 0.25) x 1019 atoms/cm2 

The values of (Not)Cr and (Not)Co are essentially unchanged after the 

3rd iteration. These values are the best that can be obtained by the 

mean energy approximation. If only the surface energy approximation 

46 



had been used, the values would have been high by approximately 20%. 

It is not possible to obtain the thickness of the foil in angstroms 

since the atomic densities of Cr and Co in the foil are unknown. In 

samples where it is not possible to determine the atomic density or 

when the atomic density is unknown, the value N·t is often thought of 

as a 'thickness' since the number of atoms per cm2 is proportional the 

actual thickness of a sample. 

Depth Profiling 

One advantage of this technique is that it is possible to obtain 

information about the composition of the sample as a function of depth. 

This technique is particularly useful in studying substrates which have 

been subjected to ion implantation. In one such example, a titanium 

surface was implanted with 90 KeV palladium to the extent of 1 x 1016 

atoms/cm2 (87,88). The purpose of this study was to determine the 

effect the implanted palladium had on the corrosion behavior of the 

titanium. In this study, Rutherford backscattering was used primarily 

to determine at what depth in the titanium the palladium was present 

before and after exposure to a corrosive acid solution. This is 

possible because 4He ions scattered off palladium at different depths 

will emerge from the sample with different energies, having lost 

differing amounts of energy passing in and out of the sample. 

In their experiments Hubler and McCafferty used a system with a 

scattering angle of 135
0

, a 2.5 Mev 4He+ beam normal to the sample, and 

a magnetic analyzer with a resolution of 3.2 KeV as the detector, which 

enabled these workers to obtain a depth resolution in titanium of 

approximately 40 A. These workers appeared to be primarily interested 
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in determining the depth at which the palladium concentration was 

greatest and the concentration of palladium at this depth. Although 

the experimental conditions are not fully described, for the purposes 

of illustration, a solid angle of 1.10 x 10- 3 steradian, a dose of 

50.00 ~C, and 1 KeV per channel in the multichannel analyzer has been 

assumed. A representation of the energy spectrum (as calculated from 

Hubler and McCafferty's depth profile) is shown in Fig. 2.11. 

The depth at which the scattering occurred can be determined with 

the use of stopping cross section factor for a particle scattered off a 

palladium atom in a titanium matrix. It is assumed that the 

concentration of palladium is low, of the order of a few percent or 

less, such that the stopping cross sections used are those of pure 

titanium. The surface energy approximation has also been made in this 

equation. 

T' €Ti(KpdoEO) 
Ti Kpd O € l(EO) 

[€OlPd + (2.48) 
cos 81 cos 82 

1.58 x 10- 16 KeV ocm2 

This stopping cross section factor can then be used to determine the 

depth at which scattering occurred, where N is the atomic density of 

titanium, t is the depth, and ~Epd is the energy difference between a 

point chosen on the palladium peak and where the surface palladium is 

or would be located at an energy of KpdoEO' 

Ti 
t = ~Epd / NTio[€Olpd (2.49) 

A point has been labeled in the spectrum as 1, which corresponds to a 

energy of 2176 KeV. Since the surface palladium occurs at 2199 KeV, 

the value of ~Epd is 23 KeV. 
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Fig. 2.11 RBS spectrum for 2.5 MeV 4He+ incident on Ti implanted with 
1 x 1016 Pd atoms/cm2 (total dose - 50.00 pC, a = 135°). 
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t = 23 KeV /[(5.66 x 1022 atoms/cm3) 0 (1. 58 x 10-16 KeVocm2)) 

= 260 x 10- 8 cm or 260 A 

By selecting various points on the energy spectrum, it is possible to 

calculate a depth scale for the sample. The depth scale obtained by 

Hubler and McCafferty is shown in Fig. 2.12. In this particular 

sample, all of the palladium is distributed in the top 1000 A of the 

sample. The surface energy approximation is valid over this distance 

since the substrate is fairly light, and as a result, energy losses 

were small enough over this distance that corrections do not 

significantly change the depth scale. This can be confirmed by 

calculating the mean energy approximation. 

Assume that a distance of 800 A has been determined to correspond 

to a detected particle energy of 2127 KeV by using the surface energy 

approximation. Now it is necessary to determine the stopping cross 

sections at Ein(mean) and Eout(mean). The amount of energy lost by a 

2.5 Mev particle passing through a 800 A layer is first calculated 

(30.1 KeV). Then the mean energy is calculated by Ein(mean) = EO -

(6Ein/2). The value of €in(mean) is the stopping cross section of 

titanium at 2485 KeV, or 66.5 x 10- 18 KeV ocm2 . Since the numerical 

value of the stopping cross section is essentially the same at 2500 KeV 

as it is at 2485 KeV, the values of 6Ein(EO) and 6Ein (mean) are also 

the same. The energy loss going out is then calculated, assuming the 

particle has an energy of Kpdo(EO - 6Ein) , or 2185 KeV, which is the 

energy just after scattering. The mean energy is then the average of 

2185 KeV, and 2127 KeV, which is the detected energy. The stopping 

cross section at 2156 KeV, €out(mean) , is 71.1 x 10-18 KeV ocm2 . When 
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RBS spectrum for 2.5 MeV 4He+ incident on Ti implanted with 
1 x 1016 Pd atoms/cm2 . The energies of the detected 
particles have been used to calculate a depth scale using 
the surface energy approximation. 
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the stopping cross sections €in(mean) and €out(mean) are substituted 

into the equation for the stopping cross section factor, the result is 

1.59 x 10- 16 KeV ocm2 . Since the stopping cross section factor is 

essentially the same in the MEA as in the SEA, the thickness is the 

same by both methods, indicating the SEA is a valid approximation for 

this sample. For samples where the scattering may occur several 

thousand A deep in the sample, the SEA may not give good results and 

the MEA should be used. 

The concentration of Pd at the various depths calculated above can 

also be determined. The 4He+ particles that strike the detector with 

an energy of 2190 KeV are scattered at a depth of 100 A. The height of 

the Pd peak at this energy, or the number of counts, can be used to 

calculate the concentration of Pd in Ti at a depth of 100 A. The 

following equation is used to calculate this concentration, Npd' from 

the height: 

e €Ti(Kpd oE ) 

€Ti(El) 
(2.50) 

In this equation, E is the energy just before scattering, El is the 

energy detected, e is the energy per channel of the multichannel 

analyzer, Q is the number of 4He+ particles incident on the sample, n 

the solid angle of the detector, and 0 is the scattering cross section 

of palladium at energy E. The stopping cross section factor of a 

particle scattered off palladium in a titanium matrix, [€l!~(E), is 

evaluated at an energy of E. The ratio of €Ti(KPdoEO)/€Ti(El) accounts 

for changes in the value of tTi' the thickness of titanium 

corresponding to one channel (1 KeV), with depth. 
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The surface energy approximation is made to calculate the 

concentration of Pd at 100 A. It is assumed that the ratio of 

dropped since the value of tTi should be essentially unchanged. The 

previous equation then becomes: 

Upon solving for Npd the equation becomes: 

Hpd(El) 0 

Ti 
NTio[€Olpd 

(2.51) 

(2.52) 

The height of the Pd peak at this depth is 74 counts and when the other 

variables are substituted into the equation, the concentration of Pd, 

in atoms/cm3 , is determined. 

74 

= B.4 x 1020 atoms/cm3 

When equation 2.50 is used and compared to the surface energy 

approximation for determining the concentration of Pd at BOO A, the 

difference in the values is less than 1%. For this sample, the surface 

energy approximation can be used at each point since the bulk material 

is of light atomic weight and the region studied is less than 1000 A. 

The concentration profile of the sample can be obtained by 

selecting a number of points from the spectrum and calculating the 

depth at which scattering occurs and the concentration of Pd at these 

points. The concentration of Pd at a variety of depths is shown in 

Table 2.1 and in Fig. 2.13. 
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Table 2.1 

Concentration of Pd Implanted in Ti as a Function of Depth 

DEPTH 0,) Npd (10 21 atoms/cm3) 

0 0.13 

50 0.17 

100 0.84 

150 1.7 

200 2.1 

250 2.3 

300 2.1 

350 1.5 

400 1.1 

450 0.84 

500 0.57 

600 0.32 

700 0.17 

800 0.11 
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CHAPTER 3 

ELECTROLESS PLATING OF COPPER STUDY 

PART A: EFFECT OF SOLUTIONS ON TIN-PALLADIUM RATIOS IN COMMERCIAL 
TIN-PALLADIUM CATALYSTS 

Sn:Pd Ratios by Rutherford Backscatterin~ Spectrometry 

Five different samples of a commercial catalyst concentrate (89) 

were prepared on approximately 1 cm2 carbon and silicon substrates. In 

Group I, the samples were prepared by immersing a carbon substrate in a 

solution prepared by adding 1 ml of the catalyst to 1 ml of 1 M NaCl 

solution for 5 minutes and rinsing the substrate in water for 1 minute. 

One of the five concentrates was then randomly selected for further 

study and used to prepare the samples in Groups II and III. In group 

II, six samples were prepared on a carbon substrate in the same manner 

as describe above. After the 1 minute rinse in water, three of the 

samples were immersed for 5 minutes in a solution of NaOH at pH 11.8 

and then rinsed for 1 minute in water. The remaining three samples 

were immersed for 5 minutes in a solution of NaOH at pH 11.8 that was 

0.027 M formaldehyde, and then rinsed for 1 minute in water. In Group 

III, five samples were prepared on silicon substrates. Three of these 

samples were prepared by immersing the silicon substrate for 5 minutes 

in a 1:1 mixture of the commercial catalyst and 1 M NaCl and then 

rinsing the substrate for 1 minute in water. The remaining two samples 

were prepared on a silicon substrate in the same manner. After the 1 

minute rinse in water, these two samples were immersed for 5 minutes in 
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a solution of NaOH at pH 11.8 and then rinsed for 1 minute in water. 

All the samples were dried in air and analyzed by the RBS method. The 

instrumentation and the experimental conditions are described in 

Chapter 2. The samples in Group I were analyzed with beam energies of 

1892 and 3776 keV; the samples of Group II were analyzed with a beam 

energy of 3776 keV and the samples of Group III were analyzed with a 

beam energy of 4700 keV. 

Oxidation States and Ratios of Sn and Pd by X-ray Photoelectron 

Spectroscopy 

A Vacuum Generators ESCALAB MKII Photoelectron Spectrometer 

(Vacuum Generators, East Grinstead, U.K.) was used to obtain the 

photoelectron spectra of the catalysts on carbon and silicon 

substrates. An aluminum X-ray source (AlKa 1486.6 eV) was used at 300 

watts and the pass energy was set at 50 eV. Data were collected at 0.2 

eV intervals and the samples were scanned repetitively to obtain a 

suitable signal:noise ratio. The spectra were corrected for the 

transmission function of the spectrometer, (KE)-1/2. The iterative 

method that was used for background subtraction was based on the 

assumption that the background is proportional to the scaled integrated 

intensities of the corrected peaks (90). The binding energies and the 

areas of the Sn 3d and Pd 3d peaks were then determined. The binding 

energies were corrected using the carbon Is peak at 284.6 eV. The 

Sn:Pd ratios were calculated using the following equation where I 

represents the peak areas, u the cross sections for Sn 3d and Pd 3d 

(91), and A the inelastic free paths (92): 
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(3.1) 

The samples analyzed by XPS were prepared in much the same manner 

as described for the samples analyzed by RBS. The carbon and silicon 

substrates were immersed in a 1:1 mixture of the catalyst and 1 M NaCl 

solution for 5 minutes, and rinsed in water for 1 minute. Some of 

these samples were then immersed in an alkaline solution for 5 minutes, 

and then rinsed in water for 1 minute. The samples were then allowed 

to dry in the air before analysis. Various alkaline solutions were 

used in the XPS study. The solutions used were NaOH (pH 11.8), NaOH 

(pH 11.8) and HCHO (0.027 M), NaOH (pH 11.8) and EDTA (0.1 M), NaOH (pH 

11.8) and CN- (25 mg/L) , and a copper plating solution containing NaOH 

(pH 11.8), EDTA (0.1 M), CuS04 (0.04 M), and CN-. The results are 

shown in Table 3.1. 

Concentration of Tin and Palladium in Commercial Catalysts 

The amount of tin and palladium in three of the catalyst 

concentrates was determined using atomic absorption spectrophotometry. 

The remaining two samples were not analyzed because there was 

insufficient sample for the analysis. The samples were prepared by 

adding 3 or 5 ml of concentrate by pipet to a volumetric flask 

containing 5 ml of 30% H202 and 10 ml of 1.2 M HC1. The solutions 

became very warm upon mixing, and after cooling were diluted to the 

mark with 1.2 M HCl to prevent precipitation of tin compounds. The 

samples required further dilution with 1.2 M HCl before they could be 

analyzed because the initial concentration of tin in the samples did 

not fall within the linear range of the standards. A Thermo Jarrell-
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Table 3.1 

Binding Energies and Sn:Pd Ratios by X-Ray Photoelectron Spectroscopy 

Binding Energies Difference in 
(ev) Binding Energies 

sample treatment Sn:Pd Sn( 3d5/2) Pd( 3d5/2) (ev) 

(Silicon Substrate) 
A 5.6 486.7 335.5 151. 2 
A 5.4 486.6 335.4 151. 2 
A 6.6 487.3 336.1 151.5 

A and B 0.84 486.0 335.3 150.7 
A and B 1.1 485.8 335.2 150.6 
A and C 0.73 486.5 335.2 151.3 
A and D 0.79 486.0 335.4 150.6 

(Carbon Substrate) 
A 6.9 487.1 336.1 151.0 

A and B 1.8 487.7 337.5,336.2 150.2,151.5 
A and C 1.2 487.7 336.1 151. 6 
A and D 0.57 487.4,485.4 337.6,335.9 
A and E 487.7 336.3 151.4 
A and F 1.2 487.5 336.8 150.7 

A 5 Min in Catalyst mixture, 1 min rinse in water 

B 5 min in NaOH (pH 11.8), 1 min rinse in water 

C 5 min in NaOH (pH 11.8) and HCHO (0.027 M), 1 min rinse in water 

D 5 min in NaOH (pH 11.8) and EDTA (0.1 M), 1 min rinse in water 

E 5 min in NaOH (pH 11.8) and CW (25 mg/L) , 1 min rinse in water 

F = 5 min in plating solution (Table l.l, no HCIlO) , 1 min rinse in 
water 



Ash Video 12-E atomic absorption spectrophotometer equipped with 

deuterium background correction was used to analyze the samples. The 

samples were analyzed for tin using a nitrous oxide/acetylene flame at 

a wavelength of 235.5 nrn and a slit width of 0.3 nrn. The samples were 

analyzed for palladium at a wavelength of 276.6 nrn and a slit width of 

0.3 nm using an air/acetylene flame. The concentrations of Sn and Pd 

in each of the samples were determined with the aid of a calibration 

curve. One sample was analyzed by the method of standard additions and 

it was found that no matrix effects were present. 

The average tin concentration was 321 giL and the average 

palladium concentration was 5.6 giL. The ratio of tin to palladium was 

about 55 for concentrates 2 and 3 while it was about 64 for concentrate 

1. The concentration of tin and palladium in each sample is shown in 

Table 3.2. 

Catalytic Activity of Tin and Palladium 

The ability of tin and palladium metal to initiate e1ectro1ess 

plating of copper was investigated. Palladium metal was obtained by 

slowly adding solid NaBH4 to a beaker containing 50 m1 of a 106 mg/L 

standard solution of Pd that was 1.45 M in HC1 and 0.65 M in HN03' The 

black particles of Pd metal were collected on a Whatman #3 filter which 

was placed on the base of a Mi11ipore filter. The filter was then 

washed with deionized water and placed in a beaker containing about 50 

m1 of plating solution and 0.1 m1 of 37.3% formalin solution. The 

temperature of the solution was maintained at 70-75° C. After a few 

minutes, bubbles of gas, presumably H2, were seen rising from the 
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Table 3.2 

Concentration of Sn and Pd in Commercial Catalyst Concentrates 

Concentrate 

1 

2 

3 

Sn Concentration (giL) 

327 ± 7 

311 ± 4 

326 ± 2 

Pd Concentration (giL) 

5.12 ± 0.07 

5.67 ± 0.07 

6.02 ± 0.09 
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filter. After 45 minutes, The filter showed spots of reddish-brown 

copper. 

Tin metal was obtained by adding 0.1 g of SnC1202H20 to a beaker 

containing 25 ml of 0.1 M HCl and adding NaBH4' The fine, gray 

precipitate formed was collected on a filter paper as before. The 

filter paper was placed in a beaker containing plating solution as 

described above. No plating was observed to occur. 

In order to confirm that plating catalyzed by a Sn/Pd catalyst 

does occur on paper, a sample was prepared using a commercial 

concentrate. Several drops of commercial concentrate #2 were placed on 

a filter paper which was then rinsed by deionized water. The filter 

was placed in a beaker containing plating solution. The evolution of 

H2 bubbles from the surface of the filter paper was observed and red 

spots of copper were formed on the paper. 

Results and Discussion 

The average values for the samples prepared on carbon from the 

five concentrates and analyzed by RBS are shown in Table 3.3. The 

uncertainties in the ratios are largely due to the uncertainties in the 

determination of the peak areas, (10-20%). It can be seen that there 

is a range of Sn:Pd ratios for the five concentrates. The average 

Sn:Pd ratio of all the samples was 1.3 ± 0.3. The ratio for 

Concentrate 1, which was used in all of the subsequent experiments, was 

1.5±0.2. The slight differences in the composition of the catalyst 

concentrate may result in catalyst coatings of different composition. 

Concentrate 1 had the highest Sn:Pd ratio in the catalyst coating of 

the five concentrates. It also had the highest ratio of Sn:Pd in the 
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Table 3.3 

Surface Concentrations of Sn and Pd by Rutherford Backscattering 
Spectrometrya,b 

Surface Concentration 
x 10-15 (atoms/cm2 ) 

Concentrate Sn Pd Sn:Pd 

1 13.8 9.1 1.5 ± 0.2 

2 8.8 7.1 1.3 ± 0.3 

3 11.3 8.6 1.4 ± 0.2 

4 3.0 2.4 O.92 c 

5 4.6 4.3 1.1 ± 0.2 

average 8.9 6.8 1.3 

standard deviation 4.2 2.7 0.3 

a Sample Treatment: 5 min in 1 ml catalyst solution, 5 min rinse in 
water 

b samples prepared on carbon substrates 

c insuficient number of samples to calculate uncertainty 
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concentrate itself. Concentrates 2 and 3, in comparison, both had 

lower ratios of Sn:Pd in solution and in the catalyst coating than 

concentrate 1. 

The surface concentrations of Sn and Pd on the carbon substrates 

were of the same order as those previously reported for Sn/Pd catalysts 

prepared on carbon, approximately 1015 atoms/cm2 . These results have 

been calculated as surface concentrations with units of atoms/cm2 since 

it is not possible to calculate the thickness of the catalyst layer. 

This is because the density of the catalyst layer is unknown. The 

surface concentrations of Sn and Pd on silicon are lower than on 

carbon, but the Sn:Pd ratios are the same on both substrates (Table 

3.4). The differences in the values are probably due to the difference 

in the surface roughness of the two substrates. These substrates were 

used since it is advantageous to use a light mass substrate in RBS 

analysis, as well as to compare the results reported by others. The 

carbon substrates were much more porous in nature compared to the 

silicon substrates, as might be expected. This allowed the catalyst to 

adhere to the carbon substrates to a greater extent than on silicon. 

This roughness may also in part describe the non-uniformity in 

thickness observed from the peak shapes. Another factor that could 

affect the uniformity of the thickness is the way in which the layer 

grows on the substrate. The coating would be expected to be non

uniform if the catalyst coating grew in the form of 'islands' rather 

than as uniformly distributed particles. Another reason for preparing 

the samples on silicon was to determine if surface roughness of the 
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Table 3.4 

Surface Concentrations of Sn and Pd by Rutherford Backscattering 
Spectrometry 

A 

sample 
treatment 

A 

A and B 

A and C 

A 

and B 

Sn:Pd 

Surface Concentrations of Sn and Pd 
x 10- 15 (atoms/cm2) 

(Nt)Sn (Nt)Pd 

Group I (carbon substrate) 

l.5±0.2 13.8 9.1 

Group II (carbon substrate) 

0.83 ± 0.2 l.9 2.3 

l.0 ± 0.1 2.1 2.0 

Group III (silicon substrate) 

l.5 ± 0.2 8.7 5.8 

0.79 a 3.0 3.8 

The uncertainties shown in the table are standard deviations 

a The number of samples was insufficient for calculation of the 
uncertainty. 

A 5 min in catalyst, 1 min rinse in water 

B 5 min in NaOH (pH 11.8), 1 min rinse in water 

C 5 min in NaOH (pH 11.8) and HCHO (0.027 M), 1 min rinse in 
water 
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substrate affected the uniformity of the thickness of the catalyst 

coating, but the results were not conclusive. 

The Sn:Pd ratio decreased significantly after the catalyst coated 

substrates were exposed to pH 11.8 NaOH solutions, in the presence or 

absence of formaldehyde (Fig. 3.1 and Table 3.4). The concentrations 

of Sn and Pd on the substrate are both lowered, but the Sn is removed 

preferentially. This preferential removal of Sn is most likely due to 

the formation of soluble hydroxy complexes of Sn(II) and Sn(IV). 

The samples were an&lyzed using three different beam energies 

(1892, 3776 and 4700 keV). The higher beam energies were used in order 

to improve resolution of the Sn and Pd peaks. These two peaks are much 

better resolved when the energy of the incident He+ beam is increased 

from 1892 to 3776 keV (Fig. 3.2). The FWHM of these peaks (20-25 keV) 

is governed primarily by the detector resolution (15 keV) since the 

catalysts coatings are very thin. By increasing the beam energy from 

1892 to 3776 keV, the separation of the peaks was increased from 

approximately 25 to 50 keV, which reduced the overlap of the peaks 

(69). 

The results of the X-ray photoelectron experiments confirmed the 

results of the RBS experiments. After exposure to various NaOH 

solutions, the ratio of Sn to Pd on both silicon and carbon substrates 

decreased significantly (Table 3.1). The ratio dropped from 6.9 to 1.8 

on carbon, and from 5.5 to 1.0 on silicon. The presence of 0.027 M 

HCHO in the NaOH solution did not cause a significant difference in the 

Sn:Pd ratio in the case of the silicon substrates. The Sn:Pd ratio on 

the carbon substrates exposed to both NaOH and HCHO was lower than 
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Fig. 3.1 RBS spectrum of the Sn-Pd catalyst on a carbon substrate 
(a) after a 5 min immersion in the catalyst mixture and a 

1 min rinse in H20. 
(b) after a 5 min immersion in the catalyst mixture, 1 min 

rinse in water followed by a 1 min immersion in NaOH 
~pH 11.8) and 1 min rinse in water. 

The He+ beam energy was 3776 KeV (total dose - 100.0 ~C). 
The energy per channel is 3.742 ± 0.003 KeV. 
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Fig. 3.2 RBS spectra of the Sn-Pd catalyst on a carbon substrate 
after a 5 min immersion in the catalyst mixture and a 
1 min rinse in H20. 
(a) 4He+ beam energy ~ 1892 Kev (total dose - 30.02 ~C). 

The energy per channel is 1.812 ± 0.003 KeV. 
(b) 4He+ beam energy ~ 3776 KeV (total dose - 100.0 ~C). 

The energy per channel is 3.742 ± 0.003 KeV. 
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those exposed to only NaOH. The reason for these differences in 

unknown. These values of Sn:Pd ratios are not directly comparable to 

those obtained by RBS, because the sampling depth is about 30 A with 

the XPS technique in contrast to a depth of ~10,000 A that is 

attainable with RBS. The RBS values in effect represent the average 

Sn:Pd ratio in the catalyst coating. 

The binding energies obtained from the XPS spectra of the samples 

rinsed in water indicated that Sn is present in an oxidized form and Pd 

is present as Pd metal on the surface of the catalyst coatings (Table 

3.1). These values compare favorably with the values for PdQ and 

oxidized Sn (93). Pd metal has a binding energy of 335.2 eV, while the 

binding energies of palladium chloride and palladium oxide are 337.5 

and 336.1 eV, respectively. Sn metal has a binding energy of 486.4 eV 

while the oxides of Sn+2 and Sn+4 have binding energies of 486.4 eV. 

Stannous chloride dihydrate has a binding energy of 487.2 ev and the 

anhydrous form has a binding energy of 486.3 ev. It is likely that 

some of the tin was present in the sample as an oxychloride in addition 

to the chloride and oxide forms. The difference between the binding 

energies of the Sn and Pd 3d5/2 peaks were also useful since there was 

some variability in the binding energies between identically prepared 

samples which were analyzed on different days. 

It was found that most of the samples prepared on carbon which had 

been exposed to alkaline solutions contained two different oxidation 

states of palladium. In these samples a more oxidized form of 

palladium appeared as a shoulder on the PdQ peak. The sample exposed 

to the solution containing only NaOH had an oxidized form of palladium 
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present in addition to PdO. The sample exposed to a solution 

containing NaOH and EDTA showed the same two forms of palladium and 

also a second, less oxidized form of tin. A sample exposed to the 

plating bath (without the formaldehyde) also exhibited these two forms 

of palladium. The sample exposed to the alkaline cyanide solution was 

apparently very thin and it was not possible to determine if shoulders 

were present due to the high signal:noise ratio. 

The only exception to this case was the sample which had been 

exposed to an alkaline solution containing formaldehyde. This sample 

did not show the oxidized form of palladium which was characteristic of 

the other samples. The presence of the sodium hydroxide in the water 

apparently caused oxidation of some of the palladium present on the 

sample surface since no oxidation of palladium was observed in samples 

dipped only in deionized water. The formaldehyde acted as an anti

oxidant and the palladium was not oxidized. This may also explain the 

appearance of the second, lower oxidation state of tin observed in the 

EDTA sample. It is possible that the formaldehyde reduced the tin, but 

there is no conclusive evidence for the presence of SnO. 

Although the samples prepared on silicon showed only one peak for 

both tin and palladium, a definite trend was observed in the difference 

in binding energies for the two peaks. All the samples dipped in only 

deionized water and the sample dipped in alkaline formaldehyde solution 

showed approximately the same difference in binding energies between 

the tin and palladium peaks, which was approximately 151.3 eV. All of 

the samples dipped in alkaline solutions, with the exception of the 

solution containing formaldehyde, showed differences of approximately 
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150.6 eV. A similar trend was observed for the samples prepared on 

carbon, but the differences in the binding energies were not as 

consistent as those observed for the silicon samples. 

Other work in this group has investigated the effect of pH on the 

reaction of SnC12 and PdC12 (94). It was found that in hydrochloric 

acid the reaction between Sn+2 and Pd+2 to form PdQ does not go to 

completion. This is notable since the conditions used were much more 

extreme than those to which a commercial catalyst would be exposed. 

Additionally, previous work by de Minjer et al. did not show the 

presence of PdQ in a commercial catalyst consisting of SnC12, PdC12 and 

HCl (27). In both cases the formation of PdQ is not favored by the 

initially high concentrations of Sn+2 , H+, and Cl-. Similar conditions 

exist in the catalyst concentrates used in these experiments. It was 

also found when PdC12 and SnC12 were mixed in sodium hydroxide solution 

the reaction proceeded to completion along with the disproportionation 

of Sn+2 to SnO and Sn+4 . 

In this study it was found that solution conditions influenced the 

chemical composition of the catalysts used in the electroless plating 

of copper. The nature of the solution used to prepare the catalysts on 

the substrate as well as the alkalinity of the plating solution are 

important factors. Also, it has been found that the initial 

concentrations of Sn+2 , Pd+2 , H+, and Cl- in solution are of 

importance. Commercial catalyst concentrates initially contain very 

little PdQ. When a substrate coated with this catalyst is dipped into 

water, the concentration of H+ in the catalyst coating decreases, 

allowing the formation of PdQ and well as oxides of tin. The 
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subsequent dip into the alkaline plating bath dissolves the tin oxides 

with some loss of PdO. The exposure to the alkaline solution also 

accelerates the formation of PdO. The exposed PdO is then capable of 

catalyzing the plating reaction. 

PART B: SYNTHESIS OF A NOVEL TIN-PALLADIUM CATALYST 

Synthesis of Tin(II) Acetylacetonate 

Tin(II) acetylacetonate, or Sn(acac)2, was synthesized using one 

of the methods of Ewing et al. (95). In this procedure sodium 

acetylacetonate is first prepared. About 0.6 g (z15 mmole) of sodium 

hydroxide pellets were dissolved with moderate heating in 20 ml of 

methanol. Then about 3 ml (30 mmole) of acetylacetone were added and 

the solution was heated moderately for 1 hour. The beaker was removed 

from the heat and the methanol was allowed to evaporate in the hood, 

leaving a white residue. This residue was then dried under vacuum to 

complete the removal of the methanol. The residue was white to 

brownish white in color at this point. 

The preparation of Sn(acac)2 must be done in an oxygen free 

atmosphere since the tin readily oxidizes after formation of the 

compound. The Sn(acac)2 was prepared in a vacuum line after several 

attempts to prepare it under a nitrogen atmosphere were unsuccessful. 

First, 1.12 g (5.0 mmole) of SnC1202H20 and 1.53 g (12.5 mmole) of 

Na(acac) were placed in a 100 ml round bottom flask and thoroughly 

mixed. The flask was placed under vacuum to remove residual air from 

the flask. Another flask containing methanol or acetylacetone was 

placed onto the vacuum line to be used as a solvent for the solid 
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mixture. After closing the stopcock to the vacuum line, the solvent 

was frozen with liquid nitrogen, and the stopcock was opened to 

evacuate the flask. The stopcock was closed and the frozen solid was 

allowed to thaw. The procedure was repeated at least once. The 

purpose of these steps was to eliminate oxygen from the flask and the 

solvent. The flask containing the stanno~s chloride and sodium 

acetylacetonate was then cooled with ice water and the flask of solvent 

was warmed with warm water. It was possible to distill solvent over to 

the reaction flask and dissolve the reactants using this process. 

After the solids were dissolved the distillation was stopped and the 

mixture was stirred 2-3 hours. Then flask was then heated and the 

solvent flask cooled to distill off the solvent. The flask was then 

heated in an oil bath at 120 to 140
0 

C to distill the Sn(acac)2 into 

the receiver. The Sn(acac)2 condensed as a yellow oil. The compound 

was left in the receiver until ready for use. 

Synthesis of Palladium Acetylacetonate 

The palladium acetylacetonate was synthesized using the procedure 

of Okeya et al. (96). Palladium chloride (2.66 g, 15.0 mmole) and 

sodium chloride (2.19 g, 37.5 mmole) were added to about 25 ml of water 

in a beaker and heated gently to dissolve the solids. Then 4.5 ml of 

acetylacetone (45 mmole) and 20 ml of 1 M NaOH were added. The mixture 

was stirred a few hours and the yellow precipitate which had formed was 

collected by filtration. The precipitate was dissolved in hot 

chloroform and the solution was filtered to remove unreacted palladium 

chloride. The chloroform was then allowed to evaporate in the hood, 

leaving yellow crystals. 
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Synthesis of Tin-Palladium Acetylacetonate Catalyst 

About 0.32 g (1.0 mmole) of Sn(acac)2 were dissolved in 10 ml of 

benzene and placed in a flask purged with argon. Then 0.3037 g (1.0 

mmole) of Pd(acac)2 were added to the solution. The mixture was 

yellowish in color at first and was light brown in color after 1 hour. 

The mixture was stirred another 4 hours. At this time the solution was 

a very dark brown color and a solid was visible in the bottom. 

Pd(acac)2 is relatively insoluble in benzene and the product should be 

present in the benzene solution. A portion of this brown solution was 

diluted by a factor of 100 with benzene and a substrate was dipped into 

the solution for 5 minutes, and allowed to air dry. The Sn:Pd ratio on 

the substrate was determined by RBS to be 3.1 ± 0.3 and the 

concentrations of Sn and Pd were 3.4 x 1015 and 1.1 x 1015 atoms/cm2 , 

respectively. 

Some of the brown solution was placed on a cleaned glass 

microscope slide and allowed to air dry. A brown coating resulted on 

the slide. The slide was placed into 100 ml of a 70
0 

C copper plating 

solution that was 0.04 M copper sulfate, 0.1 M EDTA, 0.04 M HCHO, and 

adjusted to pH 11.8 with NaOH. After about 3 minutes, small bubbles 

were evolved from the surface of the slide. This was previously 

observed in plating of glass slides catalyzed with a commercial 

catalyst. After the slide was removed from the solution, it was 

observed that copper had plated onto the catalyst layer. The catalyst 

was too thick to allow plating of the glass slide except where the 

catalyst coating had flaked off. At these spots a shiny layer of 

copper was present. 
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The exact structure of the compound was not determined since it 

was difficult to isolate the product. It is also possible that more 

than one product was formed in the synthesis. Sn(acac)2 is soluble in 

many polar and nonpolar solvents and it is also likely that the product 

has a similar solubility. An attempt was made to approximate the 

stoichiometry of the product by determining the solubility of Pd(acac)2 

in the presence and absence of Sn(acac)2 (94). This was done by taking 

advantage of the relative insolubility of Pd(acac)2 and the high 

solubility of Sn(acac)2 in benzene. A weighed portion of Pd(acac)2 was 

placed in 10 ml of benzene at approximately 25° C. The mixture was 

allowed to stand overnight and the amount of undissolved Pd(acac)2 was 

determined by filtering the mixture and weighing the remaining 

Pd(acac)2' A second portion of Pd(acac)2 was added to 10 ml of benzene 

along with a portion of Sn(acac)2' The amount of remaining Pd(acac)2 

was determined as before after the mixture was allowed to stand 

overnight. The increase in the solubility of Pd(acac)2 in the presence 

of Sn(acac)2 should be due to the formation of soluble tin-palladium 

complexes. The ratio of tin to palladium was determined to be 3.7 by 

this method. 

Some samples of this solution on carbon substrates were prepared 

by suspending four carbon squares in a glass tube containing Pd(acac)2 

and Sn(acac)2 and distilling benzene into the tube. The solvent was 

evaporated under vacuum leaving the undissolved Pd(acac)2 in the bottom 

of the tube while leaving a residue of the product on the carbon 

substrates. Two of these substrates were analyzed by RBS to determine 

the Sn:Pd ratio in the catalyst and also to approximate the amount of 
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catalyst this procedure would deposit on a substrate. The Sn:Pd ratio 

on the first sample was determined to be 3.7 ± 1.2 and the 

concentrations of Sn and Pd were (2.2 ± 0.2) x 1016 and (5.9 ± 1.B) x 

1015 atoms/cm2 , respectively. The Sn:Pd ratio on the second sample was 

2.B±0.7 and the concentrations and Sn and Pd were (B.9 ± 0.7) x 1016 

and (3.3 ± O.B) x 1016 atoms/cm2 , respectively. The coverage of the 

substrate by the catalyst appeared to be nonuniform from the shape of 

the peaks. One of the remaining two substrates was analyzed by X-ray 

photoelectron spectroscopy to determine the Sn:Pd ratio as well as the 

oxidation states of Sn and Pd. The oxidation state of the Pd was +2 

and the Sn was in an oxidized form. The Sn:Pd ratio was found to be 

3.7, which is valid for approximately the top 30 A of the sample. 

It appears that the Sn:Pd ratio in the complex is between 3 and 4 

to 1. This is only an approximation because of the accuracy of the 

analyses. The solubility method has some uncertainty in it since the 

temperature varied slightly during the procedure. The uncertainty in 

the RBS analysis is primarily due to the uncertainty in the peak area 

determination as a result of the non-uniform thickness of the catalyst 

on the substrate. The ratio of Sn:Pd is roughly constant in the 

catalyst. The XPS value of 3.7 for the ratio is in agreement with the 

results from the RBS analyses which gave an average value of 3.2. The 

XPS value represents the ratio in the top 30 A while the RBS value is 

representative of the entire film. Since these values are very similar 

and the layer of catalyst is relatively thin (less than 500 A), the 

composition of the catalyst appears to be roughly uniform with depth. 

This complex also exhibits catalytic activity since it was able to 

76 



catalyze the electroless plating of copper in the same manner as the 

commercial catalysts. The oxidation state of the tin is either +2 or 

+4. It was not possible to determine the oxidation state conclusively 

since both states fall at the same binding energy. The oxidation state 

of palladium was determined to be +2. Since plating was observed while 

using this catalyst, it is possible that the Pd+2 was reduced to PdO by 

the alkaline formaldehyde solution. It may be possible to confirm this 

by analyzing substrates coated with synthetic catalyst and exposed to 

alkaline formaldehyde solutions by XPS. 

PART C: VOLATILE FORMALDEHYDE SPECIES IN THE VAPOR PHASE IN CONTACT 
WITH ELECTROLESS PLATING SOLUTIONS 

Experimental 

The reaction cell consisted of a 250 ml glass vessel with a 

plastic lid in which two holes were drilled. Nitrogen gas was bubbled 

through a syringe needle inserted through one of the holes in the 

plastic lid. A glass T-tube was connected to the second hole in the 

lid with a piece of Tygon tubing. A rubber bulb was attached to one 

end of the T-tube and the tube below the bulb was heated with a heating 

coil to prevent condensation of liquid. The gas phase above the 

solution in the reaction vessel was sampled periodically with a large 

plastic syringe by removing the rubber bulb and inserting a syringe 

needle through the hole in the lid (Fig 3.3). The reaction vessel was 

placed in a temperature regulated water bath and maintained at a 

temperature of 70° C. The nitrogen gas flow was 30 ml/min throughout 

the course of all the experiments. 
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Fig. 3.3 Reaction cell for following the decrease in the concentration 
of formaldehyde species in the vapor phase. 
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The plating solution consisted of 0.04 M CuS04·5H20 and 0.1 M 

Na2EDTA.2H20. The pH was adjusted to 11.8 with 50% w/w NaOH. A 37% 

formalin solution was used to add 2.7 mmoles of HCHO into 200 ml of the 

plating solution. T~e total volume of the vapor phase was about 50 mI. 

The plating reaction was initiated by adding 150 cm2 of copper foil and 

the 2.7 mmoles of formaldehyde to the reaction vessel. The copper foil 

was cleaned prior to plating by 2 minute immersion in 1.5 M HCI04' The 

gas phase was sampled every 5 minutes by withdrawing a 40 ml sample of 

the gas phase with the syringe and bubbling the gas sample through 5 ml 

of 0.2% w/v chromo tropic acid in concentrated sulfuric acid in a 10 ml 

volumetric flask. The chromotropic acid solution was prepared by 

dissolving the disodium salt of chromotropic acid in concentrated 

sulfuric acid with stirring, and filtering the solution through a 

sintered glass filter (31). The five ml of solution was heated in the 

70° C water bath for 5 minutes, cooled, and carefully diluted to 10 ml 

with deionized water. The absorbance of the deep violet solution was 

measured at 570 nm. A plot of these values of absorbance vs. time is 

shown in Fig. 3.4. 

The above experiments were repeated by using s-trioxane instead 

of the formalin solution. Solid s-trioxane (0.9 mmole) was added 

together with the copper foil to initiate the plating reaction. This 

amount of s-trioxane corresponds to the same number of HCHO 'units' as 

was used for formalin, since 1 mole of trioxane yields 3 moles of HCHO 

upon depolymerization. 

The experiments were repeated again under identical conditions by 

the addition of the copper f~il and 0.08 g of paraformaldehyde as the 
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reducing agent. This mass corresponds to 2.7 mmole of HCHO, assuming 

the paraformaldehyde yields 100% HCHO on depolymerization in solution. 

The results obtained with s-trioxane and paraformaldehyde are also 

shown in Fig. 3.4. 

In the plating experiments, the copper deposited was calculated 

from the difference in the weight of the copper foil after the plating 

experiment had proceeded for 30 minutes. In all the experiments, 

except in the case of s-trioxane, about 40 mg of copper was deposited. 

Blank experiments were carried out as described above by omitting 

the copper foil. These experiments were carried out to determine the 

amount of volatile formaldehyde species lost due to bubbling nitrogen 

gas through the solution. These results are shown in Fig 3.5. 

Results 

The absorbance vs. time plots shown in Figs. 3.4 and 3.5 show that 

the concentrations of the formaldehyde species in solution do not 

decrease in the expected manner in the course of the plating process. 

A comparison of the formaldehyde concentrations in the two experiments 

in which the formalin solution was added to the reaction vessel, Figs. 

3.4(b) and 3.5(b), shows that the decrease in the formaldehyde 

concentrations in solution was very similar (Fig. 3.6). There appeared 

to be no significant difference in the vapor phase concentrations of 

the volatile formaldehyde species between the blank and the plating 

experiment. 

When paraformaldehyde is added to the reaction vessel, there is no 

decrease in the concentration of the volatile species, either in the 

vapor phase or in solution. In this experiment the rate of formation 
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Fig. 3.4 Decrease in the concentration of total formaldehyde species 
in the vapor phase above the plating solution during the 
plating process. 
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of the volatile formaldehyde species from the oligomers in solution is 

equal to the rate of removal by the nitrogen gas. The rate of removal 

of the volatile formaldehyde species from solution by the nitrogen gas 

can be approximated from the experimental data. The molar absorptivity 

of the reaction product is 17000 moles-l.L.cm- l . An absorbance of 

approximately 0.03, Fig. 3.4, is produced by 1.7 x 10- 8 moles of HCHO 

in 10 ml of the chromotropic acid solution. This .number of moles was 

formed in 200 ml of solution in the reaction vessel and removed by 40 

ml of nitrogen gas at a flow rate of 30 ml/min. The rate of removal of 

the volatile species is then 6.4 x 10- 8 moles.L-l.min- l . This rate is, 

therefore, the rate of formation of the volatile formaldehyde species 

from its oligomers in solution. It is of interest to compare this rate 

with the rate of plating of copper when the paraformaldehyde is used as 

the reducing agent. The experimental data show that 0.63 mmole of 

copper metal is plated out of 200 ml of the plating solution in 30 

minutes. The rate of plating of copper, from this data, is 

approximately 1 x 10-4 moles·L- l .min- 1 . This is at least a thousand 

times greater than the rate of formation of the volatile formaldehyde 

species from the oligomers in solution. 

When s-trioxane is used as the reducing agent instead of 

paraformaldehyde, no plating is observed to occur. Moreover, there is 

very little change in the concentration of the formaldehyde species in 

the vapor phase (Figs. 3.4 and 3.5). The cyclic compound remains 

intact in solution and its ring structure is not disrupted to give any 

formaldehyde species that can act as reducing agents. The s-trioxane, 

however, is volatile at the plating bath temperature used and is 
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carried into the vapor phase by the nitrogen gas. The volatile trimer 

is disrupted by the concentrated sulfuric acid in the chromotropic acid 

reagent and an apparent high concentration of HCHO is obtained. This 

results in the high absorbances shown in Figs. 3.4 and 3.5. 

Discussion 

The relative concentrations of formaldehyde, methylene glycol, and 

poly(oxymethylene) glycols in aqueous solutions of formaldehyde have 

not been clearly established. In the presence of methanol, which acts 

as a stabilizing agent, these glycols form monomethyl ethers. 

Recently, the characterization of mixtures of these compounds has been 

reported by utilizing capillary gas chromatography and chemical 

ionization mass spectrometry (97,98). The effect of temperature on 

these reactions, Equations 3.2 - 3.4, and the time to attain 

equilibrium have been investigated by IH and 13C NMR spectroscopy (99). 

HCHO + H20; CH2(OH)2 

HOCH20H + HOCH20H ; HO(CH20)2H + H20 

HO(CH20)nH + HO(CH20)H ; HO( CH 20 ) (n+I)H + H20 

(3.2) 

(3.3) 

(3.4) 

It should be emphasized that all these results were obtained under 

static conditions. These workers have shown that the time required to 

attain equilibrium varies with temperature; an increase in temperature 

accelerates the depolymerization reactions and concentrated solutions 

depolymerize readily. The temperature was also shown to affect the 

distribution of oligomers in the solution. 
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In view of these findings, it is important to determine the 

concentration of the various formaldehyde species in solutions that are 

maintained at a temperature of 70° C and high pH values. On the basis 

of the experiments performed in this work, it is unclear if methylene 

glycol is the only reactive species or if the oligomer species are also 

able to participate in the reduction process. Depending on the 

temperature and pH of the plating bath, the presence of oligomers may 

also affect the amount of methylene glycol present in the bath through 

depolymerization reactions. It is apparent that the only important 

oligomers in the plating process are the linear poly(oxymethylene) 

glycols since plating was observed to occur only with formalin and 

paraformaldehyde and no plating was observed using the cyclic trimer 

s-trioxane. 

It is interesting that the amount of copper plated was the same 

when either paraformaldehyde or formalin was used as the reducing 

agent. The concentration of the volatile formaldehyde species in the 

vapor phase was significantly greater in the case of formalin than for 

paraformaldehyde. Since the concentration of these species in the 

vapor should be roughly proportional to the concentration of methylene 

glycol (and other volatile formaldehyde species) in the plating 

solution, it appears that the plating process may have been dependent 

on some factor other than the concentration of these formaldehyde 

species in the solution. One possibility is that the rate of plating 

was controlled by the rate at which the comparatively large Cu-EDTA 

species migrated to the copper surface. Another possibility is that 

the depolymerization of the oligomers may have controlled the amount of 

86 



methylene glycol available or the oligomers may have participated in 

the reduction process. 

This particular method is useful in obtaining qualitative 

information and observing trends in the plating process. The method is 

unique in that it obtains data from a dynamic system. It would not be 

the method of choice to obtain kinetic data such as reaction orders for 

the various reactants in the plating solution. This is primarily 

because the data were not judged to be sufficiently reproducible for 

this type of work. The critical step in this experiment is the 

collection of the formaldehyde species in the chromotropic acid 

solution and is the most probable source of uncertainty. The 

collection efficiency of HCHO in chromotropic acid/sulfuric acid 

solutions is reported to be essentially 100% (100), but the rate of 

bubbling the vapor through this solution may not have been consistent 

enough to yield reproducible results. The uncertainties between runs 

were of the order of 10 to 20%. 

There are other techniques that may be applicable to the study of 

this system. Ion chromatography is often used to monitor the 

concentration of formate ion in copper plating baths (101,102). Since 

the formate ion is one of the reaction products, the plating reaction 

could be monitored by following the increase in the concentration of 

the formate ion. This may be useful in comparing the effect of and the 

reaction of the various reducing agents in the plating solution. It is 

also possible to monitor the concentration of total formaldehyde in 

solution by oxidizing formaldehyde species to formate with H202 and 

additional NaOH (103). It also may be useful to follow the 
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concentration of the various oligomers in the vapor phase during 

plating by using one of the methods cited previously (97-99). 
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CHAPTER 4 

DECOMPOSITION OF OVERLAPPING, SKEWED GAUSSIAN PEAKS IN RBS SPECTRA 

The RBS analysis of the tin-palladium catalyst samples usually 

resulted in overlapping peaks for tin and palladium. The peaks also 

appeared to be skewed with a Gaussian front edge and a long, drawn out 

'tail' on the back side of the peak (Fig. 4.1). Before any 

quantitative information could be obtained from these spectra, it was 

first necessary to resolve the tin peak from the palladium peak so 

that the peak area of each may be determined. This was accomplished by 

using a nonlinear least squares curvefitting technique. 

The overlap of the two peaks occurs because both tin and palladium 

have very similar atomic weights, 106.4 and 118.7, respectively, and 

also because the catalyst coating was non-uniform in thickness. The 

samples were initially analyzed at a beam energy of 1.892 MeV. This 

produced considerable overlap of the two peaks. The samples were then 

analyzed at 3.776 and 4.700 MeV. It was possible to increase the 

separation of the peaks at these higher beam energies, but not 

completely resolve them. It was apparent that many of the peaks were 

not completely Gaussian in shape, but were 'skewed' as described 

earlier. This is primarily due to the non-uniform thickness of the 

catalyst coating on the substrate. Thin films that are of uniform 

thickness on a substrate such as carbon will yield RBS peaks that are 

approximately Gaussian. The number of isotopes for each element will 

also affect the peak shape. Since this technique is mass dependent, 
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the presence of isotopes in a significant amount will cause some 

broadening of the peak. Tin has 7 naturally occurring isotopes which 

are at least 5% abundant and palladium has 4 isotopes with abundances 

of 10% or more. 

The shape of these peaks are very similar to the skewed Gaussian 

peaks that often occur in chromatography. Gladney et al. have applied 

the following model equation to gas chromatography peaks (112). 

(4.1) 

where 

A amplitude of the peak 

y (channel - channelO)/(j2ow) 

channel = independent variable 

channelO = channel at which peak occurs 

w = width of peak 

z = w/j2 o r 

r = asymmetry factor 

1 IX 
erf(x) = j~O -00 e(-x2 ) dx (4.2) 

The area of the peak can be found by 

(4.3) 

A program was written based on this model equation using the ASYST 

(version 1.53) scientific package (Macmillan Software Company, New 

York, New York) to decompose each RBS spectrum into a tin peak and a 

palladium peak and to calculate the peak areas. A nonlinear least 

squares curvefitting algorithm was used which is part of the ASYST 

package. The actual curvefitting was done using an IBM XT or AT 



compatible computer equipped with a math co-processor and a Hercules 

compatible graphics board. In order to use the ASYST package, the user 

must write a function which can be used to calculate a set of values 

which the program then compares to the experimental data. Before the 

actual curvefitting process can start, it is necessary to make some 

initial estimates for the peak amplitude and peak position for each 

peak and also for the width, asymmetry factor, and scaling factor. 

This must be done since the program will only improve on the initial 

estimates, not solve for the unknown values. The program used these 7 

parameters to calculate at each channel the value of the number of 

counts per channel contributed by the tin peak and by the palladium 

peak. This results in two sets of values which describe a tin and a 

palladium peak, respectively. These two sets of values are then added 

together to produce the set of values which is compared with the 

experimental data. The plot of the fitted values and the experimental 

data is shown in Fig. 4.2. The Sn and Pd peaks obtained from the 

curvefitting process are shown plotted with the experimental data in 

Fig. 4.3. 

The experimental data consisted of the number of counts stored in 

each channel of the 1024 multichannel analyzer used in data collection. 

A portion of the RBS spectrum was selected as a 'region of interest' 

since not all of the channels contained data relevant to the tin and 

palladium peaks. Generally this region was from 50 to 125 channels 

wide. The curvefitting process was then initiated and allowed to 

proceed for 5 iterations at a time. The fitted values and the 

experimental data were plotted on the computer screen to determine the 
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progress of the fit. The curvefitting process was concluded when the 

values of the parameters ceased to change and the fitted values were in 

agreement with the experimental data on the graphics display. The 

process generally required 20 to 30 iterations to converge to a final 

set of values for the parameters. In a few cases background 

subtraction was used, but it was generally not needed. 

The area of each peak was then determined by the area calculation 

shown above and by numerical integration of the fitted values for each 

peak. Both of'these methods were used as a check on the curvefitting 

process. In the absence of severely tailing peaks the two values were 

in very close agreement. When the peaks showed a large amount of 

tailing the area calculation was used instead of the integration 

method. This is because, often, the tails of the peaks had not 

returned to the baseline and the integration method would underestimate 

the peak areas. 

The goodness of fit was also evaluated using a reduced chi square 

calculation described by Bevington (113). This reduced chi square 

value was also used to estimate the uncertainty in the area. The 

uncertainty was estimated using the following equation where A is the 

peak area, a is the uncertainty and X the value of reduced chi square. 

a 2 = X2.A (4.4) 

The uncertainty in the peak areas was estimated to be approximately 10 

to 15% using the reduced chi square method. 

The program initially was written using the parameters of 

amplitude, peak position, width, and asymmetry to describe each peak 

separately. This did not prove to be successful since the program 
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would produce very different peak shapes for the two peaks. The peak 

shapes should be very much the same since the catalyst coating on the 

substrate was relatively thin and the tin and palladium concentrations 

should be relatively uniform as a function of depth (with respect to 

RBS analysis). The program was modified so that the ratio of T to w 

(asymmetry to width) was the same for each peak. This produced peaks 

of the same shape since the value of r/w controls the shape or amount 

of 'skew' for a peak. A scaling factor was also introduced to allow 

for one peak to be wider than the other while still maintaining the 

constant value of r/w. 

This program does not appear to be appropriate for spectra in 

which the r:w ratio is less than one. This is because some of the 

approximations made, such as in the erf function, may not be valid. A 

r/w ratio of < 0.4 is described by Gladney et al. as a Gaussian 

distribution (112). In tests with synthetic peaks of varying r:w 

ratios (0.4 to 4), the results of the 2 integration methods did not 

agree below a T:W ratio of 1, indicating that the values calculated 

using the model equation did not match that expected theoretically. In 

this work the ratio of r:w for both peaks was usually at least 1. 

The program was also tested on spectra consisting of overlapping 

skewed peaks of known area. These spectra were prepared to resemble 

the actual data used in order to evaluate the curvefitting process. 

Two spectra were prepared at a T:W ratio of 2 and two more were 

prepared at a ratio of 3. The two spectra at each r:w ratio were 

prepared so that the ratio of the Sn area to the Pd area was 1 and 2, 

respectively, which is approximately the ratios of Sn to Pd in the 
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samples. Four more spectra were also prepared in which the Pd peak was 

wider than the Sn peak, at r:w ratios of 2 and 4. The peak areas found 

for each of the peaks in the test spectra w~re very close to the true 

values ( ± 3%). It was noted, however, in the spectra in which the 

ratio of r:w was 2 that the value of r tended to be low (~ 3.8 compared 

to the true value of 4) although the peak areas were very close to the 

true values. 

This program worked satisfactorily for most of the sets of data. 

The cases where it did not work as well were for samples which had been 

analyzed at the lowest beam energy of 1892 keV. One of the advantages 

of using a program such as this is that it allows the peak areas to be 

determined in a consistent manner. One of the drawbacks is that the 

actual ASYST curvefitting routines are not accessible to the user. and 

also that the uncertainty associated with the peak area must be 

estimated. The program is also designed for use with skewed peaks (r:w 

> 1) and is not appropriate for use with less skewed peaks or Gaussian 

peaks. 
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PART II: DISSOLUTION OF CRYSTALLINE GALLIUM ARSENIDE IN SOLUTIONS 
CONTAINING COMPLEXING AGENTS 
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CHAPTER 5 

I Nl'RODUCTI ON , PART II 

The use of GaAs has been increasingly important in recent years in 

the manufacture of electronic devices. In the course of these 

manufacturing processes, workers may be exposed to airborne 

particulates of GaAs (32,33). Inhalation of GaAs particulates 

constitute a potential health hazard since it has been shown that the 

dissolution of GaAs in aqueous solutions results in the release of 

arsenic containing species (34). The dissolution of GaAs depends on 

the nature of the chemical components that are formed in the near 

surface region as a result of oxidation and the uniformity of the 

distribution of these components as a function of depth. 

One concern is that inhalation of GaAs particulates may lead to 

chronic exposure to arsenic as the particulates dissolve in the lung. 

There is more interest in the exposure of workers to arsenic than to 

gallium since gallium is not considered to be as toxic as arsenic. 

Inhalation and ingestion studies conducted with rats found that soluble 

salts of gallium were not readily absorbed (35,36). 

The toxic effects of arsenic are well known. Liver damage and 

dysfunction and pathological changes in the kidneys have been known to 

occur as a result of chronic arsenic exposure (37-41). In addition, 

arsenic is considered to be a carcinogen. An increased incidence in 

lung, liver, skin and lymphoid cancer from exposure to arsenic has been 

observed as a result of epidemiological studies (42,43). Arsenic is 
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also suspected of causing teratogenic effects in humans (43,44). 

Although arsenic compounds are not considered direct mutagens, they 

have shown potential for DNA damage and inhibition of DNA repair 

enzymes (45). The primary toxic effect of arsenite is the interaction 

with sulfhydryl groups in tissues and enzymes (46,47). The toxicity of 

arsenate is thought to be due to the body's ability to reduce arsenate 

to arsenite (48) and to substitute arsenate for phosphate in some 

biological processes (49-51). 

The nature of the GaAs-oxide interface has been probed by surface 

sensitive techniques such as X-ray photoelectron spectroscopy, and has 

been the subject of numerous investigations (52-67). The reason for 

this interest in the nature of the GaAs-oxide interface is that the 

quality of many electronic devices is determined by the chemical 

composition, uniformity and the number of defect sites in the GaAs

oxide interface (55,58,61,65). There is an extensive literature on the 

formation of various oxides on the GaAs surface when exposed to oxygen 

under controlled conditions. Species such as GaAs04, GaAs03, GaAs02, 

AS203' and Ga203 have been observed in the oxide layer and elemental As 

has been observed in the interface between the oxide layer and the 

substrate (53,55,60,62,65). 

It is more relevant in this work to determine the species that are 

formed on the GaAs interface when it is exposed to air. Kohiki and 

coworkers exposed clean (100) surfaces to air for 1 year and analyzed 

the surfaces by angular dependent X-ray photoelectron spectroscopy 

(61). They report finding an As/As203/Ga203/GaAs surface layer on top 

on an interfacial region of elemental As and GaAs. Demanet and Marais 
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performed a similar experiment on GaAs (100), but the GaAs surface was 

not cleaned prior to analysis (62). They reported a multilayer oxide 

based on XPS data and the known reactivities of GaAs and other oxides. 

At the surface GaAs04, AS20S, Ga(OH)3, and Ga203 are present; below 

this is a layer composed of GaAs03, which is described as an amorphous 

glass of AS203 and Ga203' In the next layer, Ga203 and AS203 exist in 

separate phases. Next, a layer of Ga203, AS203, and As are present on 

top of the substrate of GaAs. They indicate that As is not present at 

the interface, but that it migrates upwards and is oxidized to AS203 in 

the layers nearer the surface. They report finding GaAs02' but do not 

assign it to any layer. 

In one of the studies that involved the exposure of GaAs to 

aqueous solutions, it was found that in the presence of static 

deionized water, the surface of the GaAs was depleted in As and that 

the extent of oxidation of Ga and As increased with time (68). After 

two hours of exposure to the aqueous solution, an oxide layer, about 30 

A thick, was formed and consisted of oxides such as H3As03' Ga(OH)3, 

GaOOHoxH20, and Ga203oxH20. This oxide layer was removed in running 

water in about 4 hours. The solubilization of Ga depends, therefore, 

on the solubility of Ga(OH)3, and that of As on the solubility of 

H3As03' 

Webb et a1. have studied the solubility of GaAs, AS203' and Ga203 

in a variety of solutions (46). The dissolution of particulates (7 to 

13 pm) was also investigated in distilled water as well as in pH 7.4 

phosphate buffer, HC1/KC1 solution, and Krebs-Hens1eit buffer. The 

GaAs was most soluble in 0.2 M phosphate buffer; the solubility 
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decreased in the order: 0.1 M phosphate buffer, Krebs-Hensleit buffer. 

distilled water, and HCljKCl solution. In 0.1 M phosphate buffer, the 

order of decreasing solubility was AS203, GaAs and Ga203' The GaAs was 

observed to dissolve in a non-stoichiometric manner, based on analyses 

of the solutions. It was concluded that the dissolution of GaAs was a 

complex process dependent on pH, chloride ion and the concentration of 

phosphate. 

The study described in Chapter 6 is an extension of Webb and co

workers' study. In this study, single crystals of GaAs (100) were 

exposed to synthetic lung fluid, which is a solution of known 

composition, and the concentrations of Ga and As monitored as a 

function of time in both the solution and on the surface of the GaAs 

crystals. The results reported should help to determine the extent of 

GaAs dissolution in the lung fluid, the time that is required to attain 

high levels of Ga and As in the lung fluid, and to identify the factors 

that govern the dissolution of GaAs in the lung fluid. 
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CHAPTER 6 

DISSOLUTION OF CRYSTALLINE GALLIUM IN SYNTHETIC LUNG FLUID 

Experimental 

The experimental work on the dissolution of crystalline gallium 

arsenide was performed in two parts. The first experiment consisted of 

a ten day study and the second experiment was a three day study. The 

second experiment was performed as a check on the first experiment and 

also to investigate the dissolution process during the early stages. 

Gamble Solution 

The Gamble solution (simulated lung fluid) was prepared by adding 

the salts shown in Table 6.1 sequentially and with stirring to 2750 ml 

of deionized water (104). When the solution was being prepared for the 

first experiment, the solution became cloudy upon the addition of 

NaHC03 and remained cloudy after the addition of sodium citrate. The 

solution was then bubbled for one hour with a gas mixture consisting of 

6.15% C02, 17% 02, and ~77% N2. The composition of this mixture 

approximates that found in the lung alveoli. After equilibration with 

the gas mixture the pH was expected to be 7.4, but it was necessary to 

add about 5 ml of 1 M HCl to lower the pH to this value. The solution 

was then diluted to 3 L. Hydrochloric acid was added because the 

amount of chloride present in solution was large compared to the amount 

contributed from the HCl. The use of other acids would have 

significantly altered the composition and concentration of the 

respective anions present in the Gamble solution. In the second 
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MgC1203H20 

NaCl 

KCl 

Na2HP04 

Na2S04 

CaC1202H20 

NaCH3C0203H20 

NaHC03 

Na3C6H50702H20 

HCl 

Table 6.1 

Composition of Gamble Solution 

grams per L 

0.2036 

6.0193 

0.2979 

0.1420 

0.0710 

0.3680 

0.9533 

2.6042 

0.0968 

roM 

l. 55 

103.0 

3.99 

l.00 

0.50 

2.50 

7.00 

3l. 00 

0.33 

* 

* HCl added to give pH of 7.4 after equilibration with gas mixture 
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experiment the gas mixture was bubbled through the solution about 

halfway through the addition of the salts and the solution did not turn 

cloudy as observed earlier. It was still necessary, however, to add a 

small amount of Hel to lower the pH to 7.4. The solutions were 

filtered through a 8 ~m and then through a 0.45 ~m filter to remove 

undissolved particulates. 

Solubility Measurements 

The single crystal of GaAs was obtained from Motorola as a round 

wafer cut at 6 degrees to the (100) crystal face and doped with Si. 

The wafer was broken up into pieces about 1 cm2 . The dimensions of the 

pieces with square or rectangular shapes were measured with a 

micrometer in order to determine their surface areas. Due to the wafer 

being initially round some of the pieces obtained were of irregular 

shape and their surface areas could not be determined by direct 

measurement. The surface area of these pieces was obtained from their 

weights and the surface area:weight ratio of the other pieces. 

In all the solubility measurements the ratio, [volume of Gamble 

solution (cm3) : surface area of GaAs (cm2)), was maintained at a value 

of 45. This value was chosen after considering the volume of the 

sample vessels and the volume of solution needed for the Ga and As 

analysis. 

The sample vessels were constructed from 125 ml wide mouth Nalgene 

bottles fitted with two rubber stoppers into which were inserted gas 

inlet and outlet tubes. The GaAs crystal was wrapped in nylon mesh 

(cotton gauze in the second experiment) and supported in the Gamble 

solution by means of a nichrome wire which was inserted through and 
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wrapped around the gas outlet tube. All the sample vessels were 

wrapped in aluminum foil to exclude light. The C02/02iN2 gas mixture 

was delivered at 120 ml/min to a gas manifold which distributed the gas 

mixture to each of the samples. 

A calculated volume of Gamble solution was placed in each sample 

vessel using a buret. The vessels were capped, placed in a 37
0 

C water 

bath equipped with a shaker and the solutions were equilibrated with 

the gas mixture. The GaAs samples were introduced into the solutions 

and the sample vessels were gently agitated in the shaker bath. The 

gas inlets were raised so that they were just above the solution 

surface in each vessel. In this manner the solutions were blanketed 

with the gas mixture during the solubility experiments. The GaAs 

samples were removed from the vessels at predetermined times, rinsed in 

deionized water for about 30 seconds, dried and the composition of the 

surface layer determined by X-ray photoelectron spectroscopy. The 

sample vessels were capped and placed in the freezer at _50 C until 

the solutions were analyzed. 

Surface Analysis of GaAs Single Crystals 

The GaAs single crystals were analyzed by X-ray photoelectron 

spectroscopy with a Vacuum Generators ESCALAB MKII Photoelectron 

Spectrometer (Vacuum Generators, East Grinstead, U.K.). The X-ray 

photons were provided by an Al source (AIKQ 1486.6 eV) at 400 watts and 

the pass energy was set at 50 eV. Data were collected at 0.2 eV 

intervals and the samples were scanned repetitively to obtain a 

suitable signal:noise ratio. The spectra were corrected for the 

transmission function of the spectrometer (K.E.)-1/2. Background 
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subtraction was then performed with an interactive method in which 

method the assumption is made that the background is proportional to 

the scaled integrated intensities of the corrected intensities of the 

corrected peaks (90). The binding energies and areas of the Ga 3d and 

As 3d peaks were then determined. No attempt was made to determine the 

"true" area of the peaks. No correction for the inelastic mean free 

path was made since the energies of the Ga 3d and As 3d photoelectrons 

are not very different. The photoionization cross section for As is 

1.7 times greater than that of Ga (91). This factor and the peak areas 

were used for the calculation of the As:Ga ratios on the surface of 

each GaAs sample. 

An unexposed and an exposed single crystal of GaAs were analyzed 

by Rutherford backscattering spectrometry using a 6 MV Van de Graaff 

accelerator (High Voltage Engineering Corp.). The system is described 

in Chapter 2. The incident 4He+ beam was normal to the samples and a 

beam energy of 4700 KeV was used. The As:Ga ratio and the ratio of Ga-

69 to Ga-7l was determined using the height method described in Chapter 

2. 

Analysis of the Gamble Solution 

The samples from the first experiment were removed from the 

freezer and allowed to thaw overnight. All of the samples except the 6 

and 12 hour samples contained a white precipitate. Each sample was 

adjusted to a pH of 2.6 as required for the gallium analysis using 1.2 

M HC1, a buret, and a pH meter. The precipitate dissolved upon 

addition of the acid. The volume of HCl was recorded to determine the 

dilution of the samples. The samples from the second experiment were 
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thawed out in a 40° C water bath. These samples contained a small 

amount of material that did not dissolve upon addition of HCl. These 

samples were filtered through a Whatman no. 2 filter which removed the 

insoluble material. 

The total arsenic in each of the samples was determined by atomic 

absorption spectrophotometry by the hydride generation technique. An 

Instrumentation Laboratories Model 251 spectrophotometer set at a 

wavelength of 193.7 nm with an argon/hydrogen or nitrogen/hydrogen 

diffusion flame and deuterium background correction was used for all 

the arsenic determinations. The hydride generator consisted of a 3-

neck round bottom flask with a stopcock controlled drain at the bottom 

of the flask. One of the necks was fitted with a rubber stopper into 

which was fitted the carrier gas inlet and the gas outlet to the 

burner. The second neck was fitted with a rubber stopper and a 3 ml 

syringe that was inserted through the stopper for injection of the 

reducing agent into the sample solution. The third neck that was not 

used in these determinations was sealed with a rubber stopper. 

Standard solutions of arsenic were prepared by dilution of a 1000 

ppm solution of As(III), (As203 in 0.08 M NaOH) , with Gamble solution. 

The arsenic standards were then determined by adding 20, 50, 100, or 

250 ~l of a 1 ppm standard to the hydride generator followed by 10 ml 

of 3 M HCl. The flow rates of H2 and N2 or Ar to the burner were 6 and 

4 L/min, respectively. The carrier gas flow rate to the hydride 

generator was set to 1.8 L/min and 3 ml of 6% w/v NaBH4 in 1.9 M NaOH 

was rapidly injected into the bottom of the solution in the hydride 

generator. The arsine generated was swept into the flame and the 
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absorbance of the arsenic atoms produced in the flame was recorded on a 

strip chart recorder (Linear model 355). Five runs of each standard 

were performed and the peak heights were measured. A calibration curve 

was prepared by plotting the average peak height of each standard 

against the mass of As in each standard (20, 50, 100, or 250 ng). 

The samples were run in a similar manner. The volume of sample 

used depended on the concentration of As in the sample. For the most 

dilute samples a sample volume of 500 ~l was used and smaller volumes 

for the more concentrated samples. The peak height of each sample was 

measured and used to determine the amount of As in the sample aliquot. 

The concentration of As in each sample was calculated taking into 

consideration the dilution effect of the pH adjustment. 

The amount of Ga in each sample was determined by measuring the 

fluorescence of the complex formed between gallium and 

1,5-bis(salicylidene)thiocarbohydrazone (SATCH) (105). In this 

procedure a portion of saturated NaCl solution was added to the sample, 

forming the tetrachloro complex of gallium. Aliquat 336 was then added 

and the complex was extracted into methyl isobutyl ketonejhexanes (95/5 

v/v). The organic phase was added to a ethanol/SATCHlpotassium 

hydrogen phthalate mixture at a pH of 2.6. The fluorescence of the Ga

SATCH complex was measured at 440 nm after excitation at 395 nm. 

Analysis of GaAs for Zn 

A 0.1545 g piece of GaAs was dissolved in 5 ml of a 4:1 v/v 

mixture of concentrated nitric acid and concentrated sulfuric acid in 

an evaporating dish with gentle heating. The mixture was heated until 

a colorless solution was obtained. After removing the dish from the 
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heat and allowing it to cool, 5 ml of water and 1 ml of 30% hydrogen 

peroxide were added. The solution was heated until about 2 ml of 

solution remained. The dish was removed from the heat, and allowed to 

cool. The contents of the dish were then diluted to 10 ml in a 

volumetric flask. Two blanks were prepared in a similar manner. The 

samples and the blanks were analyzed for zinc using atomic absorption 

spectrophotometry. The absorbances of the samples and the standards 

were measured at 213.9 nm using an air-acetylene flame. 

Results and Discussion 

Gallium arsenide appears to dissolve slowly in Gamble solution 

over a period of several days. The concentrations of As and Ga in 

solution increased rapidly during the initial stages of the experiment 

and then increased more gradually throughout the duration of the 

experiment. The As:Ga ratio in solution was not 1:1; this ratio varied 

from 2.1 to 6.8 and usually assumed values between 2.5 and 4.5. The 

concentrations of As and Ga in solution are shown as a function of time 

in Fig. 6.1. 

The surface of the GaAs single crystal showed an increase in 

arsenic as a function of time. In the first 4 to 6 hours, the As:Ga 

ratio on the surface rose rapidly (by about 40%) and then rose more 

gradually (Table 6.2). Two different oxidation states of arsenic were 

found on the GaAs surface. After exposure to Gamble solution, a second 

oxidation state of arsenic was observed at a binding energy 3.0 to 3.2 

eV higher than the binding energy of As in the GaAs single crystal 

(Fig. 6.2). The arsenic in the higher oxidation state was observed on 
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Table 6.2 

Surface Composition of GaAs Single Crystals by X-Ray Photoelectron 
Spectroscopy 

Time(hours) As:Ga Asox:Asred Time(hours) As:Ga Asox:Asred 

0 0.59 0 0 0.63 0 

6 0.80 0.34 1 0.86 0.24 

48 0.84 0.70 2 0.78 0.65 

72 0.82 0.55 4 0.91 0.25 

120 0.85 0.61 8 0.91 0.23 

144 0.97 0.90 12 0.92 0.24 

168 0.96 0.58 24 0.85 0.19 

192 1. 07 0.78 48 1.16 0.40 

216 1. 05 0.73 72 1. 21 0.66 

240 1. 34 1. 25 
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the GaAs surface after only one hour of exposure to the Gamble 

solution. The ratio of the oxidized form of arsenic to the initial 

form of arsenic rose from essentially zero to 0.2 in the first hour of 

exposure, then reached 0.6 in 3 days, and then finally reached a value 

of 1.25 after 10 days (Table 6.2). 

Zinc was detected on the surface of the GaAs after it had been 

exposed to the Gamble solution. The results of the digestion of the 

piece of GaAs showed that zinc was present in the GaAs at a level of 6 

ppm, assuming uniform distribution of the zinc within the crystal. 

Zinc was also found in the Gamble solution as a trace contaminant (~35 

ppb). The nichrome wire was also analyzed for zinc and was found to 

contain 5 to 6 ppm Zn. The Gamble solution was also tested for its 

ability to extract zinc from the nichrome wire by placing a piece of 

wire in Gamble solution. The concentration of zinc in the Gamble 

solution was found to be no greater than the concentration of Zn in the 

blank. 

No conclusive information was obtained from the RBS analyses of 

GaAs samples. The masses of the atoms in these samples are very close 

so it is difficult to resolve the signals of the Ga and As. Arsenic 

has one isotope, As-75, while gallium has two, Ga-69 and Ga-7l. The 

samples were run at a beam energy of 4700 KeV to maximize the mass 

resolution. The resulting spectrum for the unexposed GaAs crystal is 

shown in Fig. 6.3. The signal height at the GaAs surface for the 

various isotopes present in the sample are shown in Fig. 6.4. The 

ratio of As to Ga at the surface was 0.6 ± 0.1. Although the ratio at 

the very near surface may not be one, considering the depth resolution 
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of this technique, a ratio much closer to one would be expected. The 

gallium signals were not well resolved, but it appears the ratio of Ga-

69 to Ga-7l was approximately 1.0 ± 0.1, instead of the naturally 

occurring distribution of 1.5. The As:Ga ratio on the surface of the 

exposed sample was 1.0 ± 0.2 and the Ga-69:Ga-7l ratio was 1.8 ± 0.9. 

Since the values for the unexposed GaAs sample did not give the 

expected values, the values for the exposed sample may not be reliable. 

Another attempt was made to analyze the crystals by an RBS technique 

called channeling in which the crystal is aligned with the ion beam. 

Previously, this technique has been used to analyze GaAs (106-108), but 

was not successful with our samples. 

Conclusion 

These experiments were devised to study the dissolution of GaAs in 

simulated lung fluid under physiological conditions. The results that 

have been obtained show that GaAs dissolves in the simulated lung fluid 

and that much more arsenic than gallium is solubilized. These results 

are in agreement with the results obtained in a previous in vitro study 

(34). The solubility of gallium in the simulated lung fluid is 

governed by the formation of stable citrate and phosphate complexes of 

Ga 3+ (109) rather than by the precipitation of gallium phosphate or 

gallium hydroxide. The dissolution of arsenic, presumably as AS203. 

however, occurs to a much greater extent as shown by the continuous 

increase in the concentrations of gallium as well as arsenic in 

solution (Fig. 6.1). The As:Ga ratio on the crystal surface also 

increases. This result can only be explained by the preferential 
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migration of arsenic to the surface of the GaAs, where the arsenic is 

oxidized and solubilized (62). 

The presence of an oxidized form of arsenic on the surface of the 

GaAs was detected by X-ray photoelectron spectroscopy. The peak 

corresponding to this oxidized form of arsenic was located at a higher 

binding energy (3.0 to 3.2 eV higher) than the binding energy of the 

peak that arises from arsenic in GaAs. The area of the peak at the 

higher binding energy increased relative to the peak at the lower 

binding energy throughout the course of the experiment. The binding 

energy of this oxidized form of arsenic is indicative of the presence 

of a species similar to AS203 (53,55,60,61,62) on the GaAs surface. We 

were unable to obtain conclusive evidence for the presence of 

additional oxidized forms of As on the GaAs surface from our X-ray 

photoelectron spectroscopic studies. The presence of zinc on the 

surface of the GaAs was detected by photoelectron spectroscopy after 

the GaAs was exposed to the simulated lung fluid. No zinc was detected 

on the GaAs surface prior its exposure to this solution. It is evident 

that the zinc migrated to the surface during the solubilization of 

arsenic and gallium. The migration of zinc in other matrices, such as 

glass, has been observed to occur when the matrix is exposed to water 

(110,111). 

The results of this study show that the concentrations of As and 

Ga in lung fluid increase continuously as a function of time. The 

active sites on the GaAs surface, at which chemical reactions occur, 

appear to be continuously replenished, probably as a result of the 

migration that occurs from the interior of the GaAs crystal lattice to 
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the surface. The inhalation of GaAs particulates, therefore can have 

serious consequences because there will be a slow but continuous 

increase in the Ga and As levels in the lung fluid. The toxicological 

implications of these findings have yet to be determined. 

An important step in this work would be the determination of the 

species of arsenic present in the Gamble solution. Since As+3 is more 

toxic than As+S , it would be useful to know which state of arsenic is 

present in the Gamble solution. It may also be useful to investigate 

the role of oxygen in the dissolution process. It was observed in 

these experiments that the GaAs surface became more oxidized with time. 

Also, in a study involving the stability of GaAs in KOH, H20, and H2S04 

solutions, differences in the results for experiments using oxygen 

saturated and oxygen purged solutions were observed (114). These 

results indicate that oxygen may playa role in the dissolution 

process. 
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APPENDIX A 

ASYST PROGRAM 

DECOMPOSITION OF SKEWED, OVERLAPPING GAUSSIAN PEAKS IN RUTHERFORD 
BACKSCATTERING SPECTRA 

This program was written to decompose the overlapping tin and 

palladium peaks in the Rutherford backscattering spectra of the 

tin/palladium catalysts. It was written in ASYST version 1.53 

(MacMillan Software Co.) and was used on IBM PC compatible computers 

equipped with a math co-processor and a Hercules compatible graphics 

board. 
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\ THIS PROGRAM IS FOR DECOMPOSING OVERLAPPING, SKEWED, GAUSSIAN PEAKS 
\ IN A RUTHERFORD BACKSCATTERING SPECTRUM. THIS PROGRAM IS BASED ON 
\ THE MODEL PROPOSED BY GLADNEY, DOWDEN, AND SWALEN FOR THE 
\ DECONVOLUTION OF OVERLAPPING, SKEWED, GAUSSIAN PEAKS THAT OCCUR IN 
\ GAS CHROMATOGRAPHY (ANAL. CHEM. 41, 883 (1969» 
\ 
\ 
\ THIS IS ONLY A MARKER FOR FORGETTING THE SCALARS AND ARRAYS LOADED 
\ INTO MEMORY DURING PROGRAM DEVELOPMENT. THIS IS DONE BY 'FORGET/CLR 
\ MARKER'. 

MARKER 
NOP 
, 
\ THIS IS A REDEFINITION OF THE GRAPHICS WINDOWS 
1 0 19 79 WINDOW (SPLIT1) 
20 0 24 79 WINDOW (SPLIT2) 

\ THESE INTEGE~ SCALARS DEFINE THE AXIS LIMITS FOR PLOTTING 
REAL SCALAR XB \ ORIGIN OF X AXIS 
REAL SCALAR XA \ LIMIT OF X AXIS 
REAL SCALAR YA \ LIMIT OF Y AXIS 

\ THIS COLON DEFINITION SETS UP THE AXIS IN GRAPHICS MODE, AND DEFINES 
\ THE GRAPHICS WINDOW. 
: DATA.VU 
GRAPHICS. DISPLAY 
0.0 .20 VUPORT.ORIG 
1.0 .75 VUPORT.SIZE 
HORIZONTAL AXIS.FIT.OFF 
VERTICAL AXIS.FIT.OFF 
0.0 YA VERTICAL WORLD. SET 
XB XA HORIZONTAL WORLD. SET 
XY .AXIS. PLOT 

: AUTO.VU 
GRAPHICS.DISPLAY 
0.0 .20 VUPORT.ORIG 
1.0 .75 VUPORT.SIZE 

\ READ THE DATA FROM THE BASIC *.MAT FILE 
REAL DIM[ 1024 1 ARRAY DATA 
INTEGER DIM[ 1024 1 ARRAY ONES 

-1 DATA := 
: READ 
CR ." ENTER FILE NAME - " 
"INPUT DEFER> BASIC.OPEN 
1025 1 DO 
BASIC.READ 
ONES [ I 1 
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DATA [ I ] := 
LOOP 
BASIC.CLOSE 

\ 
\ DEFINE THE SCALARS AND ARRAYS 
11. 4. SCI. FORMAT 
INTEGER DIM[ 1024 ] ARRAY CHANNELS 
CHANNELS []RAMP 
INTEGER SCALAR NO.CHANNELS 
125. NO.CHANNELS := 

INTEGER SCALAR NO.CHANNELSPLUSI 
1. NO.CHANNELS + NO.CHANNELSPLUSI 

INTEGER SCALAR FIRST.CHANNEL 
786. FIRST.CHANNEL := 

INTEGER SCALAR LAST. CHANNEL 
FIRST.CHANNEL NO.CHANNELS + 1 - LAST.CHANNEL 

INTEGER SCALAR L~ST.CHANNELPLUSI 
1 LAST.CHANNEL + LAST.CHANNELPLUSI 

\ INTIALIZE BACKGROUND SUBTRACTION 
INTEGER SCALAR BEFORE.CHANNEL.START 
FIRST.CHANNEL 25 - BEFORE. CHANNEL. START 

INTEGER SCALAR AFTER. CHANNEL. START 
FIRST. CHANNEL NO.CHANNELS 15 + + AFTER. CHANNEL. START 

INTEGER SCALAR BEFORE. CHANNEL. END 
25 BEFORE. CHANNEL. START + BEFORE. CHANNEL. END := 

INTEGER SCALAR AFTER. CHANNEL. END 
25 AFTER. CHANNEL. START + AFTER.CHANNEL.END := 

INTEGER SCALAR START.SUBTRACT 
FIRST.CHANNEL START.SUBTRACT ;= 

INTEGER SCALAR FINISH. SUBTRACT 
NO.CHANNELS 1 - START.SUBTRACT + FINISH. SUBTRACT 

\ EX: 811+100-1=910 
INTEGER SCALAR FINISH.SUBTRACT.PLUSI 
1 FINISH. SUBTRACT + FINISH.SUBTRACT.PLUSI := 

\ 
\ INITIALIZE GRAPHICS 
FIRST.CHANNEL XB:= \ X-AXIS MINIMUM VALUE 
LAST.CHANNEL XA:= \ X-AXIS MAXIMUM VALUE 
1500. YA := \ Y-AXIS MAXIMUM VALUE 
\ 
\ DEFINE ALL OF THE ARRAYS AND SCALARS TO BE USED. 
\ ALL OF THE ARRAYS ARE DEFINED AS HAVING 1 MORE ELEMENT THAN THE 
\ NUMBER OF CHANNELS SO THAT THE NUMBER OF CHANNELS FIT CAN BE CHANGED 
\ WITHOUT HAVING TO CHANGE THE SIZE OF THE ARRAYS. THIS WAY, ALL OF 
\ THE CALCULATIONS ARE DONE USING SUBARRAYS, WHICH DEPEND ONLY ON THE 
\ NUMBER OF ELEMENTS USED, AND NOT ON THE TOTAL NUMBER OF ELEMENTS. 
DP.REAL DIM[ NO.CHANNELSPLUSI ARRAY SNCOUNTSI 
DP.REAL DIM[ NO.CHANNELSPLUSI ARRAY PDCOUNTSI 
DP.REAL DIM[ NO.CHANNELSPLUSI ARRAY SNCOUNTS2 
DP.REAL DIM[ NO.CHANNELSPLUSI ARRAY PDCOUNTS2 
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DP.REAL DIM[ NO.CHANNELSPLUS1 
DP.REAL DIM[ NO.CHANNELSPLUS1 
DP.REAL DIM[ NO.CHANNELSPLUS1 
DP.REAL DIM[ NO.CHANNELSPLUS1 
DP.REAL DIM[ NO.CHANNELSPLUS1 
DP.REAL DIM[ NO.CHANNELSPLUS1 
DP.REAL DIM[ NO.CHANNELSPLUS1 
DP.REAL DIM[ NO.CHANNELSPLUS1 
DP.REAL DIM[ NO.CHANNELSPLUS1 
DP.REAL DIM[ NO.CHANNELSPLUS1 
DP.REAL DIM[ NO.CHANNELSPLUS1 
DP.REAL DIM[ NO.CHANNELSPLUS1 
DP.REAL DIM[ NO.CHANNELSPLUS1 
DP.REAL SCALAR SNZ 
DP.REAL SCALAR PDZ 
DP.REAL SCALAR SQRT2 
DP.REAL SCALAR SNTAU 
DP.REAL SCALAR PDTAU 
DP.REAL SCALAR TAU 
DP.REAL SCALAR SNWIDTH 
DP.REAL SCALAR PDWIDTH 
DP.REAL SCALAR WIDTH 
DP.REAL SCALAR SNDELTAX 
DP.REAL SCALAR PDDELTAX 
DP.REAL SCALAR SNSUM 
DP.REAL SCALAR PDSUM 

ARRAY COUNTS 
ARRAY SNYVALUES 
ARRAY PDYVALUES 
ARRAY SNSUMS 
ARRAY PDSUMS 
ARRAY SNSUMSCORRECTED 
ARRAY PDSUMSCORRECTED 
ARRAY SNTEMPORARYCOUNTS 
ARRAY PDTEMPORARYCOUNTS 
ARRAY SNCOUNTS 
ARRAY PDCOUNTS 
ARRAY TEMPORARY1 
ARRAY TEMPORARY2 

DP.REAL SCALAR DISPLAYED.SNCHANNELO 
DP.REAL SCALAR DISPLAYED.PDCHANNELO 
DP.REAL SCALAR SNCHANNELO 
DP.REAL SCALAR PDCHANNELO 
DP.REAL SCALAR SNAMPLITUDE 
DP.REAL SCALAR PDAMPLITUDE 
DP.REAL SCALAR FACTOR 
DP.REAL SCALAR TEMP 
\ MAKE SURE THE -PLUS1 VALUES ARE ACCURATE 
: CHECK. VALUE 
l. NO. CHANNELS + NO. CHANNELS PLUS 1 : = 

1 LAST.CHANNEL + LAST.CHANNELPLUS1 := 
, 
\ 
\ INITIALIZE THE SCALARS AND ARRAYS 

INIT 

CHANNELS [ ] RAMP 
0 SNZ := 
0 PDZ := 
0 SNCOUNTS1 
0 PDCOUNTS1 := 
0 SNCOUNTS2 
0 PDCOUNTS2 
0 COUNTS := 
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o SNYVALUES := 
o PDYVALUES := 
o SNSUMS := 
o PDSUMS := 
o SNSUMSCORRECTED 
o PDSUMSCORRECTED := 
o SNTEMPORARYCOUNTS 
o PDTEMPORARYCOUNTS := 
o SNSUM := 
o PDSUM := 
o SNDELTAX := 
o PDDELTAX 
o TEMP := 
2. SQRT SQRT2 

\ ENTER THE INITIAL GUESSES FOR THE CURVEFITTING PARPJIETERS 
GUESS 

CR 
." D I SPLAYED. SNCHANNELO: " i! INPUT 
IF DISPLAYED.SNCHANNELO := CR 
ELSE DISPLAYED.SNCHANNELO . CR 
THEN 
." DIS PLAYED. PDCHANNELO: " III NPUT 
IF DISPLAYED.PDCHANNELO := CR 
ELSE DISPL~YED.PDCHANNELO . CR 
THEN 
." TAU: " {/INPUT 
IF TAU := CR 
ELSE TAU . CR 
THEN 
." WIDTH: " i!INPUT 
IF WIDTH := CR 
ELSE WIDTH . CR 
THEN 
." SNAMPLITUDE: " IIINPUT 
IF SNAMPLITUDE := CR 
ELSE SNAMPLITUDE . CR 
THEN 
." PDAMPLITUDE: " i!INPUT 
IF PDAMPLITUDE := CR 
ELSE PDAMPLITUDE . CR 
THEN 
." FACTOR: " IIINPUT 
IF FACTOR := CR 
ELSE FACTOR . CR 
THEN 

\ 
\ 
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\ CHANGE THE NUMBER OF CHANNELS FIT AND ALL RELATED VARIABLES 
: CHANGE 
CR 
." NO. CHANNELS; .. 1!INPUT 
IF NO.CHANNELS := CR 
ELSE NO.CHANNELS . CR 
THEN 
1. NO.CHANNELS + NO.CHANNELSPLUS1 ;= 

.. FIRST. CHANNEL; .. {/INPUT 
IF FIRST.CHANNEL := CR 
ELSE FIRST.CHANNEL . CR 
THEN 
FIRST.CHANNEL NO.CHANNELS + 1 - LAST.CHANNEL 
1 LAST.CHANNEL + LAST.CHANNELPLUS1 := 
FIRST.CHANNEL XB := 
LAST.CHANNEL XA := 
\ 
FIRST.CHANNEL START.SUBTRACT 
." START. SUBTRACT: .. {/INPUT 
IF START.SUBTRACT := CR 
ELSE START.SUBTRACT . CR 
THEN 
NO.CHANNELS 1 - START.SUBTRACT + FINISH. SUBTRACT \ EX: 811+100-1=910 
1 FINISH. SUBTRACT + FINISH.SUBTRACT.PLUS1 := 
FIRST.CHANNEL 25 - BEFORE.CHANNEL.START 
." BEFORE. CHANNEL. START: .. 1!INPUT 
IF BEFORE. CHANNEL. START := CR 
ELSE BEFORE. CHANNEL. START . CR 
THEN 
25 BEFORE.CHANNEL.START + BEFORE. CHANNEL. END := 
FIRST.CHANNEL NO.CHANNELS 15 + + AFTER. CHANNEL. START 
." AFTER. CHANNEL. START: .. {/ INPUT 
IF AFTER. CHANNEL. START := CR 
ELSE AFTER. CHANNEL. START . CR 
THEN 
25 AFTER. CHANNEL. START + AFTER. CHANNEL. END := 

\ 
\ PUT THE SUBARRAY CHANNELS ON THE STACK ( TO CALCULATE THE SPECTRUM 
AFTER 
\ ENTERING PARAMETERS) 
: SET 
CHANNELS SUB[ FIRST.CHANNEL , NO.CHANNELS 1 
, 
\ 

CALCULATE 
\ THIS ROUTINE NEEDS TO HAVE THE X-ARRAY (CHANNELS) ON THE STACK WHEN 
\ IT RUNS. 
\ THIS CAN BE DONE BY; 
\ CHANNELS SUB[ FIRST.CHANNEL , NO.CHANNELS 1 OR 'SET' 
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, TAKE THE X-ARRAY (CHANNELS) ON THE STACK AND DUPLICATE IT 
DUP 
, INITIALIZE ALL SCALARS AND ARRAYS 
INIT 
, CALCULATE SNCHANNELO AND PDCHANNELO FROM DISPLAYED.SNCHANNELO 
, AND DISPLAYED.PDCHANNELO 
, CHANNELO OBSERVED ON SCREEN = (LAST.CHANNEL-CHANNELO) + 
, FIRST. CHANNEL. 
, THIS IS BECAUSE THE SPECTRUM IS FLIPPED(REVERSED) ON THE DISPLAY FR0!1 
, WHAT WAS ACTUALLY CALCULATED. THE DISTANCE FROM THE CHANNEL OF 
, MAXIMUM COUNTS TO THE LAST CHANNEL USED BEFORE REVERSING IS THE SN1E 
, AS THE DISTANCE FROM THE CHANNEL OF MAXIMUM COUNTS TO THE FIRST 
, CHANNEL USED. 
, EX: 1726 = 801 + 925 

FIRST.CHANNEL LAST. CHANNEL + DISPLAYED.SNCHANNELO - SNCHANNELO 
FIRST.CHANNEL LAST.CHANNEL + DISPLAYED.PDCHANNELO - PDCHANNELO 

, CALCULATE Z . . . Z = WIDTH / (SQRT(2)*TAU) 
, A CONSTANT WIDTH TO TAU RATIO IS MAINTAINED TO FORCE THE PEAKS TO , , , , , 

HAVE THE SAME SHAPE. 
FACTOR IS A PARAMETER INTRODUCED TO ALLOW ONE OF THE PEAKS TO HAVE A 
GREATER WIDTH THAN THE OTHER, BY MULTIPLYING BY FACTOR. 

SN WIDTH = WIDTH 
PD WIDTH = FACTOR*WIDTH 

SQRT2 TAU * WIDTH SWAP / SNZ := 
SQRT2 TAU * FACTOR * WIDTH FACTOR * SWAP / PDZ:= 

, CALCULATE THE Y VALUES ... YVALUE=(CHANNEL-CHANNELO)/(WIDTH*SQRT(2» 
SNCHANNELO - WIDTH / SQRT2 / SNYVALUES SUB[ 1 , NO.CHANNELS 1 := 
PDCHANNELO - WIDTH FACTOR * / SQRT2 / 

PDYVALUES SUB[ 1 , NO.CHANNELS 1 := 
, CALCULATE EXP(Z**2-2*Y*Z) AND STORE IN COUNTS1 
SNZ DUP * 2. SNYVALUES SUB[ 1 , NO.CHANNELS 1 SNZ * * - EXP 

SNCOUNTS1 SUB[ 1 , NO.CHANNELS 1 := 
PDZ DUP * 2. PDYVALUES SUB[ 1 , NO.CHANNELS 1 PDZ * * - EXP 

PDCOUNTS1 SUB[ 1 , NO.CHANNELS 1 := 
, CALCULATE EXP(-1*X**2), WHERE X = YVALUE - Z, AND STORE IN COUNTS2 
, IF THE EXP(-1*X**2) IS GOING TO BE LESS THAN EXP(-705), A ZERO IS 
, STORED FOR THE EXPONENTIAL. OTHERWISE AN ERROR CAN OCCUR DlffiING 
, CURVEFITTING. 
NO.CHANNELSPLUS1 1 DO 
SNYVALDES [ II "5N':: - DUP * NEG TEMP := 
TEMP -705. < IF O. TEMPORARY1 [ I 1 := 
ELSE TEMP EXP TEMPORARY1 [ I 1 := 
THEN 
o TEMP := 
PDYVALUES [ I 1 PDZ - DUP * NEG TEMP := 
TEMP -705. < IF O. TEMPORARY2 [ I 1 := 
ELSE TEMP EXP TEMPORARY2 [ I 1 := 
THEN 
LOOP 
TEMPORARY1 SUB[ 1 NO. CHANNELS SNCOUNTS2 SUB[ 1 NO. CHANNELS 
TEMPORARY2 SUB[ 1 NO. CHANNELS PDCOUNTS2 SUB[ 1 NO. CHANNELS 

126 



\ CALCULATE RUNNING SUMS OF EXP(-1*X**2) AND STORE IN ARRAY SUMS 
\ THIS IS A NUMERICAL INTEGRATION OF ERF AT DIFFERENT VALUES OF X 
\ SUM IS THE RUNNING TOTAL 

SNCOUNTS2 SUB[ 1 , NO.CHANNELS 1 INTEGRATE. DATA 
SNSUMS SUB[ 1 , NO.CHANNELS 1 := 

PDCOUNTS2 SUB[ 1 , NO.CHANNELS 1 INTEGRATE.DATA 
PDSUMS SUB[ 1 , NO.CHANNELS 1 := 

\ PUT FIRST ELEMENT OF COUNTS2 INTO FIRST ELEMENT OF SUMS SINCE 
\ INTEGRATE.DATA LEAVES A 0 IN SUMS [ 1 1. 

\ 

SNCOUNTS2 [ 1 1 SNSUMS [ 1 1 
PDCOUNTS2 [ 1 1 PDSUMS [ 1 1 

\ CORRECT THE SUMS BY MULTIPLYING BY DELTAX 
\ SINCE AREA EQUALS 'HEIGHT'(SUMS) TIMES DELTAX 
\ DELTAX= Xl - X2 
\ OR 
\ (YVALUE(l) - Z) - (YVALUE(2) - Z ), 
\ WHICH EQUALS YVALUE(1)-YVALUE(2) 
\ SO DELTAX = 1/(SQRT2*WIDTH), 
\ SINCE YVALUE=(CHANNEL-CHANNELO)/(SQRT2*WIDTH) 
\ 

SQRT2 WIDTH * 1. SWAP / SNDELTAX := 
SQRT2 WIDTH FACTOR * * 1. SWAP / PDDELTAX := 
SNSUMS SUB[ 1 , NO.CHANNELS 1 SNDELTAX * 

SNSUMSCORRECTED SUB[ 1 , NO.CHANNELS 1 := 
PDSUMS SUB[ 1 , NO.CHANNELS 1 PDDELTAX * 

PDSUMSCORRECTED SUB[ 1 , NO.CHANNELS 1 := 
\ CALCULATE COUNTS = AMPLITUDE * COUNTS1 * SUMS CORRECTED 
\ COUNTS = 2*Z*AMPLITUDE*EXP(Z**2-2*Y*Z)*ERF(Y-Z) 
2. SNZ SNAMPLITUDE SNCOUNTS1 SUB[ 1 , NO.CHANNELS 1 SNSUMSCORRECTED 

SUB[ 1 , NO.CHANNELS 1 * * * * SNTEMPORARYCOUNTS SUB[ 1 . 
NO.CHANNELS 1 := 

2. PDZ PDAMPLITUDE PDCOUNTS1 SUB[ 1 , NO.CHANNELS 1 PDSUMSCORRECTED 
SUB[ 1 , NO.CHANNELS 1 * * * * PDTEMPORARYCOUNTS SUB[ 1 , 

NO.CHANNELS 1 := 
\ REVERSE THE DATA TO MAKE IT LOOK LIKE A RBS PEAK 
SNTEMPORARYCOUNTS SUB[ 1 , NO.CHANNELS 1 REV[ 1 1 
SNCOUNTS SUB[ 1 , NO.CHANNELS 1 := 
PDTEMPORARYCOUNTS SUB[ 1 ,NO. CHANNELS REV[ 1 
PDCOUNTS SUB[ 1 , NO.CHANNELS 1 := 
\ MAKE ANY COUNT < 0.01 A ZERO. 
\ NO.SMALL.# 
\ ANOTHER WAY TO REVERSE THE DATA .... 
\ NO.CHANNELSPLUS1 1 DO 
\ COUNTS [ I 1 TEMP [ COUNTER 1 := 
\ COUNTER 1 - COUNTER := 
\ LOOP 
\ TEMP COUNTS := 
\ FLAG 1 + FLAG := 
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: GO 
\ CALCULATE THE SN AND PD PEAKS 

CALCULATE 
\ ADD THE SN AND PD PEAKS TOGETHER TO MAKE THE SPECTRUM 

SNCOUNTS SUB[ 1 , NO.CHANNELS 1 PDCOUNTS SUB[ 1 , NO.CHANNELS 1 + 
COUNTS SUB[ 1 , NO.CHANNELS 1 

\ LEAVE COUNTS ON THE STACK AS AN UNAMED ARRAY 
COUNTS SUB[ 1 , NO.CHANNELS 1 1 * 

, 
\ 
\ 
2. MAX.#.ITERATIONS := 
GAUSS-NEWTON.FIT 
: FIT 
CURVE.FIT[ CHANNELS SUB[ FIRST.CHANNEL , NO.CHANNELS 1 , 
DATA SUB[ FIRST.CHANNEL , NO.CHANNELS 1 ; GO ; SNAMPLITUDE 
PDAMPLITUDE , 
DISPLAYED.SNCHANNELO , DISPLAYED.PDCHANNELO , 
WIDTH , TAU , FACTOR 1 

\ INTEGRATION BY SUHMATION 
DP.REAL SCALAR SNAREA1 
DP.REAL SCALAR PDAREAl 
\ 
: INTl 
CHECK. VALUE 
O. SNAREA1 : o~ 
O. PDAREA1 := 
NO.CHANNELSPLUS1 1 DO 
SNAREA1 SNCOUNTS [ I 1 + SNAREA1 
PDAREA1 PDCOUNTS [ I 1 + PDAREA1 := 
LOOP 
PDAREAl SNAREA1 

\ INTEGRATION BY FORHULA, AREA = SQRT(2*PI)*AMPLITUDE*WIDTH 
\ 2.506=SQRT(2*PI) 
DP.REAL SCALAR SNAREA2 
DP.REAL SCALAR PDAREA2 
: INT2 
O. SNAREA2 := 
O. PDAREA2 := 
2.506 SNAMPLITUDE WIDTH * * SNAREA2 
2.506 PDAMPLITUDE WIDTH FACTOR * * * PDAREA2 
PDAREA2 SNAREA2 
, 
\ INTEGRATION BY ASYST INTEGRATE.DATA 
DP.REAL DIM[ NO.CHANNELSPLUS1 1 ARRAY SNAREA3 
DP.REAL DIM[ NO.CHANNELSPLUS1 1 ARRAY PDAREA3 
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: INT3 

\ 

O. PDAREA3 := 
O. SNAREA3 := 
PDCOUNTS SUB[ 1 , NO.CHANNELS 1 INTEGRATE.DATA 
PDAREA3 SUB[ 1 , NO.CHANNELS 1 := 
SNCOUNTS SUB[ 1 , NO.CHANNELS 1 INTEGRATE.DATA 
SNAREA3 SUB[ 1 , NO.CHANNELS 1 := 
PDAREA3 [ NO.CHANNELS 1 SNAREA3 [ NO.CHANNELS 1 

\ BACKGROUND SUBTRACTION BY BASELINE AVERAGING METHOD 
\ THIS METHOD FINDS AN AVERAGE VALUE OF THE BASELINE BY SUMMING THE 25 
\ CHANNELS BEFORE AND ATER THE PEAKS, ADDING THE TWO SUMS AND DIVIDING 
\ BY 50 TO FIND THE 'AVERAGE' VALUE OF THE BASELINE. THIS VALUE IS 
\ SUBSTRACTED FROM ALL OF THE DATA POINTS IN THE REGION OF INTEREST. 
REAL SCALAR SUM.BEFORE 
REAL SCALAR SUM.AFTER 
REAL SCALAR AVG.BACKGROUND 
: BACKSUB.AVG 
CHECK. VALUE 
O. SUM. BEFORE 
O. SUM.AFTER := 
O. AVG.BACKGROUND 
\ FIND THE SUM OF THE COUNTS IN 25 'BASELINE CHANNELS' THAT ARE BEFORE 
\ THE PEAKS 
BEFORE.CHANNEL.END BEFORE. CHANNEL. START DO 
SUM. BEFORE DATA [ I 1 + SUM. BEFORE 
LOOP 
\ FIND THE SUM OF THE COUNTS IN 25 'BASELINE CHANNELS' THAT ARE AFTER \ 
THE PEAKS 
AFTER. CHANNEL. END AFTER. CHANNEL. START DO 
SUM. AFTER DATA [ I 1 + SUM.AFTER := 
LOOP 
\ CALCULATE THE AVERAGE BACKGROUND OVER 50 CHANNELS 
SUM. BEFORE SUM.AFTER + 50. / AVG.BACKGROUND := 
DATA SUB[ FIRST.CHANNEL , NO.CHANNELS 1 AVG.BACKGROUND - \ # ON STACK 
DATA SUB[ FIRST.CHANNEL , NO.CHANNELS 1 := 
\ CHANGE ALL THE NEGATIVE NUMBERS TO ZEROES 
LAST.CHANNELPLUS1 FIRST.CHANNEL DO 
DATA [ I 1 0 < 
IF 0 DATA [ I 1 : = THEN 
LOOP 
, 
\ 
\ BACKGROUND SUBTRACTION BY 'DRIFTING BASELINE' METHOD 
\ THIS METHOD FINDS THE AVERAGE VALUE OF THE BASELINE BEFORE AND AFTER 
\ THE PEAKS, FINDS THE SLOPE OF THE LINE BETWEEN THESE POINTS, 
\ CALCULATES THE VALUE OF THE BACKGROUND AT EACH POINT (CHANNEL) ALONG 
\ THE LINE, AND SUBTRACTS THE APPROPIATE VALUE FROM EACH CHANNEL. 
REAL SCALAR SUM.BEFORE.AVG 
REAL SCALAR SUM.AFTER.AVG 
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REAL SCALAR Y 
REAL SCALAR SLOPE 
\ 

BACKSUB.DRIFT 
\ *** NOTE: VALUES OUTSIDE OF START.SUBTRACT TO FINISH. SUBTRACT RANGE 
\ ARE NOT CHANGED 
\ 
O. SUM. BEFORE := 
O. SUM.AFTER := 
O. AVG.BACKGROUND 
O. SUM.BEFORE.AVG := 
O. SUM.AFTER.AVG := 
O. Y := 
\ FIND THE SUM OF THE COUNTS IN 25 'BASELINE CHANNELS' THAT ARE BEFORE 
\ THE PEAKS 

BEFORE.CHANNEL.END BEFORE.CHANNEL.START DO 
SUM. BEFORE DATA [ I 1 + SUM. BEFORE := 
LOOP 
SUM. BEFORE 25. / SUM.BEFORE.AVG := 

\ FIND THE SUM OF THE COUNTS IN 25 'BASELINE CHANNELS' THAT ARE AFTER 
\ THE PEAKS 

AFTER. CHANNEL. END AFTER. CHANNEL. START DO 
SUM.AFTER DATA [ I 1 + SUM.AFTER 
LOOP 
SUM.AFTER 25. / SUM.AFTER.AVG := 

\ CALCULATE THE SLOPE 
SUM.BEFORE.AVG SUM.AFTER.AVG - \ DELTAY ON STACK 
START.SUBTRACT FINISH. SUBTRACT - / SLOPE := 

\ SUBTRACT THE 'COUNTS' UNDER THE 'BASELINE' FROM THE DATA 
FINISH.SUBTRACT.PLUSl START. SUBTRACT DO 
I START. SUBTRACT - SLOPE * SUM.BEFORE.AVG + Y := 
DATA [ I 1 Y - DATA [ I 1 := 

\ REPLACE NEGATIVE NUMBERS WITH A ZERO 
DATA [ I 1 0 < 
IF 0 DATA [ I 1 := THEN 
LOOP 1-

\ REVIEt-! CURVEnTTING PARAMETERS 
: CHECK 
STACK. DISPLAY 
FACTOR PDAMPLITUDE SNAMPLITUDE WIDTH TAU 
DISPLAYED.PDCHANNELO DISPLAYED.SNCHANNELO 
, 
\ PLOT DATA FILE (FOR REGION OF INTEREST) 
: DPLOT 
DATA.VU 
SET DATA SUB[ FIRST.CHANNEL , NO.CHANNELS 1 DOTTED" +" SYMBOL 
XY. DATA. PLOT 
(SPLIT2) HOME 
SCREEN. CLEAR 
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: SPECPLOT 
\ (PLOT THE ENTIRE SPECTRUM, 1024 CHANNELS) 
AUTO.VU 
CHANNELS SUB[ 1 , 1000 1 DATA SUB[ 1 , 1000 1 SOLID XY.AUTO.PLOT 
(SPLIT2) HOME 
SCREEN. CLEAR 

: HALFPLOT 
\ (PLOT THE LAST 400 CHANNELS OF THE SPECTRUM) 
AUTO.VU 
CHANNELS SUB[ 601 , 400 1 DATA SUB[ 601 , t~OO 1 DOTTED" +" SYMBOL 
XY.AUTO.PLOT 
( SPLIT2) HOME 
SCREEN. CLEAR 
, 
\ PLOT FITTED VALUES (CALCULATED FROM CURVEFITTING PARAMETERS) 
: FPLOT 
DUP SET S'(.7AP SOLID XY. DATA. PLOT (SPLIT2) HOME SCREEN. CLEAR 

\ PLOT FITTED SN PEAK 
: SNPLOT 
SET SNCOUNTS SUB[ 1 , NO.CHANNELS 1 SOLID XY.DATA.PLOT (SPLIT2) HOME 
SCREEN. CLEAR 

, 
\ PLOT FITTED PD PEAK 
: PDPLOT 

, 

SET PDCOUNTS SUB[ 1 , NO.CHANNELS 1 SOLID XY.DATA.PLOT (SPLIT2) HOME 
SCREEN.CLEAR 

\ CHECK GOODNESS OF FIT BY CHI SQUARED CALCULATION 
\ CHI SQUARED = SUM OF ( Y(I) - Y(X)A2)*WEIGHTING 
\ Y(I) = DATA POINT 
\ Y(X) FITTED DATA POINT 
\ WEIGHTING = l(y(I) FOR STATISTICAL 
\ AND 1/SIGMAY(I)A2 FOR INSTRUMENTAL IF 
\ STD. DEV. ARE KNOWN FOR EACH POINT 
\ ASSUME A STATISTICAL WEIGHTING 
\ CHI SQUARED = SUM OF (DATA - FITTED DATA)A2 / DATA 
REAL DIM[ NO.CHANNELSPLUS1 1 ARRAY CHISQUARED 
REAL DIM[ NO.CHANNELSPLUS1 1 ARRAY EACH.CHISQUARED 
REAL DIM[ NO.CHANNELSPLUS1 1 ARRAY WEIGHTING 
REAL DIM[ NO.CHANNELSPLUS1 1 ARRAY TEMP.DATA 
REAL SCALAR REDUCED.CHISQUARED 
INTEGER SCALAR #DEGREES.OF.FREEDOM 
: CHISQ 
O. CHISQUARED := 
O. REDllCED.CHISQUARED := 
O. WEIGHTING := 
O. TEMP.DATA := 

\ DEGREES OF FREEDOM = # DATA POINTS - # PARAMETERS CALCULATED FROM 
\ DATA 
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NO.CHANNELS 7 - #DEGREES.OF.FREEDOM := 
, RE-INDEX THE DATA IN AN ARRAY CALLED TEMP.DATA 

DATA SUB[ FIRST.CHANNEL , NO.CHANNELS 1 TEMP.DATA SUB[ 1 , 
NO.CHANNELS 1 := 

, PREVENT DIVISION BY ZERO IN CALC. OF WEIGHTING IF DATA POINT IS A 
, ZERO 
, CALCULATION ONLY USES 'NO. CHANNELS' ELEMENTS OF ARRAY WEIGHTING, 
, THE REST OF THE ELEMENTS IN THE ARRAY MUST BE ZEROES. 

NO.CHANNELSPLUS1 1 DO 
'. TEMP.DATA [ I 1 0 = IF 1 WEIGHTING [ I 

ELSE 1 TEMP.DATA [ I 1 / WEIGHTING [ I 
THEN 
LOOP 

, CALCULATE CHI SQUARED FOR EACH DATA POINT AND STORE IN ARRAY 
, EACH.CHISQUARED , 

DATA SUB[ FIRST.CHANNEL , NO.CHANNELS 1 COUNTS SUB[ 1 , NO.CHANNELS 
- DUP * 
, MULTIPLY BY WEIGHTING (1/DATA) AND STORE 

WEIGHTING SUB[ 1 , NO.CHANNELS 1 * 
EACH.CHISQUARED SUB[ 1 , NO.CHANNELS 1 := 
EACH.CHISQUARED SUB[ 1 , NO.CHANNELS ) INTEGRATE. DATA 
CHISQUARED SUB[ 1 , NO.CHANNELS 1 := 

, CHISQUARED IS IN CHISQUARED [ NO.CHANNELS ), CALCULATE 
, REDUCED.CHISQUARED 

CHISQUARED [ NO.CHANNELS 1 #DEGREES.OF.FREEDOM / REDUCED. CHI SQUARED := 
REDUCED. CHI SQUARED 
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APPENDIX B 

BASIC PROGRAM 

CALCULATION OF SURFACE CONCENTRATIONS AND STOICHIOMETRY FROM RUTHERFORD 
BACKSCATTERING DATA 

This program was written by Dr. Larry McIntyre Jr. of the 

University of Arizona Physics Department and later revised by Bruce 

Pierson. It was used to calculate the surface concentrations and the 

stoichiometry of tin and palladium in the tin-palladium catalysts using 

data obtained through RBS analysis. It is also applicable to other 

types of samples. It can be used to calculate surface concentrations 

and stoichiometry of multi-element films using the peak area method and 

the stoichiometry of two element films using the height method. 
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10 REM CALC12 8/26/85 
20 REM Original version written by Dr. Larry McIntyre, Jr. 
30 REM University of Arizona Physics Department. 
40 REM This program was revised in June, 1986 by Bruce Pierson to 
50 REM perform calculations by the height method. The height method 
60 REM perform calculations for samples containing two elements. 
70 DIM MASS(92),A1(92),A2(92),A3(92),A4(92),A5(92),EL$(92) 
80 GOSUB 2080 'READ IN nPARA.DAT 
90 REM para.dat is a data file that contains the 1 MeV scattering 
100 REM cross-sections and the coefficients for the function used 
110 REM to calculate the stopping cross-sections for He+. 
120 KEY OFF 
130 REM set initial calculation parameters 
140 EBEAM=1.892:STER=.00078:THETA=170:PHI=0:UBICF=.03:NE=1 

:RDAY$="MMDDYY" 
150 ENERGY=EBEAM 
160 TYPE$="A" 
170 CLS 
180 CLS:IF TYPE$="H" THEN 210 
190 PRINT"METHOD- PEAK INTEGRATION":PRINT 
200 GOTO 230 
210 PRINT"METHOD= HEIGHT":PRINT 
220 REM set up the screen display 
230 PRINT" (1) RUN #=" ;RUNNO$+RDAY$ TAB(30) 

"(2) SAMPLE 11=";SAMPLE$ TAB(55) "(3) NE=";NE 
240 PRINT:PRINT USING" (4) BEAM E(MEV)- #.INNI";EBEAM; 
250 PRINT TAB(35); : PRINT "(7) STER~";STER TAB(55) "(10) BICF=";BICF 
260 PRINT" (5) THETA-";THETA TAB(35) "(8) PHI=";PHI TAB(55) 

"(11) UBICF-";UBICF 
270 PRINT" (6) DTR-";DTR TAB(35) "(9) UCOUL=";UCOUL TAB(55); 

:PRINT USING "(12) ENERGY (MEV)-il.INNI" ; EUERGY 
280 PRINT:FOR 1-1 TO NE 
290 IF TYPE$-"A" THEN 300 ELSE 320 
300 PRINT" 1-";1 TAB(12) "(";20+1;") ";E$(I) TAB(25) "Z-";Z(I) 

TAB(35) "("30+1;") A-";A(I) TAB(55) "(";40+I;") UA-";UA(I) 
310 GOTO 330 
320 PRINT" 1-";1 TAB(12) "(";20+1;") ";E$(I) TAB(25) "Z=";Z(1) 

TAB(35) "("30+I;") H-";H(I) TAB(55) "(";40+I;") UH=";UH(I) 
330 NEXT I 
340 PRINT:PRINT 
350 PRINT" CHANGE PARAMETER 11 (0 FOR UPDATE, R TO RUN, D TO CHANGE 

DATE, Q TO QUIT,A FOR PEAK INTEGRATION METHOD, H FOR HEIGHT METHOD, "; 
360 INPUT "IN TO READ FROM DISK)";Q$ 
370 QV-VAL(Q$) 
380 IF Q$-"Q" THEN 2260 
390 IF Q$-"R" THEN 680 
400 IF Q$-"O" THEN 170 
410 IF Q$-"D" THEN INPUT "RUN DATE MMDDYY =";RDAY$:GOTO 170 
420 IF Q$-"IN" THEN 2700 
430 IF Q$-"A" THEN TYPE$-"A":GOTO 170 
440 IF Q$-"H" THEN TYPE$-"H":GOTO 170 



450 REM enter the experimental information 
460 FOR 1-1 TO NE 
470 IF QV~20+I THEN INPUT "EL$=";E$(I):GOSUB 2040 
480 IF TYPE$-"H" THEN 520 
490 IF QV-30+I THEN INPUT "A-" ;A(I) 
500 IF QV-40+I THEN INPUT "UA-";UA(I) 
510 GOTO 540 
520 IF QV-30+I THEN INPUT "H-";H(I) 
530 IF QV-40+I THEN INPUT "UH-";UH(I) 
540 NEXT I 
550 IF Q$-"6" THEN INPUT "DTR=";DTR 
560 IF Q$="9" THEN INPUT "UCOUL-";UCOUL 
570 IF Q$="4" THEN INPUT "BEAM ENERGY(MEV)-";EBEAM:ENERGY-EBEAM 
580 IF Q$="7" THEN INPUT "STER=";STER 
590 IF Q$="10" THEN INPUT "BICF=";BICF 
600 IF Q$="12" THEN INPUT "ENERGY (MEV)=";ENERGY 
610 IF Q$="5" THEN INPUT "THETA=";THETA 
620 IF Q$-"8" THEN INPUT "PHI=";PHI 
630 IF Q$-"ll" THEN INPUT "UBICF-";UBICF 
640 IF Q$="3" THEN INPUT "NE-";NE 
650 IF Q$=" 1" THEN INPUT "RUN 11-( LETTER ONLY)"; RUNNO$ 
660 IF Q$-" 2" THEN INPUT "SAMPLE 11-"; SAMPLE$ 
670 GOTO 350 
680 REM CALCULATION SECTION (PEAK INTEGRATION) 
690 IF TYPE$<>"A" THEN 1070 
700 FOR 1-1 TO NE:IF UA(I)-O THEN UA(I)=SQR(A(I» 
710 NEXT I 
720 THETAR-THETA*3.14159/180:PHIR-PHI*3.14159/180 
730 FOR 1-1 TO NE 
740 GOSUB 2150 'CALC SIGMA1 
750 GOSUB 2200 'CALC STOPPING CS 
760 NEXT I 
770 FOR 1-1 TO NE 
780 NT(I)-(A(I)*DTR*1.6*ENERGY*ENERGY*COS(PHIR)*BICF*lE+11)/(UCOUL* 

STER*SIGMAl( I» 
790 FUNT(I)=SQR«UA(I)/A(I»~2+(UBICF/BICF)~2) 
800 UNT(I)-FUNT(I)*NT(I) 
810 NEXT I 
820 ELOSS-O 
830 FOR 1-1 TO NE:ELOSS=ELOSS+STOPCS(I)*lE-15*NT(I)*.000001:NEXT I 
840 GOSUB 2270 'CALC STOICHIOMETRY 
850 REM OUTPUT SECTION SEA (surface energy approximation) 
860 CLS 
870 PRINT USING" BEAM E(MEV)- 1'.lHM" ;EBEAM 
880 PRINT USING" ENERGY(MEV)- 1{.111111";ENERGY:PRINT 
890 FOR 1-1 TO NE 
900 PRINT" 1-'.'; I TAB(15); : PRINT USING "NT- '1111.111111""""" ;NT(I); 
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:PRINT TAB(35); : PRINT USING "UNT- 1HI.1I1Hr~""";UNT(I); : PRINT TAB(55); 
:PRINT USING "PUNT- 1111. 1M" ; FUNT(I)*100 

910 NEXT I 



920 PRINT 
930 FOR 1-1 TO NE 
940 PRINT II I-"; I TAB(l5);: PRINT USING "F_ 11.111111"; F( I); : PRINT 

TAB(35); : PRINT USING "UF~ 1I.lIllil" ;UF(I); : PRINT TAB(55); : PRINT USING 
"PUF- INI.INI"; FUF(I )*100 

950 NEXT I 
960 PRINT: PRINT USING II ELOSS~ 111111.11"; ELOSS*1000; : PRINT " KEVil 
970 PRINT:PRINT:PRINT 
980 PRINT "SELECT: M TO DO MEA, P TO PRINT, OUT TO WRITE TO DISK," 
990 INPUT "Q TO QUIT, I FOR BACK TO INPUT DISPLAY, N TO GO TO NEXT 

LAYER" ;Q$ 
1000 IF Q$-"M" THEN ENERGY-ENERGY-ELOSS/2:GOTO 180 
1010 IF Q$="N" THEN ENERGY-ENERGY-ELOSS/2:GOTO 180 
1020 IF Q$="Q" THEN 2260 
1030 IF Q$-"OUT" THEN 2520 
1040 IF Q$="P" THEN 2880 
1050 IF Q$-"I" THEN 170 
1060 GOTO 850 
1070 REM CALCULATION SECTION SECTION (HEIGHT METHOD) 
1080 FOR 1=1 TO NE 
1090 IF UH(I)-O THEN UH(I)-SQR(H(I» 
1100 NEXT I 
1110 THETAR=THETA*3.14159/180:PHIR=PHI*3.14159/180 
1120 FOR 1-1 TO NE 
1130 REM GET 1 MEV SCATTERING CROSS SECTION 
1140 GOSUB 2150 
1150 REM GET KINEMATIC FACTOR 
1160 GOSUB 2000 
1170 NEXT I 
1180 REM CALCULATE RATIO (II ATOMS) OF A TO B USING HEIGHT AND CROSS 

SECTION ONLY 
1190 NEM1-NE-1 
1200 REM USED IN CALCULATING RATIO OF TA TO TB. THE "I" REFERS TO THE 
1210 REM ELEMENT NUMBER 
1220 FOR 1-1 TO NEMl 
1230 ATOB(I)=H(1)*SIGMA1(I+l)/(H(I+1)*SIGMA1(1» 
1240 NEXT I 
1250 REM CALCULATE ENERGIES USED IN CALCULATING RATIO OF TA TO TB 
1260 E(l)~EBEAM 
1270 E(2)-KM2(1)*EBEAM 'kinematic factor of element A * beam energy 
1280 E(3)-KM2(2)*EBEAM 'kinematic factor of element B * beam energy 
1290 REM CALCULATE THE STOPPING CROSS SECTION FOR EACH ELEMENT AT 
1300 REM EACH ENERGY CALCULATED ABOVE. 
1320 FOR J-1 TO 3 
1330 ENERGY-E(J) 
1340 GOSUB 2200 
1350 REM stpcs(i,j) is a 2 X 3 array holding all the stopping cross 
1360 REM sections used in calculating ratio of ta to tb. The 1st & 2nd 
1370 REM rows contains the cross sections calculated at each of the 
1380 REM three previously calculated energies for elements A and B, 
1390 REM respectively. 
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1400 STPCS(I,J)=STOPCS(I) 
1410 NEXT J 
1420 NEXT I 
1430 REM CALCULATE RATIO OF TB TO TA 
1440 THETA2=3.14159-THETAR:C1-COS(PHIR):C2-COS(THETA2) 
1450 REM htsig=na/nb using ht and cross sections only 
1460 NATONB=ATOB(l):HTSIG=ATOB(l) 
1470 1=1 
1480 A=KM2(1)*STPCS(2,1)/C1+(STPCS(2,2)/C2) 
1490 B-KM2(1)*STPCS(1,1)/C1+(STPCS(1,2)/C2) 
1500 C·,KM2(2)*STPCS(2, 1)/C1+(STPCS(2, 3)/C2) 
1510 D=KM2(2)*STPCS(1,1)/C1+(STPCS(1,3)/C2) 
1520 TBTOTA(I)=(A+NATONB*B)/(C+NATONB*D) 
1530 IF I-I THEN 1570 
1540 IM1=I-1 
1550 X=ABS«TBTOTA(I)-TBTOTA(IM1»/TBTOTA(I» 
1560 IF X<.005 THEN 1610 
1570 NATONB=HTSIG*TBTOTA(I) 
1580 1=1+1 
1590 GOTO 1480 
1600 PRINT "DONE" 
1610 TBTOTA=TBTOTA(I) 
1620 FOR 1-2 TO NE 
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1630 REM ASSUME UNCERTAINTY OF 0.05 FOR RATIO OF TA TO TB (THICKNESSES) 
1640 FUNT(I)-SQR( (UH(I)/H(I»A2 +(UH(1)/H(1»A2 +(.05/TBTOTA)A2) 
1650 UNT(I)=FUNT(I)*NATONB 
1660 PUNT(I)=100*FUNT(I) 
1670 NEXT I '. 
1680 GOSUB 1890 
1690 REM USE LAST PART OF STOICH SUBROUTINE TO FINISH THE 
1700 REM CALCULATION 
1710 GOSUB 2360 
1720 REM OUTPUT SECTION HEIGHT ANALYSIS 
1730 CLS 
1740 PRINT USING" BEAg E(MEV)- iI.IHHI";EBEAM 
1750 PRINT 
1760 PRINT" N(";E$(l);") TO N(";E$(2);")- ";:PRINT TAB(25); 

:PRINT USING"INf.IHHI" ;NATONB ; : PRINT TAB(35); : PRINT USING 
"UNT= IHI .lflHN! " ; UNT( 2) ; : PRINT TAB ( 55) ; : PRINT USING "PUNT= illI.IUI"; 
FUNT(2)*10 

1770 PRINT 
1780 FOR I-I TO NE 
1790 PRINT" ";E$(I); TAB(15);:PRINT USING "F- :f.IHHI";F(I); 

: PRINT TAB ( 35) ;: PRINT USING "UF- iI.lfI#/"; UF( I) ; : PRINT TAB ( 55) ; 
: PRINT USING "PUF- IHI .INI"; FUF( I)* 100 

1800 NEXT I 
1810 PRINT:PRINT:PRINT 
1820 PRINT "SELECT: P TO PRiNT, OUT TO WRITE TO DISK," 
1830 INPUT " Q TO QUIT, I FOR BACK TO INPUT DISPLAY" ;Q$ 
1840 IF Q$-"Q" THEN 2260 
1850 IF Q$-"OUT" THEN 2520 



1860 IF Q$-"P" THEN 2880 
1870 IF Q$-"I" THEN 170 
1880 GOTO 1730 
1890 REM SUBROUTINE STOICHIOMETRY REVISED FOR HEIGHT 
1900 REM CALC ALL RATIOS R(J,I)-N(J)/N(I) 
1910 T(1)=1:T(2)-TBTOTA*T(1) 
1920 FOR J=l TO NE 
1930 FOR I-I TO NE 
1940 R(J,I)-(H(J)*SIGMA1(I)*T(I»/(H(I)*SIGMA1(J)*T(J» 
1950 FUR(J,I)-SQR«UH(J)/H(J»~2+(UH(I)/H(I»~2+(.05/T(I»~2 

+(.05/T(J»~2) 
1960 UR(J,I)-FUR(J,I)*R(J,I) 
1970 NEXT I 
1980 NEXT J 
1990 RETURN 
2000 REM CALCULATE THE KINEMATIC FACTOR 
2010 TOP=4.003*COS(THETAR)+SQR(MASS(Z(I»~2-4.003~2*(SIN(THETAR»A2) 
2020 KM2(I)=(TOP/(4.003+MASS(Z(I»»A2 
2030 RETURN 
2040 REM SUBROUTINE FIND ELEMENT Z 
2050 FOR K-1 TO 83:11' E$(I)-EL$(K) THEN Z(I)=K 
2060 NEXT K 
2070 RETURN 
2080 REM INPUT FILE nPARA.DAT 
2090 OPEN "NPARA. DAT" FOR INPUT AS If1 
2100 FOR K-1 TO 83 
2110 INPUT #1,TEMP,MASS(K),A1(K),A2(K),A3(K),A4(K),A5(K),EL$(K) 
2120 NEXT K 
2130 CLOSE #1 
2140 RETURN 
2150 REM SUBROUTINE TO CALC SIGMA! - USES Z(I),MASS(Z(I»,THETAR 
2160 S=SIN(THETAR):C=COS(THETAR) 
2170 TERM-SQR(1-(MASS(2)/MASS(Z(I»*S)~2) 
2180 SIGMA1(I)-(2*Z(I)/(4*1»~2*(.02073)*4/S~4*(TERM+C)~2/TERM 
2190 RETURN 
2200 REM SUBROUTINE TO CALC STOPPING CROSS SECTIONS 
2210 E-ENERGY*1000 
2220 K-Z(I):SL-A1(K)*E~A2(K) 
2230 SH-(A3(K)*1000/E)*LOG(1+(A4(K)*1000/E)+(A5(K)*E/IOOO» 
2240 STOPCS(I)-(SL*SH)/(SL+SH) 
2250 RETURN 
2260 KEY ON:END 
2270 REM SUBROUTINE STOICHIOMETRY FOR AREA ANALYSIS 
2280 REM CALC ALL RATIOS R(J,I)-NT(J)/NT(I) 
2290 FOR J-1 TO NE 
2300 FOR I-I TO NE 
2310 R(J,I)-(A(J)*SIGMA1(I»/(A(I)*SIGMA1(J» 
2320 FUR(J,I)-SQR«UA(J)/A(J»~2+(UA(I)/A(I»~2) 
2330 UR(J,I)-FUR(J,I)*R(J,I) 
2340 NEXT I 
2350 NEXT J 
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2360 REM CALC ALL SUMS 
2370 FOR I-1 TO NE 
2380 SUMR(I)=l 
2390 SUMUR(I)-O 
2400 FOR J=l TO NE 
2410 IF J<>I THEN SUMR(I)-SUMR(I)+R(J,I) 
2420 IF J<>I THEN SUMUR(I)=SUMUR(I)+UR(J,I)~2 
2430 NEXT J 
2440 NEXT I 
2450 REM CALC F'S, FUF'S AND UF'S (ATOMIC FRACTION, FRACTIONAL 

ERRO',{ , ERROR) 
2460 FOR I-1 TO NE 
2470 F(I)=l/SUMR(I) 
2480 FUF(I)-SQR(SUMUR(I»*F(I) 
2490 UF(I)-FUF(I)*F(I) 
2500 NEXT I 
2510 RETURN 
2520 REM WRITE TO DISK 
2530 INPUT "RUN NUMBER(+L)=(DATA DISK MUST BE IN B: DRIVE)";F$ 
2540 F$-"B: "+F$ 
2550 OPEN F$ FOR OUTPUT AS #1 
2560 PRINT1/1 ,RUNNO$+", II ,RDAY$+", ", SAMPLE$+", II ,NE 
2570 PRINT#l,EBEAM,ENERGY,THETA,DTR,STER,PHI,UCOUL,BICF,UBICF 
2580 IF TYPE$-"H" THEN 2640 
2590 FOR I~l TO NE 
2600 PRINT#l,Z(I),A(I),UA(I),NT(I),UNT(I),FUNT(I),F(I),UF(I), 

FUF(I) ,E$(I) 
2610 NEXT I 
2620 PRINT#l,ELOSS 
2630 GOTO 2680 
2640 FOR 1-1 TO NE 
2650 PRINT #l,Z(I),H(I),UH(I),F(I),UF(I),FUF(I),E$(I) 
2660 NEXT I 
2670 PRINT #1,NATONB,UNT(2) ,PUNT(2) ,FUNT(2) 
2680 CLOSEt/1 
2690 GOTO 850 
2700 REM READ FROM DISK 
2710 INPUT "RUN NUMBER(+L)=(DATA DISK MIJST BE IN B: DRIVE)";F$ 
2720 F$-"B: "+F$ 
2730 OPEN F$ FOR INPUT AS #1 
2740 INPUT#l,RUNNO$,RDAY$,SAMPLE$,NE 
2750 INPUT#l,EBEAM,ENERGY,THETA,DTR,STER,PHI,UCOUL,BICF,UBICF 
2760 IF TYPE$-"H" THEN 2820 
2770 FOR 1-1 TO NE 
2780 INPUT#l,Z(I),A(I),UA(I),NT(I),UNT(I),FUNT(I),F(I),UF(I), 

FUF(I) ,E$(I) 
2790 NEXT I 
2800 INPUT#l,ELOSS 
2810 GOTO 2860 
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2820 FOR 1=1 TO NE 
2830 INPUT #l,Z(I),H(I),UH(I),F(I),UF(I),FUF(I),E$(I) 
2840 NEXT I 
2850 INPUT #1,NATONB,UNT(2) ,PUNT(2) ,FUNT(2) 
2860 GLOSE1/1 
2870 GOTO 170 
2880 REM PRINT RESULTS 
2890 LPRINT:LPRINT " RUN 11-" ;RUNNO$+RDAY$ TAB(35) "SAMPLE 11-"; 

SAMPLE$ TAB(55) "NE-";NE 
2900 LPRINT:LPRINT USING" EO(MEV)- 11.1HHI";EBEAM; 
2910 LPRINT TAB(35) "STER-";STER TAB(55) "BICF=";BICF 
2920 LPRINT " THETA=";THETA TAB(35) "PHI-";PHI TAB(55) 

"UBICF-";UBICF 
2930 LPRINT " DTR-" ;DTR TAB(35) "UCOUL-" ;UCOUL 
2940 IF TYPE$-"H" THEN 2960 
2950 LPRINT: LPRINT USING " ENERGY(MEV)- # .111111"; ENERGY 
2960 LPRINT 
2970 IF TYPE$-"H" THEN 3060 
2980 FOR I-I TO NE 
2990 LPRINT" 1-";1 TAB(15) E$(I) TAB(20) "Z=";Z(I) TAB(35) "A="; 

A( I) TAB ( 55) ; : LPRINT USING "UA- 1#1111#1.11"; UA(I) 
3000 NEXT I 
3010 LPRINT 
3020 FOR I-I TO NE 
3030 LPRINT " 1-";1 TAB(15); : LPRINT USING "NT- 1H1.1HHr"""";NT(I); 

:LPRINT TAB(35); : LPRINT USING "UNT- 1111.1##1""""" ;UNT(I); : LPRINT 
TAB ( 55) ; : LPRINT USING "PUNT- 1#/.1111"; FUNT(I )*100 

3040 NEXT I 
3050 GOTO 3120 
3060 FOR I-I TO NE 
3070 LPRINT " 1-" ; I TAB ( 15) E$ (I) TAB (20 ) "Z-"; Z(I) TAB ( 35) "H="; 

H( I) TAB ( 55) ; : LPRINT USING "UH- 111I1H#I. #" ; UH( I) 
3080 NEXT I 
3090 LPRINT 
3100 LPRINT" N(";E$(l);") TO N(";E$(2);")= ";:LPRINT TAB(25); 

:LPRINT USING"1111.1#111" ;NATONB; : LPRINT TAB(35); : LPRINT USING 
"UNT= 1HJ.11111111 " ; UNT( 2) ;: LPRINT TAB ( 55) ; : LPRINT USING 
"PUNT- #11. 

3110 LPRINT 
3120 LPRINT 
3130 FOR 1=1 TO NE 
3140 LPRINT " 1-";1 TAB(15); : LPRINT USING "F= #.111111";F(I); : LPRINT 

TAB(35); : LPRINT USING "UF- 11.111111" ;UF(I); : LPRINT TAB(55); : LPRINT 
USING "PUF- 111111.1111" ;FUF(I)*100 

3150 NEXT I 
3160 LPRINT 
3170 IF TY;:'E$-"H" THEN 1730 
3180 LPRINT USING" ELOSS(KEV)- 111111.11" ;ELOSS*1000 
3190 GOTO 850 
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