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ABSTRACT 

Current fabrication techniques of silicon integrated circuits 

utilizes the predeposition of boron to obtain the desired p-type dif

fused layer. This is accomplished in a high temperature furnace sys

tem with a controlled gas ambient consisting of boron compounds and an 

inert gas. The objective of this study is to examine the boron pre

deposition process using diborane as the boron source. 

A computer algorithm is developed to calculate multiphase 

chemical equilibrium composition. This used the method of steepest 

descent to minimize the Gibbs free energy function for the chemical 

system. It is convenient to add or delete chemical compounds from the 

computation since it is not necessary to specify reaction paths. With 

a curve fitting routine, the problem of relating starting diborane 

concentration to boron pressure can be reduced to a form suitable for 

hand computation. This applies to a particular predeposition system 

temperature. The importance of gas purity is demonstrated. 

Techniques for surface concentration measurements are evaluated. 

It is determined that the conventional techniques, i.e., junction depth-

sheet resistance method or incremental sheet resistance method, are 

either inaccurate and/or time consuming. These limitations are mini

mized by developing the plasma resonance technique for use in evaluating 

boron surface concentrations of diffused layers. The corrections 

necessary for the diffused nature of the layer are presented. 

xi 



xii 

Models of the silicon-gas interface are developed from the 

calculated gas phase composition and measured boron surface concentra

tion. It is demonstrated that the adsorption isotherm is a "Freund-

lich" type for boron surface concentrations below the solid solubility 

limit. 

A complete process model is developed which relates the input 

variables, i.e., gas flow rates, operating temperature, etc., to the 

boron surface concentration. This model applies to a specific system 

and provides an engineering description of the system performance. 



CHAPTER 1 

INTRODUCTION 

The fabrication of solid state electronic devices requires the 

use of many different processes. Many of these processes utilize a 

deposition step to accomplish the desired result. For example, the 

thermal evaporation of aluminum is frequently used to deposit the metal 

layer for electrical connections. This is representative of the phys

ical deposition processes whereas chemical vapor deposition (CVD) 

processes involve a chemical reaction. An example of a CVD process 

is the hydrogen reduction of silicon tetrachloride to deposit silicon. 

Of these two process groups, the CVD techniques are the most versatile 

used in the semiconductor industry [Feist, Steele, and Readey, 1969; 

Amick and Kern, 1970; EPP Staff, 1971] . This is demonstrated by their 

role in such key fabrication steps as epitaxy, oxidation, and diffusion. 

However, both have received considerable attention in the literature 

[Powell, Oxley, and Blocher, 1966; Hirth and Pound, 1963; Blocher and 

Withers, 1970]. In this study a chemical vapor deposition method is 

considered. 

As the complexity of integrated circuits increases, the designer 

will become increasingly more dependent on computer-aided design (CAD) 

techniques. In perspective, one sees that the goal in CAD for integrated 

circuits is to be able to use computer-aided optimization techniques to 

1 
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determine what processing schedule should be employed to yield a circuit 

whose terminal behavior is optimized according to some performance cri

terion. On the one hand, this requires device models which relate ter

minal behavior to the results of a fabrication sequence, e.g., junction 

depths, impurity profiles, sheet resistance, etc. On the other hand, 

models of the fabrication processes are required which relate the results 

of the fabrication sequence to the variables which control that sequence,' 

e.g., constituents of the diffusion gas ambient, partial pressures in the 

gas ambient, temperature, surface reactions between the silicon wafer and 

gas phase, etc. 

In the first case, models are now available which, at least on a 

limited basis, relate terminal behavior to process results, and are 

amenable to computer-aided implementation [Gummel, 1964; Gummel and Poon, 

1970], In the second case, although some work has been done toward relat

ing device characteristics to diffusion schedules [Ghosh, De La Moneda 

and Dono, 1967], adequate models for fabrication processes are not avail

able. 

The function of process models in computer-aided design is shown 

in Fig. 1.1. The integrated circuit designer selects a particular con

figuration of devices, and by using models for the devices together with 

computer analysis techniques he predicts the behavior of the circuit. 

He also chooses the basic processes which will be used in the fabrica

tion steps, e.g., diffusion, epitaxy, etc. If process models are avail

able, he can couple them with device models, and determine how the basic 

processes should be controlled to yield optimum device characteristics 
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and circuit performance. The blocks enclosed by the dotted line repre

sent the general area of this study. In particular, the block entitled 

"Process Model" is the objective of this study. The modeling procedure 

which is used in this study is outlined in Fig. 1.2. The objective is 

to develop mathematical expressions which relate the process parameter 

to be controlled to the input variables. Modeling of these processes 

requires a systematic approach similar to those used in the modeling of 

semiconductor devices [Hamilton and Lindholm, 1964] or chemical processes 

[Himmelblau and Bischoff, 1968]. Modeling techniques used on chemical 

reactor systems [Slin'ko, 1969; Denbigh and Turner, 1971] and CVD pro

cesses [Lever, 1964; Harper and Lewis, 1966; Shepard, 1968; Mandel, 1962; 

Coupland, 1958] are used as guidelines for this study. 

Specific Area of Research 

The particular vehicle selected for this study is the boron pre-

deposition process using diborane as the boron source. It was selected 

because of the important role it plays in the fabrication of silicon 

monolithic integrated circuits. The results obtained for the boron pro

cess would be useful in the modeling of other CVD processes such as 

gaseous source phosphine diffusion, epitaxial growth, and oxidation. 

A typical diborane diffusion system is shown in block diagram 

form in Fig. 1.3. Diborane, argon, and oxygen are introduced in con

trolled and variable amounts into the mixing manifold. The resultant 

mixture flows into the quartz tube of the diffusion furnace, in which 

an ambient operating temperature of 800 to 1200°C is maintained. This 

temperature is maintained within ± 1/2 °C of the desired operating value 
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using resistance type heaters surrounding the tube. The silicon wafers 

to be processed are placed on a quartz holder inside the furnace tube. 

A reaction then occurs between the silicon surface and the gas stream in 

the tube which results in the impurity atoms, boron, being deposited on 

the wafer surface. These are subsequently diffused into the wafer. 

The chemical reactions involved in the predeposition process 

are homogeneous [Sladek, 1971], rather than heterogeneous reactions such 

as occur in the epitaxial process. This fact, together with a considera

tion of the general system properties, is used to establish the approxi

mations which are employed in subsequent analysis. They are: 

1. Temperature, total pressure, and gas behavior are 

independent of position in the vicinity of the wafer. 

2. The gas flow is laminar. 

3. Thermodynamic equilibrium exists for the gas phase 

reactions. 

4. Bulk gas properties are determined by the inert gas 

flow. 

These are used in the.modeling procedure to simplify the mathematical 

description of the process and allow the initial model to be developed. 

The construction of the actual process model requires that 

certain preliminary steps be completed. This is necessary if a meaning

ful model is to be developed. This work is contained in the following 

chapters. Specifically, Chapter 2 and 3 are devoted to the calculation 

of equilibrium composition of a chemical system using the diborane-

oxygen-argon system as the specific system. Chapter 4 is a description 
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of the experimental system used. Chapter 5 describes a method of mea

suring impurity surface concentration. In Chapter 6, the gas-silicon 

interface processes are considered with the process model being developed 

in Chapter 7. Conclusions and recommendations for future work are con

tained in Chapter 8. 



CHAPTER 2 

CHEMICAL EQUILIBRIA 

The calculation of chemical equilibria in a chemical system 

involves solving a system of equations which describe the thermo

dynamic state of the system. This has been the concern of chemists 

and chemical engineers for many years, but only infrequently have they 

considered more than one chemical reaction. Thus, the chemical equi

librium is represented by a single equilibrium constant and the calcu

lation of equilibrium composition is very simple. When a chemical 

system is considered which is operating at extreme pressures and/or 

temperatures, it is necessary to consider several simultaneous equi

libria. For example, the calculation of the equilibrium composition 

for the combustion of a stoichiometric mixture of hydrazine and oxygen 

at 3500°K and a pressure of 750 psi requires the consideration of 10 

chemical species [White, Johnson, Danzig, 1958], This requires the use 

of either a trial and error or an iterative approach to solve the sys

tem of simultaneous equations. 

It is the objective of this chapter to develop a suitable 

algorithm for the calculation of equilibrium composition of a general 

chemical system. After reviewing the thermodynamic principles, the 

necessary equations for the computation of chemical equilibria are 

determined. This is followed by the numerical analysis technique 

which is used to solve for the chemical equilibrium state. 

9 



Thermodynamic Foundation 

A chemical system can be characterized by any of the funda

mental thermodynamic relations, i.e., Gibbs free energy, Helmholtz free 

energy. From this relation all of the thermodynamic information for 

the system can be developed. The particular fundamental or state func

tion which is selected is a matter of convenience. For the independent 

variables, temperature, T, and pressure, P, the state function is the 

Gibbs free energy, G. This fundamental relation can be written as a 

function of T, P, and the composition variable. For further information 

on the various state functions the reader should consult one of the 

texts which are available [Kirkwood and Oppenheim, 1961; Klotz, 1964]. 

For the system to be investigated in this dissertation, the convenient 

experimental variables are pressure and temperature. Thus, the Gibbs 

free energy, G, is the thermodynamic state function which is used to 

calculate chemical equilibria composition for the boron predeposition 

system. The system consists of several phases, i.e., gas, liquid, or 

solid, or is multiphase. Writing the state function, G, to include the 

multiphase aspect results in 

G = G(T,P,n") (2.1) 

where n" represents the number of moles of the i— species in the phase 

o. The i index runs from 1 to m and a from 1 to q. From Eq. (2.1) the 

Gibbs free energy is seen to depend on the amount of material present, 

that is, it is an extensive property of the chemical system. This 



11 

implies that G is a homogeneous function of degree one in n", or 

G(T,P,An") = AG(T,P,n") (2.2) 

From Euler's theorem on homogeneous functions [Spiegel, 1963] one obtains 

G= I jiJ n" (2.3) 
i,a 

where the chemical potential p™ is defined as 

(2.4a) 

= p£ (T,P,n®) (2.4b) 

B ci 
This is homogeneous of degree zero in n^, thus p^ is an intensive quanti

ty of the system. Using Eq. (2.3) and Eq. (2.1) and calculating the 

differential at constant T and P, we obtain the Gibbs-Duhem relation

ship [Kirkwood and Oppenheim, 1961] 

a , a 
I n± dp± = 0 (2.5) 
i,a 

Equilibrium 

From the fundamental thermodynamic principles, the condition 

for chemical equilibrium can be derived [Kirkwood and Oppenheim, 1961]. 
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The significant result is that the Gibbs free energy is a minimum for 

the chemical equilibrium state or 

dG = 0 (2.6) 

Using Eq. (2.1), we can write the change in G, dG, for a single phase 

system as 

dG =(fl - + (I)T «•(£) 
P,n, T,n, i m _ P'ni T>ni - T.P.nj 

In Eq. (2.7), it has been shown [Lewis and Randall, 1961] that: 

(ff) - -S (2.8a) 
r  jll . 

and 

[!fi - v <2-8b> 
T,n. 

From Eq. (2.8a, 2.8b) and the definition of the chemical potential, 

Eq. (2.4), the change in G may be rewritten as 

m 
dG = -SdT + VdP + I u. dn 

i=l 1 1 
(2.9) 



13 

For the conditions of constant T and P, Eq. (2.9) is simplified to 

m 
dG = I y± dn 

i=l * 1 

or, for a multiphase system 

dG= I p«dn I 
i,a 

In addition to the free energy constraint, there is a mass 

balance imposed on the system. That is, the mass of each element must 

be conserved regardless of how it is distributed among the different 

chemical species in the system. The formulation of this constraint in 

a mathematical form is 

q m 

I I a n? - b° = 0 i = 1,2,...£ (2.10) 
a=l j=l 

where b° (i = 1,2,...&) is the total amount of the element Z^ present in 

the system and a„ is the number of atoms of the itll element in the j— 

species. In this notation the chemical formula for a species is written 

as 

I 
Y° = TT (Z-) a.. (2.11) 
J i=l J 

where is the symbol for the i— element in the system. 



With the previous developments, it is now possible to consider 

what must be done to calculate the chemical composition of a system at 

equilibrium for a specified temperature and pressure. For this purpose 

there are two approaches which should be considered. They are: 1) the 

mass action approach and 2) minimization of the total system free energy. 

They have been compared and reviewed extensively in the literature [Zelez-

nik and Gordon, 1968; Zeleznik and Gordon, 1960; Smith and Nissen, 

1968]. There does not appear to be any advantage of one approach over 

the other. Thus, the choice between the two approaches is a matter of 

convenience. The second approach has been selected for this study. In 

particular, a modification of the method as proposed by White, Johnson, 

and Danzig [1958] is implemented. This approach requires only the speci

fication of the chemical species present and not the specification of 

reaction paths. However, it is important to note that either approach 

contains the same information since they start with the same mathematical 

foundation. 

Before developing the necessary computer algorithm, it is neces

sary to relate the chemical potentials to a standard chemical potential. 

For this work, the definition of the standard chemical potential is the 

chemical potential of the ideal gas, the pure solid or liquid at a pres

sure of 1 atm. Using Eq. (2.9), with constant temperature and n^ and 

integrating from 1 atm to some partial pressure, p^, we obtain 

1 
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where the superscript o represents the standard condition. For ideal 

gas behavior, the equation of state can be written as 

V = n. — (2.13) 
lpi 

or 

G - G° = RT An p± (2.14) 

Use of the definition for the chemical potential (Eq. 2.4a) 

leads to 

+ RT An p^ (2.15a) 

For solid or liquid species the chemical potential is written as 

V ±  = (2.15b) 

The pressure effect on these species is zero or 

(If) -0 (2.16) 
F T,ni 

Thus, the chemical potential for a multiphase system can be 

written in the form 

y± = V° + 5± RT An p± (2.17) 
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where 

6̂  = 1 for gaseous species 

= 0 for condensed species. 

The form of the standard chemical potential is 

' I "  [(lf)1 + to(S)] •RT (2-1Sa) 

= G°+RTAn|^j (2.18b) 

where na is the total number of moles present in the a phase and is 

the standard Gibbs free energy function. This function can be obtained 

from the available thermochemical data such as the extensive tabulation 

in the JANAF Tables [Dow Chemical, 1965]. The actual value of 

required for these calculations is obtained from the tabulated free 

energy function (fef) or 

298 
fef  ̂ (2.19) 

RT 

By rearranging Eq. (2.19), the following expression can be 

obtained 

g=fef T +^ (2.20) 
RT T RT 
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or 

RT fefT + H2gg (2.21) 

Summary of Thermodynamic Equations 

Before describing the computer algoithm used to solve for the 

chemical equilibrium composition, it is useful to collect the key 

thermodynamic equations together. These equations are: 

1. The mass balance constraint, Eq. (2.10), or 

q m 
I I a.,n"-b°=0 i= 1,2,...,«. (2.10) 

ct=l j=l J 

til 
2. The chemical potential for the i— specie in the phase a or 

a . a 

»i- [(w)1 + ,n(̂ )+6i» tap] 'EI <2-22a) 

where 

a- I n" (2.22b) 
i=l 

= 1 for gaseous species, 

0 for condensed species. 

3. The system free energy or 

q m 
6= I I (2.23) 

ct=l i=*l 
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It is these equations which are employed in the development 

of the computer algorithm. 

Computer Algorithm 

In principle, the problem of determining the chemical equilibria 

has been solved [Van Zeggeren and Storey, 1970]. However, there remains 

a great deal yet to be done before numerical answers can be obtained. 

In particular, a suitable iterative method of solving the set of nonlinear 

simultaneous equations which describe the chemical equilibrium state must 

be selected. There exist extensive reviews [Spang, 1962; Huang, 1970] 

and several texts [Lasdon, 1970; Wilde, 1964; Smith, Pike, and Murrill, 

1970] which describe the many numerical techniques available to solve 

systems of nonlinear equations. In selecting the technique to be used 

in this study a consideration for the speed of computation to reach a 

minimum was used since extensive computing time could not be allowed in 

view of the number of runs to be made. This together with the success 

with which the method of steepest descent had been previously employed 

by White, Johnson, and Danzig [1958] resulted in the selection of this 

technique as the one to be used in this study. The development of the 

computer algorithm is described in the following sections. A complete 

program listing is contained in Appendix A together with a sample 

output listing. 

Method of Steepest Descent 

The method of steepest descent for finding a minimum point in 

a function, f(x), is one of the gradient methods. Such methods require 
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that f(x) be continuous and differentiable. These requirements are 

satisfied by the Gibbs free energy expression, G(x). Further, the mini

mum of G(x) at x = x* is a global minimum since 

G(x*) < G(x) (2.24) 

for all values of x. If this was not the case, it would be necessary 

to search about any minimum calculated to determine if it was a local 

or global minimum. 

The application of this method to minimize a function, f(x), 

proceeds in the following way. Starting with a set of initial points, 

x̂ , the gradient of f(x̂ ), Vf(x̂ ), is computed. A step is then taken in 

the direction of steepest descent, -VFCx̂ ), and new values, x̂ , are 

determined. The step length is X so the describing relations are 

x . initial values of x 
oi 

xi = Xoi * X7F(xoi) 

for i = 1,...,m. 

This is repeated until a specified error criterion is satisfied. The 

method will always converge to a minimum value if the restriction that 

each step results in a decrease of the function value [Lasdon, 1970], 

or 

f(xi) > f(xi+1) (2.25) 

is employed. 
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For the situation of interest, the restriction is imposed on the 

x̂  values that negative values have no physical significance. This is 

expressed as 

x̂  ̂  0 for all i (2.26) 

Further, to aid in the speed of convergence, the following limits were 

set on the magnitude of change which any x value can undergo during one 

iteration. These limits are [Zeleznik and Gordon, 1968] 

A Jin (x̂ /x) 2 for An (x̂ /x) - 18.5 (2.27a) 

A An (xj/x) _> - 9.212 - An (x̂ /x) (2.27b) 

for An (x̂ /x) < - 18.5. 

—8 
From Eq. (2.27a), the increase in any significant specie (x̂ /x ̂ .10 ) 

+2 *"8 
is limited to ̂  e . Whereas for the insignificant species (x̂ /x 10 ) 

-4 
the increase in mole fraction is prevented from exceeding 1̂0 . These 

restrictions are necessary to control overcorrection which might occur 

during the preliminary iterations when the initial estimates are far 

from the final solution. 

The error criterion selected for this calculation is based on the 

free energy of the system, G(x̂ ). It is stated as 

[C(xi+i) - G(x±)]2 < n (2.28) 
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where n is the desired error limit. This was selected over those cri

teria which are based on the gradient of function since this is more 

dependable [Lasdon, 1970]. This criterion is similar to the error 

parameter used by Zeleznik and Gordon [1968]. 

Algorithm for the Method of Steepest Descent 

For any positive set of values, Y = (ŷ ŷ f>••̂ ŷ  which satisfy 

the mass balance constraint, the free energy of the system can be written 

as 

+6. RT £n P} (2.29) 

where 

m 
a v a 
y = 1 y± 

i=l 
(2.30) 

Since ŷ  must be positive or zero, it is possible to take a Taylor 

expansion about the ŷ  values. The result of this expansion is denoted 

as Q(X) below. 

Q(X) - F(Y) + I Ay" + I 
j ... 1 r* A.. J ™ 

. a. a 
AyjAyi 3 F(Y) 

i,<* 3Ayi x=y i,a,j 2 3Ay*9Ay« x=y 

(2.31) 
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where 

a = 1,2,.. .q 

1 = 1,2,.. .m 

j - 1,2,.. .m 

X-X(x"x° .,x") (2.32) 
1 £. m 

A ° _ 01 a /O 
yi i " yi (2.33) 

3F(Y) 

3Ay± 
oB" = (If) + + 6ia RT £n P gas Phase (2.34a) 

(|f) + An(̂ i) liquid or solid phase (2.34b) 

32F(Y) = 1_ _ JL_ 
-.o. .a a" a 
3Ay13Ayj y± y 

32F(Y) = _ 1_ 
a.. a ~ ~ a 

SAŷ Ay.. y 

for i = j (2.35a) 

for i 4 j gas phase (2.35b) 

for all other phases 

or mixed phases (2.35c) 

With these values, Q(X) can be written as 
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Q(X) = F(Y) + I Ayl {(f̂ ) + An (̂ ) + 6̂  RT An P} 
i,a 

a,2 / 1 
+ T I (Ay") (— —) +4 I Ay" Ay" — 
2 iU 1 UyJ ya/ 2 i.j.a 1 j 7° 

(2.36) 

The next step in obtaining the desired solution is to minimize Q(X) 

subject to the constraints imposed by the mass balance Eq. (2.10). 

q 

This imposes I constraints on the £ m(cx)q variables or the degrees of 
a=l 

q 

freedom are £ m(a)q - I where m(a) is the number of chemical species in 
a=l 

the phase a. This is accomplished by the method of Lagrange Multipliers 

[Smith, Pike, and Murrill, 1970] to obtain the following equation. 

G(X) = Q(X) + I * (-I I ax" + b°) (2.37) 
i aj 1 ] ]  3  

where -n are the Lagrange multipliers. 

The minimization of G(X) is accomplished by taking the derivative, 

8G (X} 
—̂ — , and setting it equal to zero. From Eq. (2.37) the derivative can 

i 

be written as 

dxi i i a j 
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where 

and 

•̂(s)" + to(S) +KT«„P+̂ -2j (2.39a) 
ta" ""'l 'y' y* y 

for the gas phase 

= (̂ t) ôr t*ie so-'-î  phases (2.39b) 
9x 
i 

Substituting these into Eq. (2.38), we obtain the following expressions 

for the gradient 

1) In the gas phase 

3G(X) = 

9x" 

e°f 
RT /. 

+ An (§) X .  
+ RT An P + - — - I TT 

ya j 
. a. . 
i iJJ 

(2.40) 

and, 2) In the non-gas phases 

3G(X) IG°_? 

3xj 
I RT I. 

+ Zn a. . 
ij 

(2.41) 

For the gradient to be a minimum, each of the above expressions is set 

equal to zero. From Eq. (2.40), the value of x̂  is determined where the 

gas phase has been assigned the a index of 1 or 
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*1" "i ;r + j/j ai± - "J{C.j - to ;r.RT p> 
(2.42) 

where 

i m i 1 V 1 = L  yn- ' (2.43) 
i=l 

the total number of moles in the gas phase. With the mass constraint 

equation, Eq. (2.42) can be written as 

k + i + > 4 y x + - x )  •  f t + 1 °  &). 
for 1 < i < A (2.44) 

and 

m 

* u  " rji " (VkA 
(2.45) 

for i = 1,2,.. .ft 

j = 1,2,...*, 

+ 6. RT *nP k \ RT ict 
(2.46) 

The key equations required for the algorithm are then 
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A m(a) m(l) 1 m r  y j .-i 
j{iri3Trj kIx aikAyk + aikyk ( yl " 1) " aikyk ^ + ^(yl ). 

(2.47) 

where the i index runs from 1 to Z, the number of elements involved. 

z /ma) \ m „ / * y* \ 

*ia) *1 • + «» <2-48> 

and the final equation is 

A 

I 
i=l 
I a.k ^ = f* (2.49) 

where the k index runs from 1 to m(a), the number of chemical species in 

the a condensed phase. The gas phase is assigned an a value of 1. It 

is these equations which are implemented by the computer program, CHEMEQ. 

Computer Program - CHEMEQ 

The implementation of the chemical equilibrium calculation re

quires several subprograms, besides the algorithm to solve for the mini

mum energy state. These subprograms together with those which constitute 

the computer algorithm are listed in Table 2.1. A brief description is 

also provided for each subprogram. A simplified flowchart for the pro

gram, CHEMEQ, is shown in Fig. 2.1. Additional information on this 

program is contained in Appendix A including listings for all of the 

subroutines and the main program. 
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TABLE 2.1 

CHEMEQ SUBPROGRAM DESCRIPTION 

Subprogram 
Name 

Function 

A. Input/Output 

1. CHEMRE 

2. PRINT 

B. Equilibrium 
Algorithm 

1. COMP 

2. FREE 

3. ANLYZP 

ERR 

C. Accessory 
Programs 

1. MOLE 

2. GIBBS 

3. SUMARY 

Read the input data consisting of the thermodynamic 
data for each chemical specie, number of elements, 
number of phases, number of species in each phase, 
system temperature and pressure. 

Write the output data consisting of the concentration 
and thermodynamics data for each chemical specie 
grouped by phase. Pressure of each element in the 
gas phase and mass balance check. Number of inter
actions performed and error magnitude. 

Calculates the new specie concentration using a variable 
step length, and the previous concentration value of the 
specie. The step length is determined in this subprogram. 

Determines the free energy for each specie using the new 
concentration values from COMP. 

With the values calculated in COMP and FREE, a matrix 
is formed of the simultaneous equations to be solved. 
This matrix is solved using a Gaussian elimination 
method to obtain the variable values. 

For the solution to the equation matrix, the error is 
calculated to determine if the selected error criterion 
is satisfied. 

Calculates the mole concentration of each chemical 
specie present in the phase. 

For the free energy function and the enthalphy of 
formation the Gibbs free energy is calculated at the 
designated temperature. 

This is a bookkeeping program to provide a one page 
summary of the calculations performed. 
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No Yes 

Yes 
Error 

.-20 
>10 

No 

 ̂First > 
Iteration 

Subroutine 
PRINT 

Subroutine 
FREE 

Subroutine 
ERR 

Subroutine 
MOLE 

Subroutine 
ANLYZP 

Subroutine 
GIBBS 

Subroutine 
COMP 

Subroutine 
CHEMRE 

Fig. 2.1 CHEMEQ Flowchart 

7 / 



CHAPTER 3 

EQUILIBRIUM BEHAVIOR OF THE BORON HYDROGEN OXYGEN SYSTEM 

In this chapter, the algorithm developed in Chapter 2 is 

used to calculate the equilibrium properties of the boron-hydrogen-

oxygen-argon (B-H-O-A) system. These calculations will provide informa

tion on how the system behaves when changes are made in one or more of 

the input variables, i.e., temperature, quantity of chemical species 

present,or ratio of two chemical quantities. Before any computational 

effort can be undertaken,it is necessary to identify all chemical species 

to be included in the analysis. This identification is necessary so that 

the required thermochemical data can be acquired for inclusion in the com

puter program, CHEMEQ. When these preliminaries are completed, it will 

be possible to complete the chemical equilibrium analysis for the B-H-O-A 

system. The results from these calculations are included in this chapter. 

Chemical Specie Identification 

The chemical species which are considered to be present in this 

system are listed in Table 3.1. These were selected by using the avail

able literature [Heynes, 1967; Duffy, Foy, and Armstrong, 1967], The 

list of species is not all inclusive. Rather, it includes only those 

which were considered as likely to be present in significant concentra

tions in the final calculation. If there was a question on the signifi

cance of a specie, it was included for at least one computation cycle 



to check whether it should be included on a permanent basis. It should 

be noted that for the computation method employed, it is convenient to 

add or delete chemical species as desired. 

For the selected species listed in Table 3.1, the necessary 

thermochemical data was obtained from the JANAF thermochemical tables 

[Dow Chemical, 1965]. This data is in the form of the free energy func

tion, fef, rather than Gibb's free energy, G. The fef is defined as 

fef(T) = -

TT® 
T ~ 298 (3.1) 

where the variables have their conventional meanings. This function 

rather than the free energy is used to represent the thermochemical data 

because the fef is a slowly varying function of temperature. This is not 

true for G°. This property allows the use of simple interpolation be

tween tabulated temperature points to obtain the fef for any arbitrary 

tmeperature. The use of the fef to obtain the thermochemical data for 

the computer algorithm requires that in addition to the fef the enthalpy 

of formation at 298°K for each chemical specie be provided. These 

enthalpies are tabluated in the JANAF tables. Since it is desired to 

perform the computer calculations at selected temperature points in the 

temperature range of 500°K to 1700°K, a least squares fit to the tabu

lated data was made. The equation which was used to fit the fef is 

fef(T) = A + BT + CT-1 + DT2 + E T_2 (3.2) 

The coefficients obtained from the least squares fit are tabulated in 
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TABLE 3.1 

SIGNIFICANT CHEMICAL SPECIES 

Specie Name Chemical Formula 

Gas Phase: 

Boron Dihydride 

Boron Trihydride 

Water 

Hydroxyl 

Boron Monoxide 

Boron Oxide 

Boron Monoxide, Dimeric 

Boron Dioxide 

Diboron Monoxide 

Hydrogen, Monatomic 

Hydrogen Molecule 

Silicon Dioxide 

Oxygen, Monatomic 

Oxygen, Molecule 

Boron Oxide Hydride 

Metaboric Acid 

Boron Dihydroxide 

Boric Acid 

Boron Dihydroxide, Dimeric 

Condensed Phases: 

Silicon Dioxide 

Boron Oxide 

BH2 

BH3 

H20 

HO 

BO 

B2O3 

B2O2 

BO2 

B2O 

H 

H2 

Si02 

0 

02 

BHO 

BH02 

BH202 

BH3O3 

B2HijOij 

Si02 

B203 



Table 3.2. In addition, the enthalpy of formation for the chemical 

species are listed in Table 3.2. As noted in the table, all of the fef's 

were fitted with one equation except for the condensed phases of boron 

oxide and silicon dioxide. These species have a phase transformation at 

723°K and 848°K, respectively. This necessitated the use of two fitting 

equations as listed. The useful temperature range is listed in the last 

column. 

Using the results from Table 3.2, the Gibb's free energy can be 

calculated. This is done in the computer program, GIBBS, by the use of 

the expression 

G(T) = fef(T) *T - H°98 (3.3) 

where the variables have been described previously. For a listing of 

this program, see Appendix A. 

The inert carrier gas is not listed in Table 3.2 since its free 

energy function was assigned a value of zero for all values of tempera

ture. This is an arbitrary choice. It does not affect the calculated 

results since it is the difference between two free energy values which 

is of interest, not the magnitude of the free energy function. 

Chemical Equilibrium Results 

The initial calculations undertaken used the operating conditions 

employed in the laboratory for a base predeposition. These conditions 

are tabulated in Table 3.3. The temperature range used was 500°K to 

1700°K in 50°K intervals. The results from this calculation are plotted 

in Fig. 3.1. This shows the relative magnitudes of the chemical species 



TABLE 3.2 

THERMOCHEMICAL PROPERTIES FOR SELECTED CHEMICAL SPECIES 
IN THE BORON-HYDROGEN-OXYGEN-ARGON SYSTEM 

Chemical Parameters from least squares fit (Eq. 3.2) Enthalpy Temperature 
Species A B C D E H° Limit (°K) 

I. Gas Phase 

BH2 40. 944 8. 724x10" 
•3 

-1. 
+3 

152x10 -1 .009x10-•6 3 .173xl0+5 48 .000 

BEg 41. 717 9. 628x10" 
•3 

-6. 706xl0+2 -9 .550x10" •7 2 ,382xl0+5 25 .500 

H20 44. 534 6. 789x10" 
•3 

-1. 
+3 

576.10 -7 .238x10" 
•7 

3 .564xl0+5 -57 .798 

HO 44. 285 5. 214x10" 
•3 

-1. 756xl0+3 -6 .221x10" 
•7 

3 .648.10+5 9 .432 

BO 47. 984 6. 081x10" 
•3 

-1. 325xl0+3 -7 .624x10 
•7 

3 .037xl0+5 10 .744 

B2O3 66. 849 1. 539x10" 
•2 

-4. 328xl0+3 -1 .677x10" 
•6 

1 .068xl0+6 -199 .140 

B2O2 55. 225 1. 419x10" 
•2 

-2. 331xl0+3 -1 .792x10" 
•6 

5 .967xl0+5 -109 .000 

B02 52. 659 1. 089x10" •2 -1. 673xl0+3 -1 .432x10" 
•6 

4 .435xl0+5 -75 .270 

B2O 52. 310 9. 618x10" 
•3 

-1. 4l2xl0+3 -1 .222x10" 
•6 

3 .751xl0+5 23 .000 

H 27. 575 3. 812x10" 
•3 

-1. 212xl0+3 -5 .151x10" 
•7 2 .559xl0+5 52 .100 

H2 31. 499 5. 247x10" 
•3 

-1. 702xl0+3 -6 .471x10" 
•7 

3 .585xl0+5 0 .000 

Si02 52. 730 1. 101x10" •2 -1. 947xl0+3 -1 .457x10" 
•6 

4 .909xl0+5 -76 .200 

0 39. 737 3. 169x10" 
•3 

-1. 872xl0+3 -3 .579x10" 
•7 

3 .920xl0+5 59 .559 

02 49. 644 5. 368x10" 
•3 

-2. 163xl0+3 -5 .717x10" 
•7 

4 .882xl0+5 0 .000 

BHO 46. 187 9. 445x10" 
•3 

-1. 
+3 

159x10 -1 .143x10" 
•6 

3 .279xl0+5 -20 .000 

BHO2 53. 751 1. 188x10" 
•2 

-1. 155xl0+3 -1 .409x10" 
•6 

3 .676xl0+5 -134 .000 



TABLE 3.2 Continued 

Chemical 
Species 

Parameters from least squares fit (Eq. 3.2) 
B C D E 

Enthalpy 
H 
298 

Temperature 
Limit (K°) 

X. Gas Phase (continued) 

BH202 

BH3O3 

52.727 1.607xl0~2 -1.189x10 
,-2 

,+3 

,+3 
-1.934x10 

-6 

.-6 
4.416x10 

63.224 2.051x10 -1.175x10 -2.421x10 4.907.10 
-2 .+3 

Bâ Oit 71.915 3.325x10 -2.322x10 -3.983x10 
,-6 

9.023x10 

,+5 
.+5 

+5 

-114.000 

-237.160 

-307.000 

400-1700 

11. Condensed Phases 

Si02 3.053 1.606x10' 

7.857 1.219x10 

B203 16.536 2.258x10 

19.278 1.441x10 

r2 

-2 

-3 

-2 

0.00 

-1.620x10 

0.00 

0.00 

.+3 
-2.363x10 

-1.438x10 

1.207x10 

-6 

-6 

-5 

,-7 

2.157x10 

0.00 

0.00 

+5 

-5.484x10 -3.394x10 
,+6 

-217.500 

-299.28 

400-848 

848-1700 

400-723 

723-1700 

10 •p-
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TABLE 3.3 

BORON PREDEPOSITION OPERATING CONDITIONS USED FOR 
CHEMICAL EQUILIBRIUM CALCULATIONS 

Parameters Base Settings Isolation Settings DS-1964 

Inert 
Carrier (cc/min) 

Oxygen (cc/min) 

Diborane (cc/min) 

Total Pressure 

Operating 
Temperature 

Source of 
Information 

250 

15 

.026 

1 atm 

1050°C 

Wells [1969] 

250 1000 + 99* 
[diborane 

flow] 

5.2 15 

.026 .005, .01, .02, 
.05, .1, .2, .5, 
. 8  

1 atm 1 atm 

1050°C 1200°C 

Wells [1969] Donovan and 
Smith [1964] 
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-3 
10 Major Species Not Shown 

Argon .942 atm 
Oxygen .057 atm 

~ 10 

BHO, 

BO, 

HO 

BH.O 

-7 

1500 1700 1100 1300 500 700 900 

Temperature °K 

Fig. 3.1 Gas Phase Chemical Composition as a Function 
of Temperature - Base Predeposition Settings 



37 

Included in the calculation. It should be noted that the dominant boron 

bearing specie is not B2O3 but is BH02. This is very much in conflict 

with the simplified picture which the average engineer in the semicon

ductor industry has of the boron predeposition process [Grove, 1967]. 

However, the calculated results are in agreement with the observations 

listed by Heynes [1967]. 

A plot was made of the effective boron pressure in the gas phase 

(Fig. 3.2) as a function of the operating temperature. The definition 

of effective boron pressure is 

p e f f= ? p *a 
B i iB 

where P̂  is the partial pressure of the i1-*1 specie and Â  is the number 

of boron atoms in the ith specie. The index on i includes all species in 

the gas phase, m. This parameter is of interest since the boron concen

tration introduced into the silicon wafer during the predeposition pro

cess will be directly related to it. From Fig. 3.2, it is noted that a 

saturation value of pressure is reached at the higher temperatures used. 

However, for the stated operating temperature of 1050°C (1323°K), this 

value has not been reached. Rather, the system is operating in a region 

of the curve which is varying rapidly with temperature. This means that 

a small error in the temperature will result in a significant change in 

the boron pressure which indirectly will affect the boron surface concen

tration. These effects will be particularly apparent when the system is 

operated below the solid solubility limit of boron in silicon. At the 



10" 7H 1 1 1 1 1 1 1 1 1 1 1 H 
500 700 900 1000 1300 1500 1700 

Temperature °K 

Fig. 3.2 Effective Boron Pressure versus Temperature 
- Base Predeposition System 



present time the boron predeposition system is operated at values 

which result in the surface concentration being equal to the solid 

solubility limit. 

Following the work with the base predeposition settings, the 

isolation predeposition were selected from Table 3.3. The same calcu

lations were performed and the results plotted in Figs. 3.3 and 3.4. 

It is observed that only small changes resulted from the new operating 

conditions. This is in agreement with the changes made in the operating 

conditions since only the oxygen flow was changed. 

The third set of operating conditions (DS-1964) for the chemical 

equilibrium calculation were obtained from the literature [Donovan and 

Smith, 1964]. The values used are listed in Table 3.3. These data 

were selected since it is an extensive study of the use of diborane as 

a gaseous impurity source for the boron diffusion cycle. The work cited 

includes all of the data necessary to determine the surface concentra

tion of boron obtained for selected flows of diborane. It consists of 

the sheet resistance measurements and junction depth results for each of 

the diborane flow rates used, as well as a plot of the surface concentra

tion as a function of the impurity flow rate [Burger and Donovan, 1967; 

Donovan and Smith, 1964]. These data will be used when the functional 

dependence of the surface concentration on the input variables is con

sidered in Chapter 6. It is interesting to note that the operating 

temperature for this system is 1200°C (1473°K). This means that they 

were operating in the saturated or boron limited region of the equilib

rium calculation. 
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~-3_ Major Species Not Shown 

Argon 
Oxygen 

.980 atm 

.019 atm 

500 700 900 1100 1300 

Temperature °K 

1500 1700 

Fig. 3.3 Gas Phase Composition as a Function of Temperature 
- Isolation Predeposition Settings 
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Fig. 3.4 Effective Boron Pressure versus Temperature 
- Isolation Predeposition System 



For these calculations, the following values for diborane flow 

were used: .005, .01, .02, .05, .1, .2, .5, and .8 cc/min. The last 

value of .8 cc/min was determined by Donovan and Smith [1964] to be the 

point at which they reached solid solubility of boron in silicon. The 

results from the equilibrium calculations are presented in Fig. 3.5 and 

Fig. 3.6. The diborane flow used is noted by the appropriate curve. 

These plots show the same general trends that were observed in the prev

ious calculations; see Figs. 3.1, 3.2, 3.3, and 3.4. 

This completes the initial set of calculations and provides a 

basis from which subsequent calculations can be evaluated. From these 

results the following conclusions can be drawn: 

1. Each set of operating parameters resulted in a saturation 

effect on the effective boron pressure. This saturation 

condition occurred at the higher operating temperatures. 

As the diborane concentration is decreased, the pressure 

saturation is achieved at a lower operating temperature. 

2. Operation at a temperature below that required to obtain 

saturation results in a strong temperature dependence for 

the effective boron pressure. 

3. The primary boron specie present in the gas phase is 

metaboric acid, BHO2, not boron oxide, B2O3. 

4. There is a one-to-one correspondence between the diborane 

concentration and the effective boron pressure at a 

selected temperature. 
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-3rr Major Specie not shown 

Argon - 0.878 atm 
Oxygen - 0.119 atm 
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Fig. 3.5 Gas Phase Chemical Composition as a Function of 
Temperature for 0.1 cc/min Diborane Flow 
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Pig. 3.6 Effective Boron Pressure versus Temperature for 
Selected Diborane Flow Rates - DS-1964 Data 
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The implication of these to obtaining boron surface concentrations below 

the solid solubility value is 1) an operating temperature in the region 

of boron'pressure saturation should be used, and 2) a low diborane con

centration in the input gas mixture can be used to achieve the lower 

boron pressure required for the lower boron surface concentrations. 

The next area to be considered is the effect of adding additional 

hydrogen to the system. This means hydrogen in excess of that required 

to satisfy the stoichiometry requirement of diborane, or a boron to 

hydrogen ratio which is less than 1/3. The results from the calculations 

using selected excess hydrogen flows are shown in Fig. 3.7 for the effec

tive boron pressure. From these computations, an unexpected result was 

the effect of even trace amounts of hydrogen on the calculated results. 

Since these results were so sensitive to small quantities of hydrogen, 

the excess hydrogen flow was recalculated as impurity levels in parts 

per million. This calculation is shown in Fig. 3.8. 

The importance of gas purity is demonstrated if the hydrogen 

impurity is treated as a water equivalent in the gas source. With this 

equivalence, the hydrogen impurity level can then be determined from the 

dew point of the gas source or any moisture measurement performed on the 

gas supply. The convenience of the dew point measurement is the fact 

that this is a standard measurement by the gas supplied. The same cannot 

be said for an impurity analysis or even identification of possible im

purities in the gas. Since the dew point value is available, it was 

plotted in Fig. 3.8 for the values specified by the gas vendor for argon, 

nitrogen, and oxygen. These values for the gases used at The University 
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of Arizona are -76°F for argon and -95°F for oxygen and nitrogen. Fur

ther, a test of the actual moisture present in the high purity lines 

which deliver the source gases to the furnace system was made. 

This test was conducted using a CEC Model 23-301 moisture moni

tor. This instrument uses the electrolysis of water in a P2O5 cell to 

determine the moisture content of the gas under test. From this test the 

dew point for nitrogen was verified. The moisture measurement was 2.1 

± 5% ppm which agrees with the specified value of 2.35 ppm. This was not 

the case for the argon where the measured moisture was 80 ppm to 100 ppm 

compared to a specified dew point value of 10.5 ppm. This quantity of 

moisture is sufficient to move the chemical equilibrium into the satura

tion state for the flow rates used. The minimum flow rates required to 

achieve saturation can be determined from Fig. 3.8. For the normal base 

and isolation settings used in the laboratory, it is found that the point 

of saturation is achieved for a moisture content of 80 ppm. This is for 

a flow rate of 250 cc/min. For higher flow rates, the saturation level 

is reached at a lower effective moisture content, for example, 2000 

cc/min requires 10 ppm of moisture. 

In addition to the moisture, a secondary source of hydrogen is 

the hydrocarbons. For the gases used, the nominal impurity specification 

was nitrogen less than 50 ppm of methane, argon less than 5 ppm, and 

oxygen less than 25 ppm of methane. It is apparent that these might 

serve as alternate sources of hydrogen. From these results, it appears 

that unless great care is taken in selecting the gas source, the system 

will operate with an excess of hydrogen. Further, this excess will be 



sufficient to drive the equilibrium boron pressure into saturation. The 

result of this saturation effect is to eliminate the temperature depen

dence of the boron pressure with the result that control of the boron 

pressure is achieved by varying only the diborane flow. This implies 

that control of the boron surface concentration below solid solubility 

can be achieved with the diborane flow rate. 

Verification of the"*6bservations made concerning the effects of 

excess hydrogen are available. The first is the use of hydrogen to clean 

a boron diffusion tube. This was reported by the Research Triangle 

Institute [1967]. Their conclusion was that a marked reduction in the 

boron concentration was achieved by flowing hydrogen through the hot 

diffusion tube. They monitored the change in the boron concentration by 

observing the change in the color of the hydrogen flame as the run pro

gressed. The flame color started as green with a high boron concentra

tion and gradually diminished as the concentration decreased until the 

hydrogen flame became colorless. The second verification was obtained 

from Chou [1971]. He stated that as a routine procedure, they bubbled 

argon through water heated to 90°c. The wet argon was then passed 

through the diffusion tube. This removed from the tube the deposited 

materials which had appeared during the predeposition cycle using di

borane. Further, he noted that it was important to reach a temperature 

of 90°c with the water bath or the etch rate in the tube was negligible. 

This is in agreement with the calculated results of a minimum hydrogen 

concentration required to achieve the saturation limit. 



CHAPTER 4 

EXPERIMENTAL FURNACE SYSTEM 

In the field of integrated circuit fabrication, the standard 

impurity predeposition furnace consists of a tubular or barrel furnace 

heating a quartz tube. The temperatures used are in the range of 800 

to 1200°C, the particular operating temperature used was maintained 

with a high degree of accuracy, i.e., ± 1/2°C, in the vicinity of the 

wafers. It is this type of system which was used in the experimental 

work related to this research. In particular, the furnace is an Elec-

troglas Model DF-3 diffusion furnace and was used as a production 

diffusion furnace by the semiconductor industry in the early 1960's. 

This is a three zone furnace with the center zone controlled through a 

thermocouple sensor and the two outer zones slaved to the center zone. 

In all cases the actual power control is accomplished through a saturat-

able core reactor. A representative temperature profile for the furnace 

is shown in Fig. 4.1. This is the actual profile taken by thermocouple 

measurements at 1 inch intervals along the axial dimension of the tube. 

The process tube used was a type 303 quartz tube with VYCOR 

fittings at both the inlet and outlet of the tube. The inside diameter 

of the tube is 1.375 inches or 35 mm. The total length of the tube is 

52 inches with the furnace having a length of 40 inches. The location 

of the furnace barrel relative to the temperature profile is shown in 

Fig. 4.1. 

50 
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A diagram of the complete furnace system is shown in Fig. 4.2. 

This shows the relationship between the various components of the system; 

also, what is required to construct a functioning system utilizing di-

borane as the source of the boron dopant. This type of system could be 

employed with any gaseous impurity source, such as boron trichloride, 

phosphine, etc. However, diborane is the source to be studied in this 

effort,and all of the references will be made to it as the impurity 

source. The actual flow panel used in the diborane system consists of 

Brooks rotameters mounted on a vertical panel with on-off valves mounted 

both before and after them. This allows the changing of a metering tube 

without opening the system to atmosphere. The gas flow after flowing 

through the rotameters is admitted to the mixing manifold,which assures 

that the different gases are well mixed before being admitted to the hot 

diffusion tube. Since it is important to know the flow rate of the vari

ous gases used, the flow rate for a given setting on the rotameter tube 

was determined. This was repeated for several points on the scale, and 

then a least-squares fitted curve was obtained. The results of this 

analysis are tabulated in Table 4.1 for all of the tubes used in the di

borane predeposition system. 

To determine the volume flow rate through a particular rotameter 

the expression listed in Table 4.1 is used with the desired scale setting. 

The scale setting must be greater than 5 or less than 95. This is the 

same range in which the rotameters have their best performance. This 

will give the flow rate of air through the rotameter in cc per minute. 

If it is necessary to know the flow rate for a gas other than air, it 
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TABLE 4.1 

FLOW RATE EXPRESSIONS FOR THE ROTAMETERS USED 
IN THE BORON PREDEPOSITION SYSTEM 

Rotameter Float Gas Flow 
Coefficients for 

Flow Rate = a + bR + cR -1 + dR2 + eR-2 

Number Material Controlled a b c d e 

1. R-2-15-A Glass Inert carrier -199.65 13.12 686.5 -.027 3463 .9 

2. R-2-15-A Stainless 
Steel 

Inert carrier 234.83 15.65 -8246.6 -.002 51359 .9 

3. R-2-15-A Sapphire Inert carrier -404.29 19.10 6031.6 -.0444 -34615 .2 

4. R-2-15-AAA 

5. R-2-15-AAA 

Glass 

Stainless 
Steel 

Doping mixture 
(B2H6 + Ar) 
Doping mixture 
(B2H6 + Ar) 

-13.73 

-50.55 

.499 

1.716 

300.0 

1047.5 

.0012 

.0018 

-1639 

-5758 

.6 

.1 

6. R-2-15-AA Glass Oxygen -.5475 .1271 77.6235 .008 -428 .1 

7. R-2-15-AA Carboloy Oxygen -165.35 4.291 3031.48 .017 -16250 .3 



55 

can be obtained by using the sizing factor listed in Table 4.2. This 

correction is accomplished by 

Gas flow rate = Air flow rate/(Gas sizing factor). 

For reference, the rotameter tubes used for each of the processing gases 

are listed in Table 4.1. It should be noted that the diborane is used 

as a mixture with the actual concentration being 1000 ppm of diborane 

in argon. Thus, the gas properties of the doping mixture are nearly 

identical to those of argon and, when required for any calculation, the 

appropriate values for pure argon will be used. 

From the experience gained through the operation of this system 

during the past four years, selected settings have been determined for 

the various gases used in a boron predeposition run. These are listed 

in Table 3.3, and are designated as Base or Isolation depending on how 

it is employed in the fabrication of a silicon integrated circuit. 

These values will be used to determine the physical parameters of the 

gas stream in the diffusion tube. They were used in Chapter 3 for the 

calculation of equilibrium composition of the gas phase. 

The gases are supplied by the Stores Department of The Univer-

of Arizona in the case of the argon, oxygen and hydrogen. They are 

regular commercial grade gases supplied for general laboratory use. 

The diborane is supplied by the Matheson Company of Newark, California, 

as a mixture. This mixture consists of diborane and argon with a con

centration of 1000 ppm of diborane. 
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TABLE 4.2 

selected sizing factors for the process gases used 

Gas Sizing Factor Pressure Temperature 
(S.F.)p>T P (psi) T(°F) 

Argon 1 6 87 

Oxygen .92 5 87 

Hydrogen .2 11.5 87 

Hydrogen .23 5 87 



57 

.Gas Stream Heating Effects 

For a chemical system which employs an unstable compound such 

as diborane, it is important to know the true temperature profile in 

the gas stream and how it is related to the furnace temperature profile. 

This can be calculated from the physical parameters of the gas stream 

to determine the approximate temperature profile. From this information, 

it is possible to determine the relative importance of this effect to 

the overall system model determination. Assuming laminar flow in the 

diffusion tube and using the work of Sellars, Tribus, and Klein [1956], 

the temperature profile in the gas phase can be determined. This will 

neglect the entrance effects which are minimized by the low Reynolds 

numbers involved. A representative value for the Reynolds number is 

17.0. This was calculated in Appendix B, assuming ideal gas behavior. 

The problem can be stated in the following way: 

T = T(x,r) (4.1) 

v = 2 vm [1 - (r/r0)2] (4.2) 

the energy balance in cyclindrical coordinates with axial symmetry 

is 

3T k 8 I 3T \ ,, 
v 97] <4'3) 

p 

This set of equations was solved by Sellars et al. [1956] for both the 

case of a uniform wall temperature and a linearly varying wall 
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temperature. The availability of these solutions allows the use of a 

piecewise linear approximation for the heating effects in the gas stream 

as a function of the axial position. The solutions of interest are con

sidered in the following sections, the first being the uniform wall 

temperature, and the second being the linearly varying case. 

Case I: Uniform Wall Temperature 

The solution of Eq. (4.3) subject to the condition of a uniform 

wall temperature was obtained by Sellars et al. [1956], It is expressed 

t - t 
s 
t - t s o n=o 

n*r0/ = I Bn(j)n e n ° (4.4) 

where 

<f> = J (f3 —) (4.5a) 
rn o\ n r„ I 

for small r/rQ (near tube center) 

-( 
2 

vl/2 f 3n r ,r s2.1/2 , /n, . ,r . tt ~] 
\ cosl T r3" (1 - > + ̂  arc sin ̂  " 4 j 

itfnf-/ (1 " (f-)2)lm 
ro' ro 

(4.5b) 
for intermediate values of r/r o 

H? v I1/2 n r 3/2 \ 
•  [ f a -  f- > ]  ( - i ) n  j 1 / 3  1 - v -  w  - 1 ; )  j  « . 5 c >  

for r/rQ value near 1 or near the tube wall. 
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rQ = radius of tube 

= .6875 inches 

Also, the variables x, Re, and Pr are the axial distance down the tube, 

the Reynolds number and Prandtl number, respectively. The remaining 

variables in Eq. (4.4) are listed in Table 4.3 [from Sellars et al., 

1956]. 

Case II: Linearly Varying Wall Temperature 

The solution of Eq. (4.3) for the situation of a linearly varying 

temperature results in an expression different from that obtained in 

Case I. This result is 

t 2-uj -t 
m r IRePr | o r (RePr) 768 o oh o o n  ̂p 

n 

(4.6) 

where 
. r RePr 

A = [HA— - T ] • — (4.7) 
® Tq RePr oJ x 

= the slope of the temperature gradient. 

T is the mixed mean temperature of the gas flowing in the tube, 
m 

(-Dn+1 22/3 g1/3 

+ •(1) c,, n n = 0,1,2,...,10 (4.8) 
n r(4/3) 3i/b 



TABLE 4.3 

FIRST TEN EIGENVALUES AND OTHER CONSTANTS FOR EQUATION 4.4 

0 2 2/3 7.1129 +1.47989 

1 6 2/3 44.489 -0.80345 

2 10 2/3 113.785 +0.58732 

3 14 2/3 215.121 -0.474993 

4 18 2/3 348.457 +0.404448 

5 22 2/3 513.793 -0.355345 

6 26 2/3 711.129 +0.318858 

7 30 2/3 940.465 -0.290488 

8 34 2/3 1201.8 +0.267691 

9 38 2/3 1495.1 -0.248895 
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From the work by Sellars et al. [1956], the first ten values of 

- 1/2 Bn̂ (l) are: 

n - 1/2 

0 0.7303 

1 0.53810 

2 0.460074 

3 0.413743 

4 0.381785 

5 0.357853 

6 0.338988 

7 0.323555 

8 0.310596 

9 0.29950 

The remaining variables in Eq. (4.6) have been defined in the previous 

case. 

From the Equations (4.4) and (4.6), the temperature profiles 

in the gas flow can be calculated. From Appendix B the Reynolds number, 

Re, and Prandtl number, Pr, have values of 17.5 and .668, respectively, 

for a temperature of 1350°K and a volume flow rate of 100 cc/sec. For 

Case II, the value A was determined from Fig. 4.3. This is a plot of 

the temperature against a normalized distance variable x , the defini

tion of x+ being 
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With the linearized approximation in Fig. 4.3, the value of A was 

determined to be 2085. The expression for the wall temperature can be 

written as either 

T(x+) = - 1648 + 2085 x+ °C (4.10a) 

or 

T(x+) = - 1275 + 2085 x+ °K (4.10b) 

depending on whether the temperature is to be expressed on the absolute 

or Celsius temperature scale. 

With these results, the wall temperature profile can be 

described by: 

T(x+) = - 1648 + 2085 x+ °C .79 < x+ <_ 1.246 (4-lla) 

T(x+) = 1052 °C 1.246 £ x+ <_ 4.36 (4-llb) 

This includes the isothermal region in which the silicon wafer is pro

cessed. The results for the gas phase temperature profile are plotted 

in Fig. 4.4 with the linearized profile of Fig. 4.3 included for refer

ence. 

From the plotted results, the gas phase temperature profile 

closely approximates the tube wall temperature profile. Since the 

selected operating conditions are extreme values, the actual system 

would have better correspondence between the two temperature profiles. 
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From these results, we see that any temperature gradient effects can be 

considered as second order effects. Thus, they are neglected in this 

study. In other words, it is assumed that the gas phase is in thermal 

equilibrium with the furnace tube wall at a temperature equal to that 

of the tube wall for any selected axial position, x̂ . 



CHAPTER 5 

SURFACE CONCENTRATION MEASUREMENTS 

The construction of the process model for the diborane pre-

deposition process requires knowledge of the boron concentration at the 

surface of the silicon wafer. The technique used to measure the surface 

concentration of the boron should be nondestructive, require no electri

cal contacts to the wafer, provide high accuracy, and should be useful 

on small areas. These are the same requirements which Irvin [1970] 

assigned to the ideal technique for measuring surface concentration. 

The availability of the described technique would be useful in providing 

data on the desired process parameters to determine if a process step is 

functioning as designed. It is the purpose of this chapter to describe 

a measurement technique which seems to have the desired features with 

some limitations. These limitations are described, together with the 

basic theory involved. 

The Plasma Resonance Technique 

In a recent symposium [Marsden, 1970] the state-of-the-art 

in measurement methods for the characterization of semiconductor materi

als and process control were discussed. This included all aspects of 

the problem but the emphasis was on silicon as the primary material. 

It was at this meeting that the first extensive review of surface mea

surement techniques was presented [Irvin, 1970]. From this review the 
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selection of the plasma resonance technique for measuring the boron 

surface concentration seemed appropriate. Although this technique has 

been employed for material characterization using bulk material proper

ties, it has not been used for diffused layers because of the corrections 

required for the non-uniform impurity distribution. In fact only the 

work of Abe and Nishi [1968] has been directed at evaluating diffused 

layers in a silicon substrate. 

Background 

The plasma resonance technique was first described by Spitzer 

and Fan [1957] when they studied the optical constants of semiconductor 

materials. However, this method was not utilized until the early six

ties for the measurement of free carrier concentrations in semiconductor 

materials [Kudman, 1963; Gardner, Kappallo, and Gordon, 1966; Murray, 

Rivera, and Hoss, 1966; Edwards and Maker, 1962; Vavilov, 1960; Kukhar-

skii and Subashiev, 1966]. Since this time, there has been an increased 

interest in the use of infrared reflectance phenomena to measure the 

thickness and doping level of epitaxial layers [Gupta, 1970; Schumann 

and Schneider, 1970; Schumann, Phillips and Olshefski, 1966]. It is 

important to note that all of this work is applied to uniformly doped 

silicon layers. Thus, the assumption that bulk resonance properties ap

ply is applicable. The resulting error is minimal for the case of epi

taxial layers which are several microns thick, but for layers which are 

submicron in depth, the error is not acceptable. The importance of 

including this correction for diffused layers was pointed out by Abe 

and Nishi [1968]. 
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Before discussing the corrections, a brief review of the basic 

theory for plasma resonance phenomena will be provided. Fundamentally, 

this phenomena involves free carrier adsorption in the semiconductor 

material and its effect on the optical properties, i.e., reflectance. 

It is generally accepted [Spitzer and Fan, 1957] that in the wavelength 

range of 2 to 15 microns the primary source of adsorption is by the free 

carriers. Thus, the use of classical theory to obtain the describing 

equations [Moss, 1959] is possible. These equations are: 

n̂  -  =  e  100a t  e "̂[1 + 4(irc t  X )̂̂ ] 
r o 

-1 2 
nk = 100 a X[1 + 4(ire t  X ) ] • (4cir eQ) (5.2) 

(5.1) 

a = y q N (5.3) 

t = m* m ji/q 
n o n (5.4) 

where the various symbols and constants are expressed as 

mn = effective mass of a p-type carrier (hole) 

= 0.37 

m = rest mass of a free electron 
o 

= 9.1091 x 10"31 kg 

q = charge of an electron 

= 1.6021 x 10"19 coul 

_3 
N = free carrier concentration (atoms cm ) 

n = real part of the complex refractive index 

k = imaginary part of the complex refractive index 
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e = relative dielectric constant 
r 

= 11.68 

= dielectric constant of free space 

-12 2 2-1-3 
= 8.854 x 10 sec coul g m 

c = velocity of light 

= 2.997925 x 1010 cm sec"1 

V = hole mobility [Caughey and Thomas, 1967] 

2 
/ i . 447.3 cm ftL N = 4 .7 + „ —— (5.4b) 

tO.76 volt-sec 
1 + f N \ 

16.3 x 10lbl 

The reflectivity from the surface of the silicon can be calcu

lated from Eq. (5-1) through (5.4). For the case of an infinitely thick 

and uniformly doped silicon wafer, the reflectance is obtained from the 

expression 

(n - l)2 
r — (5.5) 

(n + l)2 

where n is the complex refractive index for silicon and is defined as 

n = n - jk (5.6a) 

where n is the refractive index and k is the extinction coefficient of 

silicon at a particular wavelength and carrier concentration. The calcu

lation of the reflectivity for the diffused layer is treated in a similar 



fashion except the multilayer approximation to the impurity distribution 

is used [Abe and Kato, 1965]. This is a standard technique [Born and 

Wolf, 1965] used in the manufacture of thin film multilayer optical fil

ters. Computer programs for calculating the optical properties of these 

filters are available (McKenney, 1971) and are employed to perform the 

reflectance calculation for the multilayer approximation to the diffused 

layer. 

Diffused Layer Model 

For the case of a boron predeposition diffusion and simple dif

fusion theory, the impurity profile is expressed by 

where N is the boron surface concentration 
s 

x is the depth into the wafer perpendicular to the 

surface. (It is assumed that the wafer properties 

are homogeneous in the plane of the wafer, i.e., 

parallel to the surface.) 

2/Dt is the characteristic diffusion length 

t is the time of the predeposition run (hrs) 

2 
D is the diffusion coefficient (cm /hr) 

This impurity distribution can be expressed in a normalized 

form 

N(x,t) = N erfc 
s 

(— 
\2/Dt 

(5.7) 

5%^ * «rfcOO 
ws 

(5.8) 



71 

where a = X , the effective diffusion length. The profile which will 
2/Dt 

be approximated is shown in Fig. 5.1. This represents a predeposition 

diffusion with Ns= 2.5 x 10̂ 0 and a background impurity level of 5 x 10-̂ . 

These conditions are approximately those expected from the experimental 

system described in Chapter 4. However, before the number of layers and 

layer width required to approximate the impurity profile can be deter

mined, it is necessary to know the penetration depth of the incident 

infrared radiation. The penetration depth is defined as the distance 

into the material at which the intensity of wave has been reduced by a 

factor of e This can be expressed as 

(tr-
9 it! 

~ x 
k(x) dx 

o e (5.9) 
~o' 

From which the penetration depth is the value of h, hQ, which satisfies 

the relationship 

f
ho 

k(x) dx = 1 4ir j 
i J 1 jn (5-10) a  ' o  

Case Ij Homogeneous Silicon Layer 

For an infinitely thick, homogeneously doped silicon wafer, the 

extinction coefficient, k(x), is a constant. This allows one to write 

Eq. (5.10) as 
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the values of hQ calculated from Eq. (5.11) using silicon optical parame

ters are plotted in Fig. 5.2. These parameters were calculated from 

Eq. (5.1) to (5.4) for the impurity concentrations noted in Fig. 5.2. 

For specimens which exhibit bulk properties the plasma resonance 

wavelength can be calculated from the carrier concentration. The rela

tionships are 

X = 1.2125 x 1015 (N ) °*5451 + 1.8153 
p p 

for 3 x 1018 < N < 1 x 1020 
o 

or (5.12) 

X = 2.441 x  1010 (N )"0'4828 
p p 

20 20 -3 
for 1 x 10 < N < 5 x 10 cm J 

- p -
where 

Ap is the plasma wavelength in y 

and 

N is the boron concentration in the wafer. 
p 

These equations were reported by Schumann [1970], They are the result 

of a least squares curve fit of the available data for plasma resonance 

in p-type silicon. Using Eq. (5.12), the carrier concentration corres

ponding to 6.50 cm ̂  is 9.6 x lÔ 8 cm This is then the lower limit 

3 1 
of detection whereas the upper limit is 4.9 x 10̂ ® cm at 4000 cm 
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Case II: Nonuniformly Doped Silicon Layer 

For the nonhomogeneous layer, the extinction coefficient is not 

a constant but is a function of the spatial variable, x. This depen

dence is a result of'the variation in the impurity concentration, i.e., 

the impurity profile. However, the condition used to determine the 

penetration depth has not changed from that for the uniform case. How

ever, the functional form of k(x) must be available before Eq. (5.10) 

can be evaluated and h calculated. 
o 

Using the k(x) values calculated f)rom free carrier adsorption 

theory for selected values of impurity concentration, one can determine 

the functional form of k. This requires the assumption of a particu

lar impurity profile, which in this case was an erfc, i.e., Eq. (5.8). 

The carrier concentration values selected were from those used to approx

imate the profile with an assumed surface concentration, Ng, of 2.5 x 

20 3 3 
10 atoms/cm . The background doping level is 4 x 10 atom/cm ; i.e., 

2 - 4  o h m  c m  m a t e r i a l .  T h e  k ( x ) ' s  w e r e  d e t e r m i n e d  f o r  t h e  i n d i c a t e d  

wavelengths and used to prepare Figs. 5.3a and 5.3b. From these figures 

the desired functional form of k(x) can be established for each value of 

X shown. In Fig. 5.3b, the spatial variable is squared whereas it is 

linear in Fig. 5.3a. 

From the graphic representation of the extinction coefficient 

(Fig. 5.3a and 5.3b) it was observed that the general form could be 

represented by a constant multiplied by an exponential term. The general 

form selected was 

, , -ax̂  - 2bx - c /c k(x) = e (5.13) 
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where x is the spatial variable. Using Eq. (5.3), the integration of 

Eq. (5.10) is performed. The results are [Abramowitz and Stegun, 1964] 

r1! 

3/? b2~ac 
i / \ i 2ir a  ̂1/2 . , -1/2, k(x) dx = —e erf (a x + ba ) 

Xa 1/2 
(5.13a) 

2,3/2 ̂  

Xa 1/2 
erf(a1/2ho + ba~1/2) - erf(ba~1/2) 

(5.14b) 

for a 0 

4ir -c -2bx 
e e \J2b (5.15a) 

4 -c 
e 

X/2b" t" '""i 
(5.15b) 

for a = 0 

From Eq. (5.14b) and (5.15b), the depth of penetration for selected 

wavelengths can be calculated. Before this was done, it was necessary 

to have the values of the coefficients in Eq. (5.13). These are tabu-
i 

lated in Table 5.1 for the indicated wavelengths. Coefficients values 

were determined by fitting the curves in Figs. 5.3a and 5.3b. 
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TABLE 5.1 

COEFFICIENTS FOR THE EXTINCTION COEFFICIENT, k(x), 
AT SELECTED WAVELENGTHS. 

X (microns) a 2b c 

5 0.0 3.15 -.694 

10 2.18 0.0 -1.775 

With the values in Table 5.1 and Eq. (5.14b) or (5.15b), the penetration 

depth can be calculated. 

The criterion used to determine the layer width can be expressed 

as 

fW n(x X) dx , 
) 1 i e (5.16) 
o 

where n(x,A) is the refractive index of the layer at the wavelength, X, 

w is the width of the layer, and e is an error limit. Both X and w have 

the same dimension of length. Using an error value, 

e = .01 

The maximum, layer width allowed is 0.006y. This value occurred at a 

wavelength of 2]i and a refractive index value of 3.05. The maximum 
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layer width as a function of L, can be written as 

" 130 0 < l < .6 (5.17) 

In conclusion, the study by Abe and Nishi [1968] uses similar limits. 

With these values, calculations were made to determine the op

tical parameters for an erfc profile. These values were used subsequently 

in a program obtained.from the Optical Science Center of The University 

of Arizona. This program calculated the reflectance from a multilayer 

approximation of the inhomogeneous layer. The results of this calcula

tion are shown in Fig. 5.4. From Fig. 5.4, a shift in the measured re

flection minimum is predicted. This shift is approximately ly for a 

change in the diffusion length from .25y to °°. This is approximately 1/3 

the shift calculated by Abe and Nishi [1968] for a n-type complementary 

error function profile with a change of .58y to 00 in the diffusion length. 

Experimental Verification 

In the preceding sections, the theory of the plasma resonance 

technique was discussed. A consideration of the limitations imposed by 

the inhomogeneous properties of the diffused layer was made. However, 

this would be of little importance if one cannot obtain meaningful 

results in the laboratory. It is the purpose of this section to de

scribe the implementation of this technique to measure surface concen

tration values. 

The measurement system used for this study consists of a Model 

137B Infracord spectrophotometer with a reflectance attachment. The 
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spectrometer is manufactured by the Perkin Elmer Company. The 

reflectance attachment is a Model 7000 IR manufactured by Wilks Instru

ment Company. This attachment was used to obtain a single surface 

reflection which was the compared to the reference beam of the spec

trometer. The difference between the two beam intensities is a measure 

of the surface reflectance from the sample, i.e., the silicon wafer. A 

diagram of the system is shown in Fig. 5.5. 

With the system described above, silicon wafers processed in the 

laboratory were evaluated. This included measurement of the junction 

depth and sheet resistance in addition to the plasma resonance wave

length. X . Determination of A was made from the reflectance vs. 
P P 

wavelength or wave number plot. This plot is provided directly by the 

spectrophotometer. A sample plot is shown in Fig. 5.6. The processing 

conditions used are included. 

In Table 5.2, a comparison of the plasma resonance and x. - p 
j s 

methods for obtaining the surface concentration is made. This table 

includes the predeposition time, junction depth, and sheet resistance as 

well as the surface concentration determined by both methods. The plasma 

resonance values have not been corrected for the inhomogeneous nature of 

the diffused layer (see Fig. 5.4). Application of this correction to the 

values in Table 5.2 results in a predicted boron surface concentration 

20 -3 of ~2.5 x 10 cm . However, for process control and comparison, it is 

convenient to use the uncorrected values. This approach can be used 

since the correction for the concentration is less than experimental 

error (±10%). The results show that the plasma resonance technique 
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TABLE 5.2 

EVALUATION OF THE SURFACE CONCENTRATION MEASUREMENT TECHNIQUES 

Junction Sheet Plasma Surface Concentration 
Run 
Number 

Time 
(Minutes) 

Depth 
(Microns) 

Resistance 
n/Q 

Wavelength 
V 

Xj-Pg 
Method 

Plasma Resonance 
Method Uncorrectd 

801-1 15 ~.16 19 3.5 
21 > 2 x 10 2.4 x 1020 

801-2 15 .16 50 3.8 - io21 2.0 x 1020 

802-1 60 .64 12.5 3.5 > 1021 
20 

2.34 x 10 

803-1 60 .5 10.5 3.8 > io21 20 
2.0 x 10̂ u 

804-1 15 .55 18 3.1 - io21 20 
2.7 x 10 

804-2 15 .25 33 3.3 ~1021 
20 

2.94 x 10 

00 
m 
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measures a lower surface concentration than the conventional x. - p 
J s 

method. Further, this lower value is consistent with the solid 

solubility value for 1050°C (see Fig. 6.1). The same is not true for 

method. 

To further check the sensitivity of the plasma resonance tech

nique, a sequence of runs was performed in which the wafer, following the 

predeposition cycle, was subjected to a second or drive-in diffusion pro

cess. This has the effect of redistributing the boron atoms within the 

silicon and lowering the surface concentration. To minimize the effects 

of the gas ambient, this second diffusion was conducted with only a nitro

gen flow. Results from this test are shown in Table 5.3. In addition to 

the value obtained by the x. - p method. This is in accordance with 3 s 
20 —3 

the statement by Irvin [1970] that "any values over 5 x 10 cm . . 

should be rejected outright" when they are obtained by the x 

TABLE 5.3 

SENSITIVITY OF THE PLASMA RESONANCE METHOD TO 
BORON SURFACE CONCENTRATION CHANGES 

Run 
Number 

Drive-In 
Time 
(min) 

Before 
(cm-ly 

Plasma Resonance Wave Number 

(cm~ly 
After 

1 

2 

30 

30 

2850 

2600 

1450 

1050 



the plasma resonance minimum, the drive-in time is included. From this 

data, the plasma resonance technique is seen to be a sensitive measure 

of a surface concentration change. 



CHAPTER 6 

GAS-SILICON INTERFACE PROCESSES 

The objective of this chapter is to determine the functional 

relationship between the boron concentration in the ga:s ambient and the 

silicon wafer surface. Use of both experimental data and calculated 

results are required. In particular, the boron surface concentration 

which results from a controlled process cycle is determined experi

mentally, whereas the boron concentration or pressure in the gas phase 

is a calculated value using the chemical equilibrium calculation of 

Chapter 3. 

Boron Surface Concentration Values 

The surface concentration values for this study were determined 

from three primary sources. They were: 1) Donovan and Smith [1964], 

2) Duffy, Foy, and Armstrong [1967], and 3) process runs in the experi

mental system described in Chapter 4. The technique used to measure the 

boron surface concentration obtained in the third source is described in 

Chapter 5. For the remaining two sources, it is necessary to review 

critically the reported values. This review is necessary since the tech

nique used to calculate the surface concentration of boron was the sheet 

resistance-junction depth method [Irvin, 1962] . 

Before discussing the values reported, it is desirable to con

sider the assumption required by this method: that the diffused layer 

88 
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has a complimentary error function (erfc) profile. This is a result of 

assuming that the impurity diffusion process is described by Fick's Laws 

[Jost, 1952], However, due to the interaction between boron atoms and 

both the silicon lattice and other boron atoms, this is not the case. 

Rather, there is a marked departure from the erfc profile at the higher 

boron concentration values. This effect was reported by lies and Leiben-

haut [1962] and Dudley [1969] for boron diffusions. 

It is reasonable to assume that for a surface concentration below 

20 
1 x 10 , the sheet resistance-junction depth method gives adequate re-

20 
suits [Irvin, 1970]. However, for values greater than 1 x 10 , the 

assumption of an erfc profile is not reasonable. Thus, an alternate source 

of data is required. This is available from the solid solubility data for 

boron [Vick and Whittle, 1969; Trumbore, 1960; Brown and Kennicott, 1971]. 

For reference, the solid solubility data are plotted in Figure 6.1. The 

sources used are noted in Fig. 6.1. The temperature dependence of the 

solid solubility concentration can be expressed as 

NS(Solid Solubility) = 1.5 x 1020 [1 + 4 x 10~3T] (6.1) s y 

g 
where T is the temperature in °C and Ng is the impurity concentration in 

3 
atoms per cm . 

In this section the data reported by Donovan and Smith [1964] are 

considered. The data were presented in graphical form by both Donovan 

and Smith [1964] and later by Burger and Donovan [1967]. It should be 

noted that Burger and Donovan did not cite Donovan and Smith as the 
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source. This is important since the original paper [Donovan and Smith, 

1964] contains information on the reproducibility of selected process 

runs as well as experimental data from which the surface concentration 

measurements were determined. The worth of this paper in evaluating the 

data was invaluable. For convenience, the data from this source are 

listed in Table 6.1, together with the correct values. The source of 

the correction is indicated in the column headed "Comments". In Table 

6.2 the reproducibility of the 0.005 cc/min diborane flow is shown. This 

was obtained from Table 11 [Donovan and Smith, 1964]. The operating con

ditions used to obtain the results in Table 6.1 and 6.2 are: 

Temperature 1200°C 

Diffusion Time 30 min 

Gas Flow - cc/min 

Argon 1000 + 99 x [Diborane flow]. 

Oxygen 15 

Diborane As listed in Table 6.1 and 6.2. 

From the stated operating conditions, the total gas flow varies from 

1015 cc/min to 1087 cc/min, the change is determined by the diborane 

flow. This flow rate was used to calculate the diborane in parts per 

million and listed in Table 6.1. To assist in converting from diborane 

flow in cc/min to the concentration in ppm, Fig. 6.2 is provided. This 

system was operated in an open tube fashion which removed any back pres

sure effects. "Open tube"is used to mean that the outlet of the diffusion 

tube is not restricted in any way. This is different from the systems 

used to obtain the data for the other sources. These systems have a 
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TABLE 6.1 

BORON SURFACE CONCENTRATION DATA FROM DONOVAN AND SMITH [1964] 

Diborane 
Flow 
[cc/min] ppm 

Surface 
Graph 
[atom/cm̂ ] 

Concentration 
Corrected 

[atom/cm3] 
Comments 

0.005 

0.01 

5 

10 

5xl018 

6,6xl018 

IxlO18 Table 11 [Donovan and Smith, 
1964] 

0.01 20 8.8x1018 

0.05 50 
19 

2x10 

0.1 98 3.2xl019 

0.2 193 
19 

8.1x10 

0.5 470 6xl020 4.2xl020 Solid solubility data 

0.8 735 1.2xl021 4.2xl020 

TABLE 6.2 

REPRODUCIBILITY OF THE BORON PREDEPOSITION PROCESS 
USING A DIBORANE FLOW OF .005 cc/min 

Run 

1 

2 

3 

4 

5 

Background 
Concentration 

Surface 
Concentration 

6.7x10 

5.4x10 

6.1x10 

6.1x10 

6.2x10 

14 

14 

14 

14 

14 

1.2x10 

1.2x10 

1.1x10 

1.0x10 

.9x10 

18 

18 

18 

18 

18 
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Fig. 6.2 Diborane Flow in cc/min versus ppm in the Gas Stream 
as a Function of the Total Gas Flow in cc/min 



definite reduction in the tube size at the outlet, i.e., 35 mm to 6 mm 

reduction in the tube diameter. 

The second source of data was the work reported by Duffy, Foy 

and Armstrong [1967], This is of value for two reasons: 

1. The data as presented can be used to show trends. These 

can be compared to the calculated values. 

2. From corrected values, the data from the other sources 

can be verified as well as providing new information. 

The principle data considered was presented in graphical 

form. It was necessary to obtain the data points shown in Table 6.3 

from this graph. The temperature at which the diffusion was performed 

is indicated in the column entitled "Temperature". The system operat

ing conditions used to obtain the data shown in Table 6.3 are: 

Temperature As shown in Table 6.3 

Diffusion Time 120 min 

Gas Flow - cc/min 

Argon 4800 

Oxygen 200 

Diborane As required to obtain 

the specified concentration. 

It was stated that the argon and oxygen were dried to less than 5 ppm of 

moisture, respectively. 

The final source of data was the experimental system located in 

the Solid State Engineering Laboratory at The University of Arizona. 



5 

10 

15 

20 

5 

10 

15 

20 

30 

40 

5 

10 

20 

40 

50 

60 

80 

TABLE 6.3 

BORON SURFACE CONCENTRATIONS AFTER DUFFY, FOY, AND ARMSTRONG [1967] 

Surface 
Graph 
Atom/cm̂  

Concentration 
Corrected 
Atom/cm̂  

Temperature 
C° 

Comments 

1.5x10 

1.9x10 

3.8x10 

5x10 

19 

20 

20 

20 

6.4x10 

1.25x10 

5x10 

1.25x10 

3.8x10 

8x10 

17 

19 

19 

20 

20 

20 

3.2x10 

3.2x10 

20 

20 

3.8x10 

3.8x10 

20 

20 

1050 

1050 

1050 

1050 

1150 

1150 

1150 

1150 

1150 

1150 

Solid solubility limit for 
this and higher concentra
tions . 

Solid solubility limit for 
this and higher concentra
tions . 

4.2x10 

8.6x10 

2.6x10 

1.85x10' 

3.8x10' 

5x10' 

1x10 

18 

18 

19 

20 

20 

20 

21 
4.5x10 

4.5x10 

20 

20 

1250 

1250 

1250 

1250 

1250 
Solid solubility limit for 
this and higher concentra
tions . vo 

Cn 
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This system was used to verify the surface measurement technique de

scribed in Chapter 5. Also, data points for the operating temperature 

of 1050°C were obtained. This was the only temperature used since the 

system is employed in the regular device processing cycle. The results 

of the runs are tabulated in Table 6.4. For illustration the sheet 

resistance-junction depth (p̂  - x̂ ) method was used to determine the sur

face concentration as well as the plasma resonance technique. The 

operating conditions for this system are: 

Temperature 1050°C 

Diffusion Time 15 min or as noted in Table 6.4 

Gas Flow - cc/min 

Argon 220 + 1000 x [B2H6 Flow] 

Oxygen 5.2 

Diborane as required to obtain the specified concentration. 

From the run results in Table 6.4, it is observed that the sur

face concentration is the solid solubility limit for the plasma resonance 

measurement. The same consistency is not true for the pg - x̂ . method 

which predicted a wide range of surface concentration values. This again 

points out the shortcoming of using the pg - x̂ . method in the higher sur

face concentration region. A second source of error besides the assump

tion of an idealized impurity profile, i.e., erfc, is the error in 

measuring the junction depth and/or the sheet resistivity. For example, 

typical junction depths measured in determining the data for Table 6.4 

were .32p to .72p. The estimated error for these readings is ±.16p which 

is significant. For the sheet resistance data, it is expected that the 
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TABLE 6.4 

EXPERIMENTAL SYSTEM DATA FOR BORON SURFACE 
CONCENTRATION AT 1050°C 

Diborane Boron Surface Concentration 
Run 
Number 

Concentration 
ppm 

p -  X.  
s 3 
Method 

Plasma 
Resonance 
Method 

1 100 >io21 i o in20 3.2 x 10 

2 100 9 x 1020 * o in20 3.2 x 10 

3 100 2.4 x 1020 3.2 x 1020 

4 50 2.4 x 1020 3.0 x 1020 

5 25 1.5 x 1020 3.1 x 1020 

6 100 3.5 x 1020 3.2 x 1020 

7 100 >io21 3.2 x 1020 

8 50 >io21 3.0 x 1020 



measurement error is ±10%. The surface concentration dependence on the 

diborane concentration as determined by these runs is consistent with 

that reported by Duffy, Foy, and Armstrong [1967]. 

Adsorption Isotherm 

The adsorption isotherm can be determined from the graphical 

representation of boron surface concentration vs. boron gas-phase pres

sure. This is done by using one of the numerous adsorption isotherms 

[Everett, 1950; Drauglis, Gretz and Jaffee, 1969; Goldfinger, 1970; 

Bikerman, 1970; Rose, 1961] described in the literature. For this study 

the so-called Freundlich isotherm was selected. This isotherm is stated 

as 

N = a (6.2) 
s 

where a and 3 are empirical constants. Discussion of the assumptions 

used in the development of the Freundlich isotherm is available [Hay-

ward and Trapnell, 1964]. The use of other isotherms which require 

specific models of the surface in their development was considered. 

However, the elevated temperature of operation has a smearing effect on 

the surface features. This tends to remove surface inhomogeneity, i.e., 

variations in adsorption rates at different sites on the surface, which 

were used to establish the original model. Further, it was desirable to 

have a simple representation of the adsorption isotherm rather than a 

complex expression. 

The surface concentration data to be used in determining the 

adsorption isotherm parameters were tabulated [Tables 6.1, 6.3, and 6.4] 

earlier. The corresponding boron pressure data is listed in Table 6.5 
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TABLE 6.5 

EFFECTIVE BORON PRESSURE FOR SELECTED DIBORANE 
CONCENTRATIONS AND TEMPERATURES 

Diborane Boron Pressure - atm 
Concentration Temperature 

ppm 1050°C 1150°C 1200°C 1250°C 

5 8.8xl0"6 

10 1.74xl0~5 1.74xl0~5 

20 3.00xl0"5 3.47xl0~5 

50 5.4 xlO-5 8.8xl0~5 8.8xl0~5 

100 7.8 xlO-5 1.70xl0~4 1.7 3xl0~4 

200 1.10xl0~4 2.94xl0~4 3.42xl0"4 

500 1.7 xlO"4 4.7xl0~4 7.00xl0~4 8.5xl0~4 

for the operating temperatures of 1050°C, 1150°C, 1200°C, and 1250°C. 

These are to be used in conjunction with the surface concentration to 

obtain the graphical representations. This is shown in Figs. 6.3, 6.4, 

6.5, and 6.6 for the operating temperatures of 1050, 1150, 1200, and 

1250°C, respectively. 

Using these figures the empirical constants in Eq. (6.2) can be 

evaluated. This was done for the four operating temperatures stated. 

The results for a and 3 are listed in Table 6.6. The corresponding 
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TABLE 6.6 

VALUES OF THE EMPIRICAL CONSTANTS IN THE FREUNDLICH ISOTHERM 

Temperature a 3 Pressure Range 
°C atoms/cm̂  (atm) 

1050 1.57xl040 4.2 P ;< 2.0xl0~5 

1150 1.6xl034 3.19 Pj<4.7xl0~5 

1200 2xl021 1 P ;< 10"3 

28 -4 
1250 3.7x10 2 P < 1.1x10 
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curve is shown in each figure as a solid line approximation to the 

plotted data points. It is noted that the Freundlich isotherm only 

applies in the region below solid solubility. This requires the speci

fication of the pressure range in which the isotherm is valid. For 

higher pressures the surface concentration is independent of the pres

sure and is given by Eq. (6.1). 

From the results in Table 6.6, the following conclusions can be 

made: 

1. For the boron-silicon system, the adsorption isotherm can be 

described as a Freundlich type. This applies for concentra

tion values below the solid solubility limit. 

2. The dependence of the boron surface concentration on the boron 

pressure appears to be very system dependent. This is demon

strated by comparing the 1200°C results to the 1150°C and 

1250°C results. However, it should be noted that by decreasing 

the boron concentration by a factor of 10, or increasing by a 

factor of 10, the boron concentration for the data in Table 6.3 

shows considerable improvement in the agreement between the 

three adsorption isotherms. But there is not sufficient data 

available in either of the source articles to determine if there 

was an error of this nature. 

3. Control of the boron surface concentration below the solid solu

bility limit is better at the higher operating temperatures. 

This is a result of the decrease in the slope of curve which 

makes it less sensitive to small changes in the boron pressure. 
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4. The boron concentration required to achieve solid solubility 

conditions increases as the temperature increases. 



CHAPTER 7 

THE PROCESS MODEL 

The overall purpose of the process model sought in this study 

is one of representation. The model should represent'a composite of 

the solutions obtained for the gas phase dynamics, gas-solid interface 

processes, and boron diffusion dynamics in the silicon wafer. The 

term "general" model implies that the resultant model should not be 

limited to a specific system but useful for a general class. By 

representation, it is implied that whenever possible there should be 

a correspondence between model parameters and the physiochemical pro

cesses being described. For assistance in visualizing the process 

model, a block diagram of the model is shown in Fig. 7.1. This pro

vides a guide to how the various parts fit together, and what informa

tion is required. The various blocks are easily identified with the 

associated chapters, i.e., Block 1 with Chapter 3, Block 2 with Chap

ters 2 and 3, Block 4 with Chapter 5 and 6. Block 3 combines informa

tion from Block 2 and Block 4 in the diagram. It was analyzed in 

Chapter 6. Using the results from the different chapters, the com

plete process model can be defined. It is the purpose of this chapter 

to provide this definition for the isothermal condition. The tempera

tures used are those for which data were available: 1050°C, 1150°C, 

1200°C and 1250°C. 
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The model for the predeposition step can be considered as two 

parts. These are identified as 1) Z^CB), and 2) G^CPg). A symbolic 

model is presented in Fig. 7.2. For the first function the results of 

the chemical equilibrium calculations are used. This determination is 

accomplished by using a least squares fitting routine to obtain the best 

fit to the data. The function relationship is 

where [B] is the diborane concentration in the starting mixture in ppm. 

For the second function, G_(P„), the results of the adsorption-solid 
r d 

solubility isotherms (Figs. 6.2 through 6.5) are used. The dependent 

source, C_(PT>), is determined by the adsorption isotherm below solid 
r J5 

solubility. The diode serves as a clamp to limit the boron surface con

centration to the solid solubility limit value, this value being deter

mined by the operating temperature of the system. The analytical 

expression for the dependent source is 

= a + 3[B]-1 + y[B] 2 + 6[B]~3 + e[B] (7.1b) 

N ' 
c (P ) = Y-

B 

(7.2a) 

= aP. ,0-1 (7.2b) 
B 

where the Freundlich type of adsorption isotherm has been used. Eq. 

(7.2b) applies in the region below solid solubility. 
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[B] =» Boron concentration in the input gas - ppm 

P„ = Boron pressure at the operating temperature - atm 
D 

Nb = Boron surface concentration at the silicon surface 
s 

C n Dependent generator, CT(Pg), Eq. (7.2) 

D = Clamp diode, Eq. (6.1) 

Ki 

Fig. 7.2 Symbolic Model for the Boron Predeposition Process 



Ill 

The models developed in this study describe a steady state pro

cess. Thus, they cannot be used to describe the time dependent parame

ters of the system. For the system under study, this was not a problem 

since it reached steady state in a fraction of the time used for the 

process run. A second precaution is that the model is valid only 

over the parameter ranges used to construct it. This is important at 

the lower concentration values since other processes become important. 

For example, the surface reaction rates and their influence on the boron 

concentration are much more important at these lower concentrations since 

the silicon dioxide layer formed is a more efficient mask against the 

boron diffusion. 

Isothermal Process Models 

For the models described above, the parameters were determined 

for each of the temperatures: 1050°C, 1150°C, 1200°C, and 1250°C. The 

results are listed in the following tables. The surface concentration 

range for which the model is valid is listed as well. 

To demonstrate the use of this model, the following example is 

included: 

Calculate the diborane flow required to obtain a boron surface 

18 
concentration of 10 at an operating temperature of 1150°C. Writing 

Eq. (7.2) with the appropriate values from Table 7.2 results in 

N = 1.6 x 1034 P3*19 (7.3) 
s 15 
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Rearranging Eq. (7.3) to solve for the boron pressure, P_, or 
D 

log P_ = 
B 3.19 

log 
1.6 x 10 

34 
(7.4) 

Solving Eq. (7.4) with the desired surface concentration determines the 

boron pressure, or 

P_ = 8.3 x 10 ̂  atm 
D 

(7.5) 

Using the values tabulated in Table 6.5 and Eq. (7.5), the 

diborane concentration required is 5 ppm. This together with Fig. 6.2 

determines the diborane flow required for a particular total flow rate 

in the predeposition system. 
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TABLE 7.1 

STATEMENT OF MODEL PARAMETERS FOR 1050°C 

Inert carrier gas flow 

Oxygen concentration 

Hydrogen/Boron ratio 

Operating Conditions 

250 cc/min and 5000 cc/min 

2% to 4% 

3:1 

Z1050(B): 

a = 4.26 x 10 
-7 

3 = 4.11 x 10 
-5 

Y = -4.12 x 10 

5 = 1.2 x 10~3 

e = -3.33 x 10 

-4 

-10 

Model Parameters 

C1050^PB): 

B = 4.2 

a = 1.57 x 10 

Surface concentration 

40 

Variable Limits 

1.5 x 10^ to 3.2 x 10^® atoms-cm 3 
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TABLE 7.2 

STATEMENT OF MODEL PARAMETERS FOR 1150°C 

Inert carrier gas flow 

Oxygen concentration 

Hydrogen/Boron ratio 

Operating Conditions 

5000 cc/min 

4% 

3:1 

Z1150(B): 

a = 1.80 x 10 

= 5.42 x 10 

-6  

y = -1.12 x 10 

6 = 4.25 x 10"4 

-4 

E = -1.74 x 10 
-9 

Model Parameters 

C1150^V: 

3 = 3.19 

34 
a = 1.6 x 10 

Surface concentration 

Variable Limits 

6.4 x 10*7 to 3.8 x 1020 atoms-cm ^ 



115 

TABLE 7.3 

STATEMENT OF MODEL PARAMETERS FOR 1200°C 

Inert carrier gas flow 

Oxygen concentration 

Hydrogen/Boron ratio 

Operating Conditions 

1000 + 99 (Diborane Flow) cc/min 

1.5% 

3:1 

Z1200(B): 

a = 1.99 x 10 
-6  

-5 
3 = -1.35 x 10 

y = 1.81 x 10~4 
6 = -5.97 x 10 

0 = -1.13 x 10 

-3 

-9 

Model Parameters 

C1200^V: 

3 = 1.0 

21 
a = 2 x 10 

Surface concentration 

Variable Limits 

1 x 10^® to 4.2 x 10^® atoms-cm ^ 
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TABLE 7.4 

STATEMENT OF MODEL PARAMETERS FOR 1250°C 

Inert carrier gas flow 

Oxygen concentration 

Hydrogen/Boron ratio 

Operating Conditions 

5000 cc/min 

4% 

3:1 

Model Parameters 

Z1250(B): 

a = 1.69 x 10~6 

B = 4.36 x 10"6 

Y = -6.58 x 10"5 

S = 2.30 x 10"4 

E = 2.48 x 10"12 

C1250(PB): 

3  =  2 . 0  

28 
a = 3.7 x 10 

Surface concentration 

Variable Limits 

4.2 x 1018 to 4.5 x 1020 atoms-cm ^ 



CHAPTER 8 

CONCLUSIONS 

The objective of this study was to establish the feasibility 

of modeling the boron predeposition system used in the fabrication 

of monolithic integrated circuits. It has been demonstrated that a 

model can be constructed for a specific process sytem. However, lack 

of reliable surface concentration data was a major problem in the 

model construction. An improved method for obtaining the boron surface 

concentration was developed. 

The gas phase reactions were assumed to be homogeneous. Further, 

it was assumed that the chemical composition was determined by the chem

ical equilibrium state of the system. This provided a method of relating 

the input parameters of the gas stream to the chemical composition in the 

vicinity of the wafer. For a specific system this relationship can be 

approximated by a least squares fit to obtain a polynomial expression. 

This reduces the complex problem of solving for the chemical equilibrium 

state to an expression which is amenable to hand calculation. 

The gas-silicon interface processes were modeled using the effec

tive boron pressure. This utilized the surface concentration versus the 

boron pressure plot to obtain a relationship between the two parameters. 

The analytical form was assumed to be of the "Freundlich" type. For the 

available data this was a reasonable approximation. 
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Implications of the results from this study to silicon device 

processing are listed below. 

1. Selection of the high purity gas sources for use in the boron 

predeposition system requires great care. This is particularly 

true for a system which is being used to obtain boron surface 

concentrations below the solid solubility limiting value. 

Specifically, it is important to identify any impurity in 

the gas which would serve as a source of hydrogen during the 

predeposition system operation. 

2. Control of the gas stream composition is useful as a method 

to minimize the temperature variation of the boron pressure in 

the gas phase. This reduces the control of the boron pressure 

to one of controlling the diborane flow alone and provides a 

means of realizing the lower boron pressures. 

3. Measurement of the boron surface concentration by a non

destructive method is possible and is amenable to in-process 

monitoring. This technique is the plasma resonance method 

which is quick, accurate, and simple to perform. 

4. Modeling of the CVD processes used in integrated circuit 

fabrication is shown to be possible for the specific process of 

boron predeposition using the gaseous source - diborane. This 

model together with the ability to control the boron pressure 

provides the integrated circuit manufacturer with a new approach 

to achieving an optimized circuit performance. This model also 

provides a better understanding of the system operation and how 

it can be improved. 



The major contributions to the knowledge of the area from this 

study are summarized below. 

1. Examination of the chemical principles underlying the calcu

lation of the chemical equilibrium state was performed. This 

resulted in the development of a computer algorithm which 

performs this calculation for a multiphase system. In particu

lar, the calculations for the boron-hydrogen-oxygen-inert 

carrier gas system are unique. 

2. Calculation performed for the boron-hydrogen-oxygen-inert 

carrier gas system predicted a high sensitivity to any excess 

hydrogen present in the supply gases. By excess hydrogen, it 

is meant that the boron to hydrogen ratio is different from 

1 to 3 or is 1 to 3 + £ where e is the hydrogen from all sources 

other than diborane. The effect of only a few ppm of hydrogen 

impurity in the gas supply was shown by calculation to have a 

saturation effect on the boron pressure. This effect was present 

throughout the temperature range studied. Under these same con

ditions there was no formation of boron glass. The reverse 

process or removal of the deposited boron glass from the walls 

of the diffusion tube has been accomplished. This was done by 

flowing an inert gas, argon, through a water washing flask. 

This additional water serves as the source of excess hydrogen. 

3. A method to measure the boron surface concentration was de

veloped. It is a new application of the plasma resonance 

technique and has several advantages over the other available 
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methods. Among these are accuracy, non-contact with the sample, 

and simplicity of operation for the actual measurement as well 

as being non-destructive. 

4. Using the boron pressure and surface concentration, the gas-

silicon interface processes were modeled. This model was ex

pressed as a "Freundlich" type for surface concentrations below 

the solid solubility limit. The complete interface process 

model incorporated the solid solubility limit as well. 

5. A complete process model was developed. It relates the input 

variables, i.e., gas flow rates, system temperature, and boron: 

hydrogen ratio, to the resultant boron concentration. This is 

a specific system model; however, it provides a useful engi

neering description of the system performance. For example, 

higher system operating temperatures reduce the rate of changes 

in the boron surface concentration obtained by changing the 

diborane concentration. 

This study shows that it is feasible to model the chemical vapor 

deposition processes used in the fabrication of silicon integrated cir

cuits. Specifically, the boron predeposition system was modeled. 

Results from this study provide a starting point from which further 

research can be performed. Areas which are. recommended for future 

research are summarized below. 

1. The design and construction of an experimental furnace system 

to study the chemical processes. This system would consist 



of the actual furnace or reaction zone together with analysis 

equipment consisting of a mass spectrometer and sampling port. 

The furnace design should be such that the temperature profile 

can be controlled in both the spatial and time dimensions. 

Spatial dimensions are considered to be both axial and radial. 

The availability of this "real time" analysis system would 

provide a means of describing the chemical processes involved 

and pf identifying the critical reaction paths. 

A theoretical and experimental study of the gas-silicon inter

face processes. This is required to identify dominant processes 

and critical system parameters. The experimental system required 

for this program would be similar to that described in the pre

ceding section. A modification would be to include some means of 

obtaining the adsorption isotherm. 

Application of the plasma resonance technique for measuring sur

face concentration to other related process parameters. An 

example is the development of Ap - - x^ charts for p-type 

diffusions. These would allow the determination of any one 

parameter from a measurement of the other two. The object of 

this endeavor is to develop non-destructive laboratory tech

niques which are useful in both a research and development or 

production semiconductor facility. 

Application of the techniques developed in this study to other 

chemical vapor deposition processes. For example, there is a 



requirement to obtain similar process models for the phosphorous 

predeposition systems used in the fabrication of integrated cir

cuits. 

The computer algorithm to calculate chemical equilibrium com

position should be modified. This modification is to allow 

mixed condensed phases and provide a way in which reaction 

dynamics can be included. This second modification is impor

tant if the oxidation process becomes significant in the 

process being modelled. These changes would provide a better 

process simulation. 



APPENDIX A 

COMPUTER PROGRAM FOR CHEMICAL EQUILIBRIA CALCULATION 

The purpose of this section is to provide a description of the 

computer program used to calculate the chemical equilibrium composition. 

This information is provided in two parts. First, the program is 

described and input data requirements stated. The second part contains 

the program listings and output for this program. This program is 

coded in Fortran IV and was used on a 6400 computing system. 

CHEMEQ and Related Programs 

The chemical equilibrium calculations were accomplished with 

the algorithm developed in Chapter 2. This algorithm was coded for com

putation using a main calling program and several subroutines or sub

programs. These are listed in Table A-l. 

The data required to perform the equilibrium calculation using 

the program, CHEMEQ, are described below. 

First Card: 

This supplies the number of phases, IPH, to be considered and 

number of chemical species, M(IB), in each phase. The format 

used is 1112 with IPH in the first position on the card; M(IB) 

values are given in the next ten positions with the gas phase 

M(l), being first. 
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TABLE A-1 

PROGRAMS USED IN CHEMEQ 

Main Program: CHEMEQ 

Subprograms: CHEMRE 

ERR 

GIBBS 

MOLE 

COMP 

FREE 

ANLYZP 

PRINT 

SUMARY 
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Second Card: 

This provides the following data using a format of F5.1, 

212, F10.0: 

P - System pressure in atmospheres, 

JJ - Number of chemical elements, 

M - Number of chemical species, 

TE - System temperature (°K), 

Third Card to M(IB) Card: 

This contains all the thermochemical and chemical data for 

the chemical species included in the study. There is one 

card per specie; they are grouped by phase. The particular 

data supplied are described in Table A-2. This data card is 

repeated M(IB) times for phase IB. 

M(IB+1) Card: 

This supplies the initial guess for specie concentration, 

X(I,IB), in phase IB. There are 8 species per card using 

a format of E10.5. This card is repeated until there are 

M(IB) data positions. Following the reading of the last 

X(I,IB) value in the first phase, the chemical species and 

concentrations for the next phase are read. When IB equals 

IPH, the data input is complete and computation is initiated. 
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TABLE A-2 

FORMAT USED FOR THE THERMOCHEMICAL AND CHEMICAL DATA CARDS 

Pro gram 
Symbol Meaning 

Column 
Location Format 

Alpha (I) 

B(I»K,IB) 

NA(I,IB), 
NAM(I,IB), 
NAME(I,IB) 

PH(I,IB) 

Y(I,IB) 

H(I,IB) 

Phase index, gas phase = 1 

and non gas ̂  1. 

Chemical Formula 

coefficients for 

elements: 

Boron, K=1 

Hydrogen, K=2 

Oxygen, K=3 

Silicon, K=4 

Argon, K=5 

IB is the phase index. 

Descriptive title of 

chemical specie 

Phase 

Free Energy Function 

Enthalpy of formation 

2-11 

2-3 

4-5 

6-7 

8-9 

10-11 

12-41 

42-51 

52-61 

62-71 

II 

512 

12 

12 

12 

12 

12 

3A10 

A10 

F10.3 

F10.3 



CHEMEQ Program Listings 



000003 

000003 
000003 
000003 
000004 
000005 
000006 
000007 
0 0 0 0 1 0  
0 0 0 0 1 1  
0 0 0 0 1 2  
000013 
000015 
0 0 0 0 1 6  
000022  
000024 
000025 
000026 
000027 
000030 
000031 
000032 
000033 
000034 
000035 
000036 
000037 

PROGRAM CHEMEQ (INPUT * OUTPUT» TAPE5= INPUT * TAPE6= OUTPUT) 
OCOMMON /CHEM/ Y(40*10)* A(40*10)* XX(40)* LOC(40)* CK(40)» 
1NA(40*10)* NAM(40*10)» NAME(40*10)» PH(40*10>* FSP(40)» C(40)» 
2 TE* JJ* M» P* CHECK* YERR» IPH* DFL* TXLAM» 
3 FE(40*10)* GE(40* 10)» X(40»10)* XP(40*10)* XXP(40»10)» H(40*10)» 
4 T(10»10)» B(40*10*10)» XT(10*10)* DN(40*10)* 
5 ALPHA(40)* XBAR(10)* XBARI(10)* FS(40»10)* IM (10)*BJ (10»10) 
6*IN*XLAM(30*5) 
COMMON /SUM/ PRES(50*10)* TEMP(50)* IT 
INTEGER ALPHA 
DFL= 0. 
IT= 0 
INN= 0 
IN= 1 
CHECK= 50. 
CALL CHEMRE 
CALL PRINT 
INN= 2 
DFL= 2. 

20 IN= 1 
IF (INN.GT. 1) IN= 2 
CHECK= 50.0 
CALL CHEMRE 

GIBBS 
FREE 

ANLYZP 
PRINT 
0. 

CALL 
CALL 
CALL 
CALL 
CONV= 
CALL 
CALL 
CALL 
CALL 
CALL 
CALL 

COMP 
FREE 
ANLYZP 
ERR 
MOLE 
PRINT to 

CO 



000040 IF ( YERR .GT. l.E-20) 60 TO 3 
000044 CALL SUMARY 
000045 CHECK= 50.0 
000047 CALL PRINT 
000050 INN= 2 
000051 IF(TE.LT.1700.) GO TO 20 
000054 700 WRITE (6*100) 
000060 100 FORMAT (1H1 » ////) 
000060 101 FORMAT ( F8.2, 7(2X» E16.8)) 
000060 JJJ= JJ-l+IPH 
000063 DO 5 1= 1» IT 
000064 5 WRITE (6,101) TEMP(I), (PRES(I»IX)» IX= 1, JJJ) 
000105 STOP 
000107 END 

to 
vo 



SUBROUTINE CHEMRE 
CCOHMCN /CHEM^ Y(£*0,10), A(£t(3,lC), XX(tfO), LOCt^O), CKUO), 
1NA C+0 > 10 ) , NAMCfO >10) , NAME(M2,10) , PH(tfO,lQ), FSP(W, C(**0), 
2 TE, JJ, M, f, CHECK, YERR, IPH, DFL, TXLAM, 
3 PEC»3,10), GECtG,lG), XU0,10), XP(i*0,10), XXP(tfO,lG), H(if0,10), 
k T(10,l0), B C+0,10,10) , XT(10,10 ) , DN(i+G,10), 
5 AL3HA(£*0), XBAR(IO), XBARI(IQ), FS(<f0,10), IM <10 ) , BJ (10 , 10) 
6,IN,X1_AM(3G,5) 
INTEGE? ALPHA 

50 Q FORMAT ( F5.1, 12, 12, F1Q.Q) 
501 FORMAT (Tl, 5^2.0, A10, A10, A10, A10, 2F10.3) 
502 FORMAT (8E1C.5) 
507 FORM 5T (SE10.5) 
50U F O R M A T  ( <+0I2) 

TPCDFL.GT. 1.) GO TO 5 
STE°= 1. 
"EAO (5,5QO IPH, ( Ili( I), 1= 1, 10) 
PEAO (5, 500 ) P,JJ, M, TE 

5 HO3 18= 1, TPH 
T1T "= IM(.IB) 
IFfOFL.GT.1.) GO TO 6 

0REAO (5,501) (ALPHA(I),(B(I,K,IB), K=l,5>, NA(I,IB) , 
1NAM(I,IB), NAME(1,11), PH<I,IB), Y(I,IB), H(I,IB), 1= 1, MI) 
GO TO 7 

6 IF(ECF,5) 9,8 
8 PF AO (5, 505) (Y(1,13),TE,I-1,MI) 

505 FORMAT(51Y,F10.3,10X,F5»0) 
7 IF(IN.GT.l) GO TO U 

READ (5,503) (X(I,IR), 1= 1, MI) 
GO TC 3 

k IF(I".LT.2) GO TC 3 
THE USE OF M ALLOWS THE DELETION OF THE SOLID PHASE FROH THE NEXT 
TFMPEfATURE IN'TERATICN IF M GREATER THAN 1 



000173 IF(M.GT. 1) GO TO 3 
000176 IF(STE P.LT. 1.5) GO 
000200 X(I,IB)= 0.5*XCI, IB) 
000205 3 CONTINUE 
000210 L= JJ + IPH 
000211 00 2 I- 1, L 
000213 no 2 K= 1, L 
000?lt» MI,K)= 0.0 
000220 2 CONTINUE 
000225 DO 1 K= 1, JJ 
000226 DO 1 18= 1, IPH 
000227 MI= IM(IB) 
000231 00 1 1= 1, MI 
000233 FS(T,in)= C. 
000237 XXP(I,IB)= 0. 
00 02^2 FE<I,IB) = O. 
0002^6 GE (I> IB) = 0. 
000251 yLflM(I,in)= 0. 
00025U 1 CONTINUE 
000263 YEPR= 7777, 
00026*> OFL= Q. 
000265 STEP = STEP+1. 
000267 RETURN 
000267 9 CALL EXIT 
00027C END 

CO 



000002 

000002 
000006 
000006 
000010 
000011 
000013 
000015 
000017 
000031 
000036 
000041 
000042 
000042 

SUBROUTINE ERR 
OCOMMON /CHEM/ Y(40»10)* A(40*10)* XX(40)* LOC(40)» CK(40)» 
1NA(40*10)* NAM(40*10) * NAME(40»10)» PH(40*10>* FSP(40)> C(40)» 
2 TE* JJ* M* P* CHECK* YERR* IPH* DFL» TXLAM• 
3 FE(40*10)* 6E(40* 10)» X(40»10)» XP(40*10)* XXP(40»10)» H(40*10)* 
4 T(10*10)» 8(40*10*10)* XT (10 * 10)* DN(40*10)» 
5 ALPHA(40)* XBAR(IO)* XBARI(10)* FS(40*10)» IM(10)»BJ(10* 10) 
6*IN*XLAM(30*5) 
-THIS ERROR CRITERION IS BASED ON THE FREE ENERGY OF THE SYSTEM 
IF(DFL.GT. 1.) GO TO 3 
FREN= 0. 
FS(39*4)= FREN 
FREN= FS(JJ*1) 
DO 2 IB= 2* IPH 
MI = IM(IB) 
DO 2 1= 1* MI 
FREN= FREN • X(I * IB)*GE(I * IB) 
CONTINUE 
YERR= (FS(39*4) - FREN)**2 
FS(39*5)= FREN 
RETURN 
END 

u> 
M 



000002 

SUBROUTINE GIBBS 
OCOMMON /CHEM/ Y(40*10)* A(40*10)* XX(40)* LOC(40)» CK(40>* 
1NA(40* 10)* NAM(40* 10)» NAME(40*10>* PH(40*10)* FSP(40)* C(40)* 

000002 
000004 
000006 
0 0 0 0 1 0  
0 0 0 0 1 2  
000014 
000020 
000024 
000036 
000043 
000044 

2 TE* JJ» M* P* CHECK * YERR* IPH* 
3 FE(40*10)• GE(40 * 10)• X (40 *10) * 
4 T(10»10)* B(40*10*10) » XT ( 10*10 
5 ALPHA(40)* XBAR(IO)• XBARI (10) * 
6 *IN»XLAM(30 *5) 

DFL* TXLAM» 
XP(40* 10)* XXP(40*10)* H(40 * 10)* 
I» DN(40 * 10)* 
FS(40* 10) * IM(10)*BJ(10*10) 

BETA= L./L.98726 
TEMPI= 1000.*BETA/TE 
DO 1 IB= 1 *IPH 
MI= IM(IB) 
DO 1 1= 1* MI 
IF(Y(I*IB).LE.O.) GO TO 3 
Y(I * 18) = -Y(I * IB) 
GE(I»IB)= Y(I * IB)*BETA «• H(I* IB)*TEMPI 
CONTINUE 
RETURN 
END 

LO 
LO 



000002 

000002 
000004 
000006 
0 0 0 0 1 0  
000021  
000024 
000026 
000027 

SUBROUTINE MOLE 
OCOMMON /CHEM/ Y(40»10)* A(40*10)* XX(40)» LOC(40)* CK<40)» 
1NA(40* 10)» NAM(40*10)* NAME(40*10)» PH(40*10)* FSP(40)» C(40)* 
2 TE» JJ* M* P* CHECK* YERR* IPH* DFL• TXLAM* 
3 FE(40*10)* 6E(40*10)* X(40»10)» XP(40*10)* XXP(40»10)» H(40*10)* 
4 T(10*10>* B(40 *10*10)* XT(10*10)» DN(40*10)* 
5 ALPHA(40)* XBAR(IO)* XBARI(10)» FS(40»10)* IM(10)»BJ(10.10) 
6*IN»XLAM(30*5) 
DO 1 IB = 1* IPH 
MI= IM(IB) 
DO 2 1= 1* MI 
XXP(I» IB)= X(I»IB)*XBARI(IB) 

2 CONTINUE 
1 CONTINUE 
RFTURN 
END 

OJ 
•IN 



000002 

000002 
000002 
000004 
000006 
000010 
000012 
000020 
000023 
000026 
000027 
000045 
000050 

000065 
000067 
000071 
000103 
000106 
000107 
000110 
000111 
000116 
000122 
000123 
000124 
000127 
000132 

SUBROUTINE COMP 
0COMMON /CHEM/ Y(40*10)» A(40*10>* XX(40)* LOC(40)» CK(40)» 
1NA(40*10)* NAM(40*10) * NAME(40*10)* PH(40*10)» FSP(40)» C(40)» 
2 TE* JJ* M* P* CHECK* YERR* IPH* DFL* TXLAM* 
3 FE(40* 10)* GE(40*10)» X(40»10)» XP(40»10)» 
4 T(10*10)* B(40*10*10)* XT(10*10)* DN(40,10) 
5 ALPHA(40)* XBAR(IO)* XBARI(10)* FS(40*10)» 
6*IN* XLAM(30 *5) 
INTEGER ALPHA 
QQ= -1. 

14 DO 8 IB= 1* IPH 
MI= IM(IB) 
DO 2 1= 1* MI 
XP(I * IB) = X(I * IB) 
IF (QQ.GT. 0.) GO TO 12 

1) GO TO 9 
JJ 
• XX(K)«B(I*K*IB)*XP(I*IB) 

XXP(40*10)* H(40*10)* 
* 
IM(10)*BJ(10*10) 

IF (IB.GT. 
DO 1 K= 1* 
XSUM= XSUM 

1 CONTINUE 
X(I * IB)= -FE(I * IB) 

2 CONTINUE 
DO 4 1= 1* MI 
ON(I * 18)= X(I * IB) - XP(I*IB) 

4 CONTINUE 
STEP= 10. 
XXT= 0. 
DO 3 1= 1* MI 
IF (XXT .LE. X(I * IB)) GO TO 3 
XXT= X(I * IB) 
IXX= I 
STEP= 5. 

3 CONTINUE 
IF(STEP .GT. 7.) GO TO 10 
TXLAM= -.99«XP(IXX*IB)/DN(IXX*IB) 

• (XX(JJ+IB) • 1•)*XP(I * IB) • XSUM 

u> 
Ln 



000141 GO TO 7 
000142 10 TXLAM= 1. 
000144 7 CONTINUE 
000144 12 QQ= -1. 
000146 DO 8 1= 1, MI 
000147 X(I•IB)= XP(I«IB) • TXLAM^DN(I 9 IB) 
000160 IF (XP(I * IB) .GE. 1.E-08*XBAR<IB)) GO TO 5 

C THE ERROR CONVERGENCE HAS BEEN MODIFIED ON THE E-8 VALUES 
000166 IF (X(I 9 IB) .LT. .0001»XP(19 IB)) GO TO 6 
000175 IF (X(19 IB) .LE. 10000.»XP(19 IB)) GO TO 8 
000203 GO TO 6 
000203 5 IF (X(I 9 IB) .LT. 0.135335»XP(19 IB)) GO TO 6 
000214 IF (X(19 IB) .LE. 6.389*XP(I 9 IB)) GO TO 8 
000222 6 TxLAM= 0.8*TXLAM 
000224 GO TO 7 

C THE CORRECTION TERM FOR THE SOLID PHASES HAS BEEN MODIFIED TO INCL 
C UDE THE STEP FACTOR FROM THE GAS PHASE CALCULATION — TXLAM 

000224 9 X(19 IB)= XP(l9lB) +TXLAM*XX(JJ+IB) 
000236 8 CONTINUE 
000243 DO 13 IB= 29 IPH 
000245 MI= IM(IB) 
000247 DO 13 1= I9 MI 
000251 IF ( X(19 IB) .GE. 0.) GO TO 13 
000255 DO 15 MX= 29 IPH 
000257 MII= IM(MX) 
000261 DO 15 11 = 19 Mil 
000263 X(II9MX)= XP(II*MX) 
000273 15 CONTINUE 
000300 TXLAM= -.99»XP(19 IB)/XX(JJ + IB) 
000307 QQ= 1. 
000311 GO TO 14 
000311 13 CONTINUE 
000316 RETURN 
000317 END ; 

U) 
o\ 



000002  

000002 

000002 
000004 
000005 
000007 
0 0 0 0 1 1  
000013 
000017 
000024 
000025 
000027 
000031 
000032 
000040 
000043 
000051 
000052 
000053 
000054 
000060 

000106  
000106  
000112  
000115 

SUBROUTINE FREE 
OCOMMON /CHEM/ Y(40*10)» A(40*10)* XX(40)* LOC(40)* CK(40)> 

FSP(40)* C(40)* 1NA(40*10)* NAM(40*10)* NAME(40*10)* PH(40*10)» 
2 TE* JJ» M» P* CHECK* YERR* IPH* DFL* TXLAM* 
3 FE(40*10)* GE(40* 10)* X(40*10)* XP(40*10)* XXP(40*10)» H(40*10)* 
4 T(10*10)« 6(40*10*10)* XT(10*10)* DN(40*10)» 
5 ALPHA(40)* XBAR(IO)* XBARI(10)* FS(40»10)» IM(10)»BJ(10*10) 
6*IN»XLAM(30»5) 
INTEGER ALPHA 

—CALCULATE YBAR 
J= JJ 
11= JJ 
NN= JJ 
DO 110 
DO 110 
A(I»N)= 

• 1 
• IPH 
1= II* 
N= II* 

0. 

NN 
NN 

110 
IPH 

11 
10 

CONTINUE 
DO 10 IB= It 
MI= IM(IB) 
XBAR(IB)= 0. 
DO 11 1= 1* MI 
XBAR(IB)= XBAR(IB) • X(I*IB) 
CONTINUE 
XBARI(IB)= l./XBAR(IB) 
IB= 1 
Ml= IM (1) 
DO 12 1= 1* MI 
IF( X(I * IB) .LE. 0.) GO TO 9 

0FE(I*IB)= X(I*IB)«(GE(I*IB)*ALOG(X(I*IB)«XBARI(IB))*ALPHA(I)*ALOG 
1 (P)) 
GO TO 12 

9 FE(I*IB)= 0. 
12 CONTINUE 

DO 13 K= JJ U) 



000116 DO 13 L= 1» JJ 
000117 A(K »L)= 0. 
000123 DO 13 1= 1, MI 
000124 A(K »L)= B(I*K*IB)*B(I»L*IB)*X(I*IB) 
000150 13 CONTINUE 
000157 DO 15 K= It JJ 
000161 FS(K)= 0. 
000163 DO 15 1= -1, MI 
000164 FS(K)= B(I»K»IB)» FE(I»IB) • FS(K) 
000200 15 CONTINUE 
000205 J= JJ • 1 
000207 FS(J)= 0. 
000211 DO 16 1= 1» MI 
000212 FS(J)= FS(J) • FE(I»1) 
000217 16 CONTINUE 
000222 RETURN 
000222 END 

00 



000002  

000002 

000002 
000002 
000004 
000005 
0 0 0 0 1 1  
000013 
000014 
000032 
000037 
000041 
000042 
000051 
000056 
000060 
000062 
000064 
000065 
000075 
000107 
0 0 0 1 1 1  
000113 
000125 
000127 
000131 

E-6 »F10• 1 */) 

SUBROUTINE ANLYZP 
OCOMMON /CHEM/ Y(40*10)* A(40*10)» XX(40)» LOC(40>» CK(40)» 
1NA<40* 10) * NAM(40*10)* NAME(40*10)» PH(40*10)* FSP(40)» C(40)* 
2 TE» JJ* M* P* CHECK * YERR* IPH* DFL* TXLAM* 
3 FE(40*10)* 6E(40*10)» X(40*10)» XP(40»10)» XXP(40»10)» H(40»10)» 
4 T(10*10)* B(40*10*10)* XT(10*10)* DN(40*10)» 
5 ALPHA(40)* XBAR(IO)* XBARI(10)* FS(40*10)* IM(10)»BJ(10*10) 
6*IN*XLAM(30*5) 

103 FORMAT (36H COEF ASS OF AMAX LESS THAN 10. 
C GENERATE THE A(M+1 M*2) ARRAY 

INTEGER ALPHA 
DO 17 1= 1* JJ 
IB= 1 
XT(I * IB)= 0. 
MI= IM(IB) 
DO 17 K = 1* MI 
XT(I * IB) = B(K»IfIB)*X(K»IB) • XT(I*IB) 

17 CONTINUE 
N= JJ • 1 
DO 19 1= 1* JJ 
A(N* I)= XT (I * IB) 
A(I*N)= XT (I * IB) 

19 CONTINUE 
DO 8 IB= 2* IPH 
N= JJ • IB 
DO 8 1= 1* JJ 
A(N*I)= 3(1 * I * IB) 

8 A(I*N)= B(1 * I * IB) 
IF(IPH.LT. 2) GO TO 10 
DO 9 1= 2* IPH 

9 FS(JJ+1)= GE(1 * I) 
10 K= JJ + IPH 

IB= K • 1 
DO 20 1= 1* K w 

vo 



000132 
000137 
000143 
000145 
000147 
000151 
000152 
000153 
000157 

000161 
000163 
000164 

000165 
000173 
000176 
000201 
000205 
000210 

000213 
000216 
000220 
000222 
000223 
000233 
000235 
000251 
000254 
000256 
000257 
000261 
000273 
000274 
000302 
000304 

20 

7 
50 

100  

200 

99 

A(IB*I)= FS(I) 
A(I,IB)= FS(I) 
.CONTINUE 
N= JJ • IPH • 
L= N • 1 
NP= N + l 
DOl 1=1,N 

CK(I) =0. 
DOIOO I = 1 ,N 
FIND MAX ELEMENT IN I TH COL 
IP = IU 
AMAX = 0. 
DO 2 K = 1»N 
IS NEW MAX IN ROW PREVIOUSLY USED AS PIVOT 
IF (AMAX - ABS(A(K,I))) 3,2*2 

IF(CK(K)) 4,4,2 
LOC(I) = K 
AMAX = ABS(A(K,I)) 

CONTINUE 
iFtABS(AMAX).LE.10.E-9) GO TO 99 
MAX ELEMENT IN ITH COL IS A(L,I) 

L = LOC(I) 
CK(L) = 1. 
DO 50 J = 1, N 
IF(L-J) 6,50,6 

F = -A{J,I)/A(L,I) 
DO 7 K = IP, NP 

A(J»K) = A(J,K) + F*A(L»K> 
CONTINUE 
CONTINUE 
DO 200 I = 1,N 
L = LOC(I) 
XX(I) = A (L ,N +1)/A(L,I) 
RETURN 
WRITE (6,103) DFL 
STOP 
END o 



000002  

OOOCQ2 
0 0 0 0 0 2  
0 0 0 0 0 2  
0 0 0 0 0 2  
0 0 0 0 0 2  
0 0 0 0 0 2  
0 0 0 0 0 2  
000002 

000002 
0 0 0 0 0 2  
000002 
000002 

0 0 0 0 0 2  
000002 

0 0 0 0 0 2  
0 0 0 0 0 2  

000002 
000Q02 
000002 
0 0 0 0 0 2  
000002 
000002 
0 0 0 0 0 2  

XXP(U0,10>, H(U0,10) 

, 
IM(10),3J<10,10) 

576 
577 
578 
579 
580 
581 
582 
583 
58U 

SUBROUTINE PRINT 
OCOMMON /CHEM/ Y(UC,1C), A<U0,10), XX(UO), LOC(UO), CK(UO), 
iNA<UQ,10), NAM(UQ,10), NAME (UO , 10) , PH(U0,10), FSP(UO), C(UO), 
2 TE, JJ, M, P, CHECK, YEPR, IPH, OFL, TXLAM, 
3 FEUD,10), GE<UG,iO), X(U0,10), XP(U0,10), 
U T(13,10) , B{UG,i'3,lC) , XT (10 ,10 ) , ON(UO,1Q) 
5 AL°Hfl(U0), XBAR(IG), XBARI(IO), FS(U0,10), 
F*,IN,XLAM (3G ,5) 
DIMENSION DAL(10,8), POR(IO) 
INTEGER AL°HA 
FORMAT (1UX ,*A RGON *,6X,E15.8) 

(1UX,*SILICON *,SX,E15.8) 
(1UX,'OXYGEN *,5X,E15.8) 
(1UX,*HY0R0GEN*,6X,E15.8) 
(1UX,*R0R0N *,6X,E15.fi) 
<1UX,*ELEM£NT*,10X,*PRESSURE*) 
<//,2X,*THE EFFECTIVE GAS PHASE PRESSURE IN ATMOSPHERES*,/) 
(12X,*TOTAL *,5E10."?) 
{ 9X,I2,1X,A6,5E10.3) 
(//,28X,*SUMMARY OF RESULTS*,/,* THE 

FORMAT 
FORMAT 
FORM 3T 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 

5*50 FORMAT 
IS*) 

536 FORMAT 
587 FORMAT 

588 FORMAT 
5890 FO^at 

ELEMENT BALANCE VALUE 

<33X,*T0TAL NUMBER OF MOLES = *,E13.6) 
( Io,?X,2A10,5F3.0,1X,E1U.6,E1U.6) 
(* CONDENSED PHASES*) 
(* N0.*,9X,*NAME*,9X,* P H 0 SI AR COMPOSITION CONCEN 

1TRATION*) 
590 FORMAT (25X,'FORMULA MATRIX EOUTLIBRIUM MOLAR*) 
591 FORMAT (//, 28X,*EniJILinRIUM COMPOSITION*,/,* GAS PHASE*) 
592 FORMAT (1QX,*NUMPER OF ITERATIONS PERFORMED IS 
593 FORMAT (10Y,*ERROP OF COMPUTATION IS 
59U FORMAT (inx,*FPEE ENERGY AT EQUILIBRIUM IS 
595 FORMAT (1GX,*TEMPER4TUPE IN DEGREES KELVIN IS.. 
596 FORMAT <1GX,*T0TAL PRESSURE IN ATMOSPHERES IS.. 

*,F10.i> 
*,E15.6) 
*,E15.6) 
*,F10.1) 
*,F10.1) 

M 



000002 597 FORMAT (10 X , *DATE OF THI' 
€00002 5980FORMAT (lHl,*COMPUTATION 

10F STEEPEST PESCENT* , tt, 
003002 IF(CHECK .LT. 53.) GO TO 
000005 CHECKS 0.0 
000005 IO AY = IOATE(IOAY) 
000010 WRITE (6 ,598 ) 
000013 WRITE (6,5 97) TDflY 
000021 WRITE (6,596) o 

000027 WRITE (6,595) TE 
000035 WPITE (6,59*0 FS(39,5) 
0000^3 WRITE (6,593) YERR 
000051 WRITE (6,592) DFL 
0011057 WRITE (6,591) 
000063 WRITE (6,590) 
00 0067 WRITE (6,589) 
000073 MI= IM(1) 
000075 I°- 1 
000076 DO 1 I = 1, MI 
000077 WRITE 

1,TB) 
(6,587) I,NA (I,IB) 

0001^2 1 COMTINUF 
0001^5 WRITE (6,586) XBARU) 
000152 WPIT? (6,588) 

000156 WPITE (6,590) 
000162 WRITE (6,589) 

000166 DO 3 IB= 2, IPH 
000170 MI= IM(TB) 
000172 HO 2 I = 1, MT 
00017«» WRITE 

1, IB) 
(6,587) I,NA(1,18) 

0 0 0237 2 CONTINUE 
0002^2 3 CONTINUE 
00 0 2<*t+ WRITE (6,585) 
000250 MI= IM (1) 
000252 no 71 K= 1, JJ 

? RUN IS *,A10) 
OF EQUILIBRIUM COMPOSITION BY THE METHOD 
?8X,*SYSTEM PARAMETERS*,/) 
'+ 

I,NA(I,IB),NAM(I,IB), <B(I,K,IB),K=1,5),X(I,I8>,XXP(I 

I,NA(I,I8) , NAM (I, IB) , i BU, K, IB) , K=i, 5) , X (I, IB) ,XXP(I 

•fc-
NJ 



00 
0 0  
0 0  
0 0  
09 
0 0  
00 
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
00 
00 
QO 

00 
00 
00 
00 
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
00 

PR= 0.0 
DO 70 T= 1, MI 
T»R= XXP(I,1)»B(I,K,1)*P • PR 

70 CONTINUE 
PPR(K) = PR 

71 CONTINUE 
DO 7"* 13= 1, IPH 
MI= IM(IR) 
DO 73 K= 1, JJ 
RAL(K,TR)= 0.0 
DO 73 1= 1, HI 
PflL(K,IP>= + R(I,K,IB)-*X(I,IR) 

73 CONTINUF 
KK= IPH + 1 

DO 7? K= 1, JJ 
PAL(K,KK)= 0.0 
t o  7 5  i =  i ,  t p h  

72 BAL(K,<<K) = BAL(K,KK) + BAl(K,I) 
DO 7«» IP = 1, IPH 
WRITE I!3,PH(1,TR) , (BAL(K,I9> ,K=1,JJ) 

7^ CONTINUE 
WRITE (6,58 3^ (9AL(K,KK),K=1,JJ) 
WRITE (6,582) 
WRITE (6,581) 
WRITE (6,580) PPR(l) 
WRITE (6,579) PPR(2) 
WPITE (6,578) P°R(3) 
WRITE (6,577) PPRCt) 
WRITE (6,576) °P!?(5) 

if PFL = DFL + 1.0 
CHEC<= CHECK + 1.0 
RETURN 

END 

4S 
LO 



000002  
SUBROUTINE SUMARY 

OCOMMON /CHEM/ Y(40*10)» A(40*10)» 

000002 
U00002  
000004 
000005 
000007 
000013 
000015 
000036 
000040 
.000042 
000044 
000051 
000053 
000054 
000072 
000073 

XX(40)* LOC(40)* CK(40)» 
FSP(40)* C (40)* 1NA(40*10)* NAM(40* 10)* NAME(40*10)* PH(40*10)» 

2 TE» JJ* M* P» ChECK* YERR* IPH* DFL* TXLAM* 
3 FE(40tl0)• GE(40*10)» X(40»10)» XP(40*10)» XXP(40»10)» H(40»10)* 
4 T(10 * 10)* B(40 *10*10)* XT (10*10)* DN(40*10)* 
5 ALPHA(40)» XBAR(IO)* XBARI (10)* FS(40*10)» IM<10)»BJ<10*10) 
6*IN*XLAM(30*5) 
COMMON /SUM/ PRES(50* 10)* TEMP(50)» IT 
IT= IT*1 
MI= IM (1) 
DO 7 K= 1*JJ 
PRES(IT*K)= 0. 
DO 7 1= 1* MI 

7 PRES(IT*K)= XXP(I*1)«B(I*K*1)*P + PRES(IT*K) 
TEMP(IT)= TE 
DO 8 IB= 2* IPH 
JXX= JJ+IB-1 
PRES(IT *JXX) = 0. 
MI= IM(18) 
DO 8 1= 1 * MI 

3 PRES(IT* JXX)= X (I * IB) + PRES (IT»JXX) 
RETURN 
END 

js 
4N 



CHEMEQ Sample Output 



COMPUTATION OP EQUILIBRIUM COMPOSITION BY THE METHOD OF STEEPEST DESCENT 

SYSTEM PARAMETERS 

OATE OF THIS PUN IS C9/06/71 
TOTAL PRESSURE IN ATMOSPHERES IS..... 1.0 
TEMPERATURE IN DEGREES KELVIN IS 1400.0 
FREE ENERGY AT EQUILIBRIUM IS -1.402332E+00 
ERROR OF CCMPUTATICN IS 7.813563E-22 
NUMBER OF INTERATIONS PERFORMED IS... 7.0 

EQUILIBRIUM COMPOSITION 
GAS PHASE 

FORMULA MATRIX EQUILIBRIUM MOLAR 
NO. NAME P H O SI AR COMPOSITION CONCENTRATION 
1 BORON SUBHYORlrjE 1 ? G 0 2.469 73 5E-0 B 4.613951E-07 

2 BORON TPIHYDRICE 1 T C 0 0 4.696872E-07 8.778 237E-06 
3 WATER 0 2 1 0 Q 2.468696E-0 8 4.61388 0 E-07 
<• HYDROXYL 0 1 1 c 0 2.463694E-08 4.613876E-07 
5 RORON MONOXIDE 1 0 1 G 0 2.46S692E-03 4.613871E-07 
6 BORON OXIDE 2 0 3 0 0 2.46S690E-08 4.513 867E-07 
7 OIBORON OIOXIOE 2 R 2 0 0 2.468684E-0S 4.613856E-07 
8 PORON DIOXIDE 1 0 2 c Q 2.468680E-0 8 4.613848E-07 
9 DIBORON OXIDE 2 c 1 c 1 2.468673E-08 4.613836E-07 

10 HYDROGEN ATOM 0 1 0 0 0 2.67G868E-07 4.99173 0 E-06 
11 HYDROGEN MOLECULE 0 2 0 0 n 2.670 868E-Q7 4.9a1730 E-06 
12 SILICON DIOXIDE ' 0 Q 2 1 0 4.676QR0E-06 8.739379E-05 

13 OXYGEN, KONATOMIC G 0 1 0 0 I».AUQQG7C_33 8.316839E-02 
14 OXYGEN, DIATOMIC C 0 2 0 0 4.449 99 6E-0 3 8.316837E-02 
15 INERT CARRIES GAS 0 fl 0 0 1 4.459 99 9E-H 2 8.335 533E-01 
16 BORON OXIDE HYCRIDE 1 1 1 0 0 2.2CG097E-09 4.111880E-08 
17 METAPOPIC ACID 1 1 2 3 0 9.706219E-14 1.814G48E-12 
18 PORON DIHYOROXTDP 1 2 2 G 0 6.500 59 3E-14 1.214932E-12 



19 PORIC ACID 1 3 
20 BORON niHYHRO OIMEP 2 b 

3 0 1) tf.^90511E-l^ 
<* 0 0 2.501698E-16 

8.9532'f£fE-i3 
1+.675557E-15 

CONDENSED PHASES 

NO. NAME 
1 SILICON DIOXIDE 
1 BORON OXIDE 

TOTAL NUMBER OF MOLES = 5.35Q587E-02 

FORMULA MATPIX 
8 H 0 SI AR 
0 0 2 1 9 
2 G 3 0 0 

EQUILIBRIUM 
COMPOSITION 
6 t *t32696E-12 
9.8«f715BE-l<» 

MOLAR 
CONCENTRATION 
l.OOOOOOE+OC 
1. 0 5 0 00 CE + 00 

SUMMARY OF RESULTS 
THE ELEMENT BALANCE VALUES 

1 GAS 6.9U1P-07 2• 33S>E- 06 1.336E-02 4.576E-06 ^.^60E-02 
2 SOLID 0. Q. 1.287E-11 S.<*33E-12 0. 
3 LIQUID 1.969E-13 0. 2.95^E-13 0. 0. 

TOTAL 6 .9^1 E-C7 2.336E-06 1.336E-C2 ^.676E-06 <t.460E-02 

THE EFFECTIVE GAS FHASF PRESSURE IN ATMOSPHERES 

ELEMENT 
POPON 
HYOPOGEN 
OXYGEN 
SILICON 
ARGON 

PRESSURE 
1.29718386E-05 
«t.36579789E-05 
2.U9&850^ifE-01 
8.73P37850E-05 
8.335533*»5E-Q1 



APPENDIX B 

IDEAL GAS PROPERTIES 

In the calculation of gas phase properties, it is assumed that 

this phase behaves as an ideal gas. This is a reasonable approxima

tion for real gases at low pressures, i.e., 1 atm and temperatures 

greater than 273°K. These conditions are satisfied in this study. 

The equation of state can be written as 

PV = n RT (B-l) 

where all the variables have their conventional meanings. 

From Eq. (B-l), n is the total number of moles present in the 

gas phase and be written as 

N 
n = J n. (B-2) 

i=l 

where N is the number of chemical species present in the gas phase. 

Using Eq. (B-l), n can be written as 

P -  ! (B-3a) 
i=l 

or 

N 
P « I P (B-3b) 

i=l 

148 
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where P is the partial pressure of the jth specie. The expression, 

Eq. (B-3b), is a statement of Dalton's law of partical pressures. 

The density of an ideal gas phase can be expressed as 

N 
p  = I  n

±  P ±  

i=l 

where n^ is the mole fraction and is the density of the chemical 

specie. The expression for is 

M1 P. 
0) X 

pi = 
RT 

where M* is the molecular weight and P^ is the partial pressure of the 

ifch specie in the phase. 

The gas stream velocity in the system can be expressed as 

v =!|ocm_ ( j 
o A sec 

where Vm is the flow rate at T = T °K and A is the cross sectional area 
To 0 

of the tube. The velocity at a temperature other than Tq is obtained 

from 

VT Tu 

vh  - -r t- (B-6) 
o 

where T„ is the temperature in °K at the point of interest. This assumes 
a 

that the cross sectional area of the tube remains constant. For an 
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assumed temperature, Tq, of 300°K, Eq. (B-6) was plotted in Fig. B-l 

for two values V . 
o 

The Reynold's number, Re, for an ideal gas can be expressed 

as 

Re - (B-7a) 

where D is the diameter of the tube, V is the axial velocity in the 

tube, p is the density and y the viscosity of the gas. A second dimen-

sionless number which is of interest in this study is the Prandtl number, 

C V 
Pr = -2- (B-7b) 

K 

where is the heat capacity, K is the thermal conductivity, and n is 

the viscosity of the gas. 

To use the dimensionless numbers to describe the experimental 

flow system, it is necessary to determine the values of the various 

parameters, i.e., D, C^, K, and y. It will be the purpose of the follow

ing section to describe the necessary equations to estimate these parame

ters. The following is assumed: 

1) the system behaves as an ideal gas, 

2) the total pressure of the system is less than 5 atm., and 

3) the temperature range of interest is greater than 200°K. 

Mass Diffusivity 

The dependence of the mass diffusivity in a binary system can be 

estimated from Eq. (B-8) 
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125T 

100-• Flow Rate = 2400 cc/min 

75" 

rH 50-

25" 

240 

0 300 600 900 1200 1500 

Temperature in diffusion tube - °K 

Fig. B-l Effective Flow Rate in Diffusion Tube as a Function of 
the Temperature Change for Selected Flow Rates at 300°K 



P D AB = a 

(p p )1/3 (T T )5112 l±- + M1/2 \/f~~T 
PCA CB CA CB \M4 MG/ ^ CA I Cb 
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(B-8) 

where 

-4 
a = 2.745 x 10 

b = 1.823 

2 -1 
The units are D^g in cm sec , p in atm, and T in °K. 

For an argon-oxygen system, the required properties for Eq. (B-8) 

are listed in Table B-l. 

Viscosity 

The viscosity of a gas mixture can be estimated from [Bird, 

Stewart and Lightfoot, 1960] 

V • = I mi v  « 

n x^. 

mxx n 

I ViJ 
i=l 3 3 

(B-9) 

where 

(B-10) 

= number of chemical species in the mixture 

til 
= mole fraction of the i— specie 



TABLE B-l 

PROPERTIES FOR USE IN ESTIMATING DIFFUSIVITY 

IN THE ARGON-OXYGEN SYSTEM 

153 

M T P 
c c 

Argon 39.94 151.2 48.0 

Oxygen 32.00 154.4 49.7 

TABLE B-2 

CONSTANTS FOR CALCULATION OF GAS VISCOSITY 

0(A) (°K) M 

Argon 

Oxygen 

Hydrogen 

3.418 124, 39.944 

3.433 113 32.000 

2.915 38 2.016 
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th 
p^ = viscosity of the i— specie 

= molecular weight of the i— specie. 

For temperature other than those listed in the available tables, it is 

necessary to calculate the viscosity using the Lennard-Jones constants. 

The describing equation is [Bird et al., 1960] 

p = 2.6693 x 10"5 (B-ll) 
a % 

where 

. „  .  - 1 - 1  p = viscosity m g cm sec 

a = characteristic diameter in A 

See Fig. B-2. 

^ = effective temperature. 
K. 

The quantities required to calculate p for hydrogen, argon, and oxygen 

are listed in Table B-2. Using these values, the temperature range of 

500-1700°K can be studied. 

Thermal Conductivity 

The Chapman-Enskog formula for the thermal conductivity of a 

monatomic gas at temperature T(°K) is 

K = 1.9891 x 10"4 (B-12) 
ctz ^ 
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where the value of is the same as Q for the calculation of viscosity. 
K y 

The value of f2 can be determined from Fig. B-2. 
K 

Using the expressions for the gas properties and assuming that 

the gas phase behaves as though it was argon, the Reynolds and Prandtl 

numbers can be calculated. These calculations were performed for a 

temperature of 1350°K. The results are tabulated in Table B-3. From 

the values of the Reynolds number, it is assumed that gas flow is laminar 

type flow [Brodkey, 1967]. 
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TABLE B-3 

CALCULATED REYNOLDS AND PRANDTL NUMBERS FOR 
AN ARGON GAS PHASE, T = 1350°K 

Dimensionless Group: 

Reynolds number = 3.6 

Reynolds number = 17.5 

Prandtl number = .668 

flow = 20 cc/sec. 

flow = 100 cc/sec. 

not a function of flow. 
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