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I. Introduction

Silicon carbide is the only compound species that exists in the solid

state in the Si-C system and can occur in the cubic (C), hexagonal (H) or

j rhombohedral (R) structures. It is also classified as existing in the

beta and alpha modifications. The beta, or cubic, form crystallizes in

I the zincblende or sphalerite structure; whereas, a large number (approxi-

mately 140) of the alpha occur in the hexagonal or rhombohedral forms known

as polytypes. At one time it was thought that the beta modification was

thermodynamically stable at low temperatures and that it transformed

irreversibly to one or several of the alpha forms by a solid state phase

transformation at about 21000C.l Above this temperature the alpha modifi-

cation was considered stable. However, later efforts by Ryan, et al. 2 and

other international groups involved in thin film growth have shown that a

relatively moderate excess pressure (_ 10 atm.), especially of N2, favors

the growth of g at all temperatures. Indeed, under certain conditions,

the transformation is completely reversible. Impurities, defects, temper-

ature, Si evaporation and ambient gas appear to influence not only the

transformation but the resulting polytype as well. This, coupled with

small differences in stacking fault energies among the various forms,

makes reproducible growth of thin films difficult unless considerable pre-

cautions are taken.

Because of the emerging need for high temperature, high frequency and
-- high power electric devices, blue L.E.D.s, Schottky diodes, U.V. radiation

detectors, high temperature photocells and heterojunction devices, silicon

carbide is being increasingly examined throughout the world for employment

as a candidate material in these specialized applications. The electron

Hall mobility of high purity undoped a-SiC is approximately a factor of three

larger (_ 1000 cm 2/v-sec) than that of the a-form over the temperature

range of 300-1000K because of the smaller amount of phonon scattering in

the cubic material. The energy gap is also less in the $ form (2.3 eV)

compared to the a-forms (e.g., 6H = 2.86 eV). Thus, the 8-form is now

considered more desirable for electronic device applications, and, therefore,

the growth of thin films of this material constitutes the principle

I
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I.

objective of this research program. Unfortunately, the earlier push in the

1956-1970 time span to develop SiC as an electronic material concentrated

heavily on high temperature growth processes such as the Lely sublimation-

condensation technique which produced a variety of a polytypes in experi-

ments which were rarely reproducible. Toward the end of this initial

thrust, techniques such as chemical vapor deposition (CVD), sputtering,

traveling solvent and solution growth showed promise not only as techniques

per se but as experimental avenues wherein the growth of v-SiC could be

achieved.

The objective of the present research program is to capitalize on and

extend the knowledge of the CVD and sputtering processes that were discerned

not only in the brief initial efforts with SiC, but that have also been

developed for these processes in the intervening years in research on other

semiconductor materials. Although the actual experimental portion of the

effort is still awaiting delivery of several components,* considerable

progress has been made in terms of design of the CVD equipment and the

computer-aided production of CVD phase diagrams. A sputtering unit has

arrived just prior to this writing and the peripheral equipment for this

unit is being installed as it is received. The details of these efforts

are reported below.

II. Chemical Vapor Deposition

A. Background

Chemical vapor deposition is a material synthesis method in which the

constitutents of the vapor phase react to form a solid film at some surface.

Typical gas combinations which have been employed in the growth of SiC are

CC14 and SiCl4, SiH4 and C3H8 , SiCl4 and C6HI4 and Ch3SiCl3 alone. In private

communications, Ryan 3 has informed the principal investigator that a small

amount of HCI is desired to etch away the areas of poor growth which begin

on the substrate.

The recent tremendous surge in semiconductor manufacturing by all common
techniques has generated order backlogs for equipment and parts having
waiting periods of up to six months, even for most favored customers.
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I
The reaction in the vicinity of the heated substrate has been shown to

I vary according to the type of source species and ambient gas.4 ' 5 Gatos

and co-workers6 have analyzed the equilibrium partial pressures in the

hydrogen-silicon-carbon system and concluded that the efficiency of SiC

formation decreases with 1) increasing temperature (> 1650'C) which causes

decomposition and loss of Si and 2) a decreasing silicon-to-carbon ratio in

I the gas mixture. The epitaxial growth from a silane and propane mixture

was found by these researchers6 to be linearly dependent on the silane

pressure for a given temperature and propane input which suggests that Si

mobility and concentration at the substrate controls growth. As noted above,

I Mogab and Leamy7 found similar results in their studies of the reactions of

hydrocarbons with silicon single crystal surfaces. The kinetics research of

the present writer has also shown that Si is a much slower diffusing species

than C and should control growth where mobility across surfaces is of

importance. Finally Gatos et al. 6 have reported that the SiC growth process

Iis best described by an adsorption-desorption process and must be carried

out in an atmosphere having a Si/C ratio of 1/1 or larger if the simul-

taneous deposition of graphite and SiC is to be avoided. These findings

are similar to those of Brander.
4' 8

I In order to understand CVD processes, one should know which chemical

reactions occur in the reactor and to what extent. Furthermore, the effects

I of process variables such as temperature, input concentrations and flow rates

on these reactions must be understood. The approaches taken to date to

discern the aforementioned variables have been 1) visits and discussions

with various former and present investigators in the CVD field, 2) design of

the experimental apparatus to be used in the present work and 3) development

via computer of CVD phase diagrams. Visits to C. Ryan and co-workers at

Rome Air Defense Command, Berkman and co-workers at RCA, several laboratories

in California and the International CVD Conference in October of 1979 haveA

been invaluable in the development of the design of the CVD process, the

I determination of the pertinent equipment for each major section and the

handling of toxic and flammable gases. Also, these visits have reinforced

the ideas espoused much earlier by workers in the SiC growth field concerning

U the importance of careful control of temperature, gas composition and flow

rate and the maintenance of very low levels of impurities.

I> -. .fa I_______________
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B. CVD Phase Diagram

3 As the design of the CVD system evolved, it became obvious that morc

information was needed in terms of the solid reaction products which would

I occur under prescribed conditions of concentrations of certain reactant

gases, pressure and temperature. Our research has revealed that numerous

methods have been reported for computing thermodynamic equilibrium compo-

sitions and that essentially all the techniques have been based on the

methods of either Brinkley (9, 10) or White, et al. (11). The former

J requires the writing of a series of chemical reactions and the computation

of their respective equilibrium constants; whereas, the latter involves

I minimizing the summation of the free energies of all species. Eriksson (12)

has extended White et al.'s method to include systems containing more than

one condensed phase and has developed a computer program, SOLGAS, for per-

- forming the calculations. He has modified the program (13, 14) to be

SOLGASMIX so that condensed solution phases could also be considered.

To prevent the omission of an important species, the programs can consider

all conceivable gaseous species and condensed phases of invariant or variable

stoichiometry and mixtures at constant total pressure and temperature in a

single calculation. Unstable condensed phases are rejected from the calcu-

lation. This program can also handle non-ideal phases, provided activity

coeffieient relationships are available. Finally, Bessman and Spear 1
5a, b

Ehave produced a new version of the program (SOLGASMIX-PV) incorporating the
ideal gas law. This last version is now capable of calculating equilibra

F- at a constant total gas volume with variable total pressure. These investi-

gators have kindly provided these programs and helpful suggestions for use

in developing CVD phase diagrams in this SiC research. A listing of the

programs as used in our research are given in Appendix I.

In developing CVD phase diagrams, thermodynamic calculations using CVD

variables can be used to show the ranges of input conditions for a CVD

system which will produce a specific condensed phase(s) and phase boundaries

at equilibrium. In our particular employment of these CVD programs, all

conceivable gaseous species are included with the condensed phases in calcu-

lating the equilibrium composition of the system as a systematic function of

the CVD variables of temperature, total pressure and reactant concentrations.
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Both cL-SiC and $-SiC are included in our calculations. In each calculation,

f one of the variables is changed while all other variables are held constant

at an arbitrary set of "standard values." These standard values are typi-

cally chosen near the mid-range of the experimental controls, so the desired

condensed phase is deposited when all variables are fixed at their respective
standard value.

I In our present calculations, the elements Si, C and H2 are the principal

species, since SiH4 and CH4 are the reactant gases and H2 is the carrier gas.

I The type of substrate becomes important only if it emits a gaseous species

or enters the reaction upon the formation of the condensed phase or causes

3 structural rearrangement of the solid products. Although this aspect of the

research is in its initial stages, one of the important diagrams developed

I thus far for the Si-C-H system at one atmosphere pressure is presented in

Figure 1. An inert substrate is assumed. The Si/Si+C mole ratio depends on

not only the fixed input gas ratio, but also on how much SiC is deposited.

* The same is true for the amount of H2 in the system. Therefore, a maximum of

three phases (a gas phase and two condensed phases) can exist in equilibrium

-. at any given temperature.

The resulting diagram of Figure 1 reveals that above 1000K (the lowest

is temperature yet examined, O-SiC has a negative standard free energy of for-

mation and the amount that forms as a single phase to the left of the Si/Si

V + C = 0.5 point occurs over a varying range of these ratios which is a

direct function of the amount of H2 present. At all other ratios or temper-

atures, solid free C or Si also deposit or Si becomes a liquid. It should

be kept in mind that a positive AGf for ct-SiC does not mean that it will not

form (especially if a-SiC single crystals were used as a substrate) only

that it is slightly less thermodynamically preferable than a-SiC under the

given conditions. Since the thermal decomposition of SiH4 is essentially

complete at temperatures greater than 10000K, the effect of adding H2 to

the system is to promote the reaction with excess carbon atoms to produce

various gaseous hydrocarbon species and thus provide for the formation of

s-SiC over a wide range of Si/Si+C ratios less than 0.5.
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I IIt has been reported by Ban1  that more than 807, of the SiH 4 in a 2,'

3 SiH 4 mixture in H2 is decomposed at T > 1073K. Thus, at lower concen-

trations of H2, even greater decomposition is to be expected, Based on

our calculations, almost all SiH 4 should be decomposed under equilibrium

conditions. Furthermore, the higher the temperature, te greater will be

the decomposition of CH4. As noted above, the pressure of H2 will react

with the C and thus provide considerable process control.

Finally it should be noted that diagrams were also derived using Ar

at one atmosphere in lieu of H2 from the foregoing discussion, the phase

field of O-SiC is essentially that labeled (1) in Figure 1, as there is no

species to react with the free carbon.

The next calculations will entail going to reduced pressures in order

to determine any changes in amount of 6-SiC that will form. Preliminary

research at 10-3 atm without the presence of H2 indicates the formation of

0-SiC only at a ratio of Si/Si+C of 0.5 until approximately 1550K where the

region widens rapidly toward the lower ratios as temperature is increased.

These investigations will continue throughout the next year.

C. Design of the CVD System

At normal atmospheric pressure, the rates of mass transfer to the

gaseous reactant and by product species and the surface reactant rate toI: form the film deposit are generally of the same order of magnitude.
Therefore, in order to attain the objective of uniform film thickness and

properties over a surface, it is necessary to ensure that careful consider-

ation be given to both types of rate determining steps. Mass transfer

rates depend mainly upon reactant concentration, diffusivity and boundary

layer thickness which is related to reactor configuration, flow velocity,

distances from edges, etc. Surface reaction rates, however, depend mainly

upon reactant concentration and temperature.

The diffusivity of a gas is inversely related to pressure. Therefore,

as pressure inside the reactor is lowered from one atmosphere to 0.5-1.0 torr,

the diffusivity increases by a factor of 1000. This is only partially off-

set by the fact that the laminar boundary layer (distance across which the re-

actants must diffuse) increases at less than the square root of the pressure.

-J
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The net effect is more than one order of magnitude increase of the gas

phase transfer of reactants to and by-products from the substrate surfa,,

and the rate-determining step in the sequence is the surface reaction.

Therefore, in such a low-pressure operation (LPCVD), much less attention

need be paid to the mass transfer variables that are so (ritical at

atmospheric pressure.

An additional advantage of LPCVD is the considerable reduction in

autodoping from gaseous species derived from the substrate material. In CVD

processes at one atmosphere, the laminar portion of the boundary layer next

to the sample is very narrow. As such, any species diffusing out of the

substrate enters this narrow layer and has a relatively high probability of

returning to surface of the material, being deposited and becoming incorpo-

rated into this deposit. For these reasons, an LPCVD system has been

designed as shown in Figures 2-5 and described below. Because this system

is and will be continually in the process of evolution even after the

completion of the initial "best" arrangement, the author has chosen to

present the figures in an unfinished form rather than to take several days

to make engineering drawings. The latter will be produced for that ar-

rangement which will be found to be optimum.

As shown in Figure 2, the principal reactant gases are methane (CH4 )

and silane (SiH 4 ) with a carrier gas of H2 . Although all gases will be of

highest available purity (H2 will be purified "in-house" using a Pd/Ag

cell), CH4 and H2 will also be "scrubed" to remove any residual oxygen and

H20 which could react with SiH 4 to form SiO 2 , In addition, crosspurge

assemblies will be employed to eliminate impurity capture during tank

exchange. HCI will be used to clean the single crystal Si substrates and

to etch away any excess Si from the SiC during growth. Stainless steel

tubing, specially cleaned for chromatographic experiments, will be used

throughout the system. An MKS electronic system will be used to control

the flow of each of the gases in the system. The flow of the carrier gas

(when used) will be set at a particular value and SiH 4 ahd CH4 slaved to

this value in a particular ratio. HCl will have an independent flow con-

troller, since 1) the operator may desire to vary the amount of etch used

for the Si and SiC, respectively, and 2) the MKS unit can handle only three

gases. The flow rate of each gas (except HCl) will be measured by a Tylan

flow meter which returns a signal to the MKS unit which, in turn, compares

II llLLl,~4
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I
this signal with the electrical setpoints established by the operator and

adjusts the Brooks electronic valves, if the desired and the actual flow

rates are different. Check valves will be employed in each line to prevent

contamination of the lines and gas bottles. In addition, argon-operated

bellows sealed valves (not shown) will be employed as an insurance measure

against the possible closure failure of the Brooks valves and to establish

the initial flow conditions of all gases before thet enter the main chamber.

In the latter process the gases are first vented to the mechanically pumped

J side of the reaction chamber; when set flow rates are established, the

supply is immediately switched to the already heated chk: er.

The chamber, Figure 3, is composed of a water (or He) cooled, vacuum

tight quartz chamber mounted on a stainless steel plate. Gas entering the

chamber will be deflected to the hemispherical cap to produce a more evenly

distributed flow, additional mixing and additional path length for the

establishment of equilibrium flow patterns. The r-f heated, barrel type

susceptor will be a nominally hexagonal, high purity SiC-coated carbon

device supported by a high purity Poco graphite assembly and a stainless

steel rod attached to a hydraulic and motorized assembly, Figure 4, which

will provide the capability of rotation and vertical movement of the

susceptor. The latter motion will allow a change of samples in a loading

chamber, Figure 4, without exposing the fused quartz chamber to air.

Pressure in the chamber will be measured by a capacitance manometer which

has a feedback and control loop through a second MKS controller to an

automatic butterfly valve, Figure 5; thus, control of flow and pressure

will be independent of each other. Temperature will be measured initially

by an optical prometer; however, other methods are being explored.

As indicated above, the initial substrates will be high purity float zone,

n-type Si single crystal wafers having resistivities in the range of 240-

400 Q-cm. Both (100) and (111) wafers, previously etched and polished,

in order to compare the effect of substrate orientation on the efficacy of

deposition will be employed.

As shown in Figures 3, 4 and 5, a set of three gate valves will be

used to isolate the various parts of the reaction and pumping sections.



The diffusion-pumped side will be used to evacuate the total system and

to differentially pump an RGA (not shown). The other pumping assembly

includes two cold traps to freeze HOl before it reaches the automatic

valve and mechanical pump. (There is some concern that '1iH 4 may also beI frozen out to dangerous concentrations; thus, this aspec' of the procedure

will be closely monitored.) The HCl basin has been replaced by a particle

trap located above the first cold trap. The upper manual butterfly valve

allows a larger opening in the automatic valve and therefore closer control

of the pressure. A molecular sieve is also included to prevent mechanical

pump oil from backstreaming into the valves and traps.

In conclusion, this system has evolved around the investigators' needs

for very tight control on flow rates, pressure, temperature and purity.

Numerous people at laboratories around the world have discussed their

experiences and offered suggestions on CVD design; many of these ideas are

included in these drawings. It will continue to evolve until the objective

of the reproducible production of single crystal 3-SiC thin films is

attained.

III. R. F. Sputtering

An alternative method of depositing SiC is via r-f glow discharge

sputtering. In this process the target plate of material to be deposited

directly or reacted with a gas to produce a synthesized film is connected

1- to a negative r-f voltage supply. The substrate and holder face the target

and the former may be biased, heated, cooled or some combination of these.

A gas, usually Ar, is subsequently introduced as a medium in which a glow

discharge can be initiated and maintained. As a result of the plasma,

positive ions strike the target plate and remove principally neutral target

atoms by momentum transfer, and these condense into thin films.

Two approaches are planned at this point: 1) reactive sputtering

wherein a high purity Si substrate is sputtered in a reactive gas of

methane and Si and C species combine on a heated substrate to form SiC

and 2) direct diode sputtering of a high purity SiC target onto a cooled

or heated substrate. It should be noted that in the first approach the

Si target may become conditioned with C such that a thin layer of SiC is

produced and the process approach that of the second method.
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i I eactve sutteing7-20

Reactive sputtering or sputterinq of a target of the compo-

sition of the desired epitaxially qrown crystal have produ:ed reasonably
good films of -SiC. Wasa et a l 17 have prepared both amorphous arid

polycrystalline o-SiC films by sputtering one inch presse.d disks of

and s-SiC of approximately 99.7' purity onto substrates (I (Ilass,

sapphire and (111) silicon. The polycrystalline films wtre only formed

when the substrates (except glass) were heated to > 700"C. The most

interesting aspect of this research was that the deposited a-SiC trans-

formed to I-SiC during annealing in vacuum at 11000C for one hour.

Berman et al,18 have also reported a method of convertin amorphous SiC

into crystalline SiC by annealing at high temperature. They also used

pressed disks of a-SiC as the target for sputtering. The reported

electron diffraction patterns taken in reflection appeared to include

polycrystalline rings. Learn and Haq 19 investigated the preparation of

single-crystalline films of s-SiC on Q-SiC substrates by reactive sputter-

ing in acetylene gas using elemental Si as the target material. Finally,

Nishino et al. 20 have produced their own 8-SiC target from crystals etched

from a silicon solution and ground into powder. A (111) silicon wafer was

again used as the substrate and heated to 10000C and above. These investi-

-gators concluded that the substrate temperature should be kept at around

1200C to obtain good single crystal coatings. The sputtered films were

In our own work, we are currently modifying rather extensively and

upgrading an older sputtering unit. Feedback flow and pressure controls

similar to that employed in the LPCVD work will also be used in the

remodeled sputtering system. We are currently awaiting arrival of spare

parts, new equipment and targets.
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APPENDIX I. SOLGASMIX-PV LISTING

C

C
C CALCULATES EQUILl1I!A AT CONSTANT PRESSUJRE 00 VOLUME. THE PROG;RAM IS AI C MODIFICATION OF SOLGASlIZ (C. ERZFSSOY, CHtNICA SCIrPTA., 8 (1975) 100).
C
C

iMPLICIT RIAL08 (A-H.O-Z)I COMPION A(99,10), A1"9,10), AKT(99), %KTF(99), D1IO.99). 80(10),
SG(99). KH(203. L, Ki, 31, BA, 118. 37(20). M1120). RP, 1S5, 40)(99).
SUP, t1(20). PTOT. 1, TEIT(99). 1(99), If (99), YTOT(20),V,NV,N~VV
Dinewso 3511 T(99), GE6(99,6), HF (99) * IEL (10) * 1?N(15), 107 (6).

SICK (99). 11(99) ,TITLE(10) ,EL (10),G! (99,6)
0 - LOG (10.)

fir(1) -
26 IPT0? - 1.

Do 411 9 1, 20
4B so(1) a0

1VBAD (1N.21 (TITLE (1) .1-1, 10)

I1RITE (1007.230) (TITLE(I), 1-1,10)
230 FORMAT (41620X,1OAB)

DEAD (11.102) L, HP, MR3, 0H() 1, NP)
102 7FRAT (41012)

31173 (IOUT,2S0) L,SP.H1.(l4i(),H31.UP)
250 FORMAT (@ONO. 07 ELEMSENTS 9 ,72,51,$O. Of MIXTURES v 0,12.51.

1910. OF INVARIANT SOLIDS 1,121,4020. OF SPECIES PER NIXTURE
210 (12, 0, 4

IF (INP .20. 1) GO 7O 1416
DO 132 A3 2. HP
HF(I a L(M-1)4

132 AIL(A) - SLIM-1) H L(K)
1416 Mi - SLOlP) * I

HS aIL(HP) 9 MR
READ (10.260)(L().1)

260 FORMAT (1018)
DO 33 1 n 1, 55
11(l) -0.
READ (13,280) (A(t,J),3=1,L)

00SORK03&? (16F5.0)
Do 33 tI - 1. L

33 AO(X,J) at A(!.J)
02AD 11N,200) 3191

200 FORNAT t11.91.E1O.0)
READ (11,102) JIEL(J). J =1, L)
READ (11,102) MGT, ROK
2? (M6T .37. 0) GO 10 148



IF (NORA .G. 0) RE&L (10,102) (]OR (I.), N *1, KOK)
DO 295 1.1,fl5

255 READ (13,270) TEXT 11),t1? (f)
270 FORNAT (AS.21,7E0.i3)

GO TC .110
lii 1111D 15,101) (ICT(S), 0 1, PI(T)
8 5 DO 265 1=1,11SI265 READ (13,270) TEXT (1). (CtI (2.N) . Ha1.CT)

DO 266 1%1,n!
DO 267 Wa1,6

267 G T II, W) a0.I DO 266 N=1,MC?
266 G I (I ,I G T (N) ) -GE f(I, N)

WRITE (IO001.300) (TEXT(Zj, (GT(I. P) N-1.6).=,)
300 roIMSAT (60SPECIS.61,&A*1I'4, 1C.1. IS- 14X,@E 4,1,s,'

310 WRITE (I007.230) T7C1.11O
IiULjE (100'r, 3401 (EL (1) , 1-I, L)

340O FORMAT (#0',20X,#SUE5C6IPTS ON eLemeNTAL STNIOLS OFl E&CH SI'ECIEV.

DO 350 I=1,KS
350 WRITE (IOUT.Th03 TflT(I),(A(I,J). J-1,L)
360 FORMAT ('0', A9S9,8 0 (s. 2,1X))
42 READ (10,103) 7

WRITE (LOUT.122) T
122 POBMIT7 14H0T %:. FR.?, 2H K/)

IF (PGT .10. 0O~ TO 7 82
DO 84 1 =1, RS

6 G(1) 'a0.
Do 81 x a I, MGT
I r (IGT (N) . LT. 6) TF T* 0(IGT (0) - 3) /8. 3143 3
IF (IGT(S) EQ0. 6) TF - DLOG(r3/aa103J
00 ei I = 1, Z S

81 G(I) = G(I) # (;E(I.u)*TP
Go To a

82 DO 49~ 1 m 1, MS
READ (15,103) 711r(1)

I1F (KOK .EQ. 0) GO To '&

DO 23 V * 1, NOK

II - II 3 (1

DO 23 J - 1, L
K - IIL(J)

23 G(1) - G(I) 6 1(1.3)/A (K,J) eGR')
4 VRtTZ (IOU .230)(K LEI,11O

91lTE (10137,106) (1Err(I), KF(I) , 717(1)l. Gil). I It PI S)
106 FORKAT 115X, 51H29l, 8!, 3REF, 91, OHG/IT/(' %,A9,?12.02?12.3))

GO TO 8
37 RxAD (15.103) POT

103 FORaTa (8110.0)
8 READ 1102) ATALI

GO TO 140,0,O7,14,42,37,85,26,1), KYILi
40 READ (1001021 V1K?

READ it*,.102) (KN(J). J 1, L)
7 DO 164 J 1, L



161 I#1&p (IM.1O3) (b(J.11, N a 1. WPKT)
GO 7O 164.

162 lEIAD (1,W,103) B(3.1)

If ADK EQN. ) CCJ TO, 164
DO0 IbS N a 2, NPF

16091.0 (13 04J3)
GO TC 164

13 31T (10.1350 1,SE
Do 165 3 a . LPF

169 B(JP) GT BEJN-)STEPN. ~ .11 )BST~031
64CON71NUE

GO0T 166 .n
36911 BEST 0

Do J6 J -(1.)

DO 135 1 = .-

267 111 - BEST

16DO 15 A 1, MP. 7 OT (01) 0.
DO 223 1 ", MS

35 TT3 IM) -L2 ITTI) IIIT)17

? 1101 ) 0.) GI

DO 22 - 1,.

30 OIdTIMUE obp

IF11 (IOOT)L.3) GOITo!(170Il.0
URIj £200,1) 1,fT

1711(T 051 ('10? *A(, 7..21K tlP.1jO.*I

it (NV.F.) EQ. T. O 10 3
53(1) (00T20
111 0.n?(N P1.i 1 /

310 CONTINUE

It (P .F.1I GO TO 210

L..E(OO,20420 OINA (4HV -,IP21.3, H .1
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118 FORMAT I/SO THE EQUILIHI)41LN COMPSITION lAS NOT DEEN OBTAINED)
I, GO TC 28

61 If (A .EQ. 0) WRITE (goT,121)
121 OIRAT (33H THF. SMALL V-VALUES ARE POT £IACT/)

00 17 J a 1. L
IF (RN(J) .LI. 4) GO TO 17
11g - 0.IJ

DO 0 1 " 1, as
SO 111lK) a It (K) 0 AOlZ,J) eV([)

17 CONT INUE
WRITE (1001,105)

105O FOlRMAT ( 15 , TH */ MOL , R 6 H T/rOL Z, 101SHP/ATfl,S 1,8AC TIT IT )

Do 160 18 v 1, HP

IF (01 .GT. 1) WR)ITE |1OUT,,12S)
125 FORMLT 141X, IHMOLE FRACTIOn')

8 1 - B ( B )
9i ,, MlL(M)

140 ¥11ITI (IOUT, 124) TFIlT(1), I I(I) T (1),, r (1) , &KT (1)
1241 FORMIAT is I.A8,4131,E12-5))

ZlY (IMP .GT. 0) WRIXTE (IOUT, 12O) ITEIT(I), ]IX), T(I), 1 81, MlS)
120 FORMAJT (/(f *,A8,2(1xEl2. 5)))

CALL SP]ZQU A
28 it lxP- Jpg'r) 27.,8,

1 STOP

END

I

! ""i
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I SUBROUTINE GASOL
IMPLICIT RLAL08 (A-HO-Z)

CONRON A(99. 10), A 099,1O), AKT (99) , ART r(99). (1o, 99), bU(10)o
SG(q9), KH(20), L, NA, NI, MA, NB, Nr(20), ML(20), NP, NS%, NO(99),
SIP. 1 (20) . PTOT, T, TI9T(99). 1(99) , IP99) TTOT(20),I WV, Nvy

DInEbSION F(99), IFAS(20), 1SOL(20), LI(99) , SUNISQO), OP1(10),
S15(20,21), FOT(20), v 1 (99)
ml 0

171 IS -1
"ISUN vr 0

II,
NSA - 0
IF (nS LT. i) GO TO 47
bo 52 1 = Nl, MS
I? (T() .EQ. 0.) CO TO 52
BISA -NS * 1
ISOL INSA) I

ISON I SUK * 20*(I * NP- 1,1)
52 CONTINUES47 PA a 0

3V G HG * 1
IF (iG .EQ. 501) NG = 1
IISOU,(G) Isur.
TsOa = 0.
DO152 IN 1, NP
i? (TOT () .EQ. 0.) GO TO 152
HPA - PA 41
IFAS (NPA) = N
ISDN (HG) = ISDN(NG) * 2es(N- 1)
ISUII = TSUR + ITOT(B)

152 CONTZINUE
IF I WSUKING) .GE. IS .AND. NFI * BSA .LE. i) GO TO 69

59 IS -15 * 2
DO 154 1 - 1, Pi
al a IAStv)

4, Ia TOT |f) 0.

HPA * 1
TTOT (1) = 1.
IF (NSA .EQ. 0) GO 10 73
DO 68 N a 1, NSA

I - ISOL (W)
S68 T(I) 0.

NSA 0
73 IF (15 .EO. 1) GO TO 74

IT -, 1iS

71 a * 5 4 1
IF (2** .Lt. IT) GO TO 71
It (B .GT. NP) GO TO 57
RPA - APA * 1
IPAS (APA) a a
?OT(IN) - 1.
tA ,- 57(n)

_____ 1
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fl - L(M)
DO 150 1 a.NA. M
IF wol) .EQ. 1) 2(1) -IsUn

1SO CO4TINUE
CO TO 136

I7 1 , P 4 ALInF) - Np
IF (I .GT. nS) RETOIN
IF (NO(l) -EQ. 0) GO TO 59

HSI = NSA * I3 [ISOL INSA) a I
ISUM ISUM * 20*N - 1)

1() =ISU
136 IT? IT - 20M- 1)

F (IT .GT. 1) GO TO 61-
IF tMPA , NSA .GT. L) GO TO 597 4 iras 11) - 1/! - / ":, - " ,

IT (NSOUB () .Gl. IS) ,MG -a NG 1
I ~SB(G c, IS:O , LG,-: ,:

69 -(G Q.- 1) O TO 129

DO 148 K w 2, NG

IT (USUN(mc) .to. NSUN(K-1)) GO TO 59
I 148 CONTINUE

If (NSon(NG-1) .10. NSUN) NSUBING-1) "-NSnJM(NG-1)

IF (NG.LT. 3.08. ESUM(G-2).NIE.-MSU-Oi-NSUN(NG).E.MSUN) GO TO 129

PSUM (NG-2) = -NSUA (MG-2)
119 DO 142 a z 1, NP

MB = fIL(M)IF |(TOTSB) .GT. 0.) GO TO 130

DO 126 1 = ak e

AKT(I) 0.
AKTF T() = 1.
I (I) a 0.

126 IFrI) - 0.
GO TO 142

130 Do us5 I a* B,, as
I0 (moll) xg Ago. (C) .LT. 1.2-8)1 T(1) 1. 1-8

AKTr|() - 1.

LlZ() = 0
CALL ABlEtIF (TTOT(M) .E1Q. 0.) GO TO 47

142 CONTINUE
LS1 w L * APA 4 NSA
LS - LSI - I
LS2 = LS 2

131 DNIN ft 1.9-6
l IV A N 0

IIAIJ IL(1) - MS
16 DO 6 4 1 1, LSI

DO 6 K J J, LS2
6 (J , ) 0.

00 9 II 1, sPa
LI a L N
R " IFAS(Nf)
nA - nts)
all - ML(K)
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DO 5 1 hA, MH1
(1T (1) . I.. 0.) CO TO 5

F(2) - G(1) t, LOG IAKT (I))3 R(L1,LS2) - PIL1,LS2) * lJ[)*T(I)
DO 77 j - 1, L
IF (A(IJ) .ED. 0.) GO TO 77

R(J,L1) - PiJ,L1) # AT
N (J.,L1) = kJ.LS2) * ATYF(l)
DO R C K - J, L

80 P(J,K) r R(J,K) 4 ATOA(IK)
77CONTiNuE
5 CONTINUE

DO 93v 1, L

9 R(J, L52) -I(J,L52) - R(,J.L1)
IF (nSA . 0E.o GO ) 61
DO 67 0 z 1, eSA
I = ISOL(N)
K 1 4 HPA # N
R(X,LS2) Gil)
DO 67 3 1, L

67 R(,p.K) A (z,j)
63 DO 31 J 2, LS1

DO 31 E 1, N
31 JR p,K) =R (K,J)

I (f E .. 01 GO TO 156
DO 131 J = 1, L

131 H() - N(J, P)
DO 12 N = 1, LPA
1 =]x IX)

IF (IMF (M) -.NE. B5L(M1)) GO TO 172
RA - ME ltm)
DO 89 J1 - 1, L

IF (A(MAJ) .NQ. AO(MA,J)) GO TO 89
AKY07 = (1. - A(KArJ)/AO tA,J))*IIRA)
DO 91 K = 1, L
IF (A(MAK) .EQ. O mAKK) O) 2 1(K) * &KVOT*A(RAK)

91 CONTINUE
GO TO 172

89 CONTINUE
172 CONTINUE
156 DO 44 K = 1, L

IF (KI(K) .Lt. 4) GO TO 44
DO 83 J = 1, LS1

83 (J.LS2) -, R PLS2) - PI (K)*3(J, F)
44 R(K.LS2) - R(KLS2) * Bo(K)

DO 10 K = 1, LS
IF (ICHIK) .GT. 3) GO TO 10
ELBAX = 0.
DO 11 J = K, LS1
IF (AnS(D(J.K)) .LE. ELHAX .0. KN(J) .GT. 3) CO TO 11
KNOV - 3
ZLRAR ZDABSIPJK))

11 CONTINUE
IF gILRAX .GT. 0.) GO TO 36
I (K .GT. L .0. D0(K) *EQ. 0.) GO TO 10
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3 3 If pjuUW -tg- Vq GO 10 13
Do 15 N K , is?
UADBIT - R (11BOW.N)
0 (AltCV.3) " 9 (K, N)

* 15 3(1.3) - RADBYT313 IA - K 0 1
Do 46 J a &A, LSI
RIVOT - jl(J 1 1)/RCK.K)
DO 46 N1 R A, LS2

46 R (J. %) .i 8(j,m) - PKVOTP(K.N)

10 CONTINUE
Do 20 N w1, LIs
X - L52 -N

If (xN(I) .G?. 3) GO TO 20

IF (311.K) NME. 0- .AND. R(K,LS2) BE3. 0.) CO TO 62
pt () *0.

9 - 9 L - liPA
IF (A .Lt. 0) GO'TO 20
I - ISOL(r.)
111) 0.
GO TO 55

62 P1(K) - (1,152)/ft(1,K)
IA - K- 1
IF (KA .EQ. 0) GO T0 20
DO Se J 1, IA

58 I(J.iS2) R . J,L52) - P()9JK
20 CONTINUE

IF (IVAP .90. 0 .03. IVARJ .GE. 0 .OR. SLAB LT.. 0.1) GO TO 66

DO 7C J 1, L
IF (DADS (PI (J)) .GT-. I.E-8.AND.DABS (OPI(J)/PI (J)-l-..GT.DI[N)

IGO TC 65
70 CONTINUE

$a - 0
IF ING .EQ. 1) GO TO 155
DO 157 K = 2. NIG

IF (VSUM(NG) .EQ. -MSUIS(K-t)) NR N2 1
157 CONTINUE
155 DO 1413 P - 1, MP

IF (1101(N) .GT. 0.) GO TO 1413

CALL IBER
17T12(N) =0.

DO 1114 1 = A. Me
17101(N) FTOT (i) 0 TF(1)
111 I

AIT(I) =0.

1144 17(1) o.
IF (IV.EO.0) GO TO 326
1&-0.
DO 325 1-1,BL(1)

325 YA -T(1) * A
PTOTwT&*.O82I*T/V

326 COsTivuE
IF (5 -EQ. 1) TrT01(N) u 1TOT(H)/PTOT*

143 CONTINUE
145 DITH a I.

DO 158 Nq 1, mp.
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I 4ITOT (M) .CT. 0. .1D. I F TOT (4) oLE. PIFPi,) GO TO 158
KA - M
DIPh - YrTOT(M)

IS8 CONTINUL
i? [DIF .FQ. 1.) CO TO 138
IF (WR EQ. O) GO 10 159

91a so 1-
TrTOT(KA| - 1.

GO TO 145
159 SflSli a INSDRrN)

TTOT(KA) A1.
ML N(KA)

DO 153 1 = BA, tieS153 T11) = YSUM*llII)/YF7TDT(KA)
GO TO 47/138 IT {TS ALT- . 0) GO O 51

DO 54 1 - I, HS
IF (No(I) .EQ. 0 .DR. TYI) GT. 0.) GO TO 54
HA a -G(I)
DO 56 J = 1, L

56 PIA - P11 * A(1,J)*PlJ)
I (PIA .LT. DIFM) GO TO 54KA - I i

I DIF a PIA
54 CONTINUE

IF (uirm zo* 0.) GO TO 51
1(KA) - TSUM

GO TO 55
51 IF (MX -EQ. 1) GO TO 93

DO 168 N - 1, mPA
M = I PAS (1)
IT (RF(E) .NE. 11Lt)) GO TO 166
M& W bptn 11l
DO 173 J = 1, L
IF LA(fA,J) .EO. AO(MA,J)) GO TO 173
Ml r 1
GO TO 171

173 CONTINUE
168 CONTINUE
q3 IVARJ = 0

GO TO 66
65 DO 60 J = 1, L
60 OPI(J) - P1(J)
66 SLAM a 1.

DO 12 N 1, MPA
LI L N
3 = IFAS (N)

lA - P(fl)

DO 12 I - A, fiB
IF (T(I) -EQ. 0.) GO TO 12
PIk a ?(I) - PI(LI)
DO 19 .- 1, L

19 PIA P PIA - A(1,J)SPZ(J)

11(1) = PXAOT(I)
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If (PA .GT. SLA.) SLAM * PIA

12 dWT I HUE
I2 (SLAC .GT. ).) SLAM - O.qq(SLA- O.5/CSLANOSLAK)
I r |SA EQ, 0) GU To 72
DO 53 N u 1, NSi
I ISOL (0)

IF (PI(K) .LT. 0.) L1 ,, 0[ IF (IVAf9 EQ. 0 Oil. P[(F) .GT. -T(I)) GO TO 5)
; IT (SLAA .LT. I-.AND. -P[IK)/TS UM .LT. I. e) GO TO 53

Y(I) - 0.
GO TC -,S

53 1 (1) ZDABS PI (K))
72 ISUm v 0.

DO 1,8 U = 1, IIPA
N a IHAS (a)
"A - Brin)

DO 29 1 N RA. Hb
IF (1(1) -EQ. 0.) GO TO 29
1 (1) - I1) - SLAM*OI(X)
IF (I (I) .LT. 1.E-20) Y(I) -0.

29 CONTINUE
CALL ABER
If (XTOT(B) .rQ. 0.) GO TO 47

128 iSON TSUB * TTOT(fl)
ITAR IATA 1
IF (IVAR -tQ. 2s .oB. iv& -E. so) OHK IO0.*DMIN
IF (rVAR EQ. 75) GO TO 59
IF (IIAUJ .LT. 0 .09. LI .EQ. 0 .OR. SLAM .LT. 1.) GO TO 16ITARJ = IVARJ # 1
IF (IVARJ .1Q. 10) GO TO 88
DO 3 N = 1, apt.
N - IFAS (N)
nA 5 P (A)
118 R L (9)

DO 3 1 = NA, MB
IF (Ir(I) .GT. 0. -AND. DABS(TX(I})/T(I) .GT. 1.--6) GO TO 16

3 CONTINUE
88 DO 149 M = 1, NPA

N IFAS(N)
CALL IBE
IF (1A .ME. NB) GO TO 133
DO 92 1 = 1, L
IF (J(NAJ) .NE. AOINAJ)) I (NA) - A(NAJ)/&0(KA,J*T(A)

92 CONTINUE
133 DO 1419 1 = BA, iB

IF (Wl(X .E. 0 .0. Y(I) .GT. 0.) GO TO 1419
Y(i = YTOT[Kl-fl)
IF (11I) .LT. I.E-20 .O3. LX I) .E0. 1) GO TO 149LZ) I

GO TO 13Z
1119 CONTINUE

IF (IVA3J -zc. 10) U * 0
tTUID

E ND



SUBROUVTINE ABER
IMPLICIT lIihL08 JA-1,O-Z)
C035fCw At99,10), AOt99,1O), AK?(t99) AKTft99), St10,99). BO(1O),

SG(99), KH(20). L. A1. MIw MA, fib, 117(JO), 1120), MP?. AS, N0(99),
SNP, F3(20), FTOT, 7. TETT(99), 7(99). Vt9(9), YTOT(203,VUY.WYVV

ITO0 11) -0.

DO 2 7 it A. RD
2 ITTM TOC(M 151~

IF TOM)G.11)GOT15

RETURN
151 CONTINUE

IF (I&v.rQ.O) GO TO 326

DO 325 Iml,ML(1)
325 TA=T (I I tr

PTOT2YA*.082I*T/V

326 CONTINUEI IF (Et EQ. 11 YTOTII) S TOT(')/PTOT
DO 127 1 = A, AB

127 1Tri a I(33 /YTOT (A)
CALL FACTOR
DO 141l T x A, AD

1461 AKT(I) 2AKTY(I)O1FII)

END
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IdPLICY? kZAL&A fa-II.O.Z)

PLOG - DMAX1(OLOGIP70T),1O.)

PIA ' -Gil)
DO 87 J = 1, L

*7PPIA * PtA * A(1.J)OPI(J)
IF (PIA GT'. PLOG) PIA = LOG
IKT(l) -OEXP(PIA)
TV(1) -AKT II)

38 CONTINiUE
flAE 0

147 IVIS w IVAP # I
IF (IVAN .LT. 25) CALL FACTOB
DO 139 1 - RA, RB
01711) -Y?(l)

1.39 T?(I) =AKT(1)/AKTZ(I)
00 137 1 = MA, RD
IF (Tr(I).GT.O..AND..DABSIOTF(I)/17(I)-1.).GT.I.E-4)GO TO 1147

137 CONITINE
UIU 9%
END
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SUBROUTINE FACTOR
IaPLICIT IhEAL8 (A-.OZ
CCMM ON A (99, 10),. 0 199. 10). AKT (99) , A KTr(99). 8(s10.99). 80(0).,

$UP, PI (20) , V OT, 1, TEXT (99), 1 (99). If (99) , I TOT 120) VNV, MYV

CIC TE ATVTOACET EXPES IONS FOR THESPES N T.1-E NOLESE

C (IS SE EA ST ICHOERCCEFCETIALWDT iIT)
C

C £0 A DEVIATING STOrCHIOMF.TRIC COEFFICIENT
C ART ACTIVITY
C AKIF= ACTIVITY COEFFICIENT PESR

GO TC (1,2,3,4,5,6,7,8,9,10), 11
I CONTINUE

RETURN
2 CONTINUE

RETU FIN
3CONTINUE
RETU RN

4 CONTINUE
RETURN

SCONTINUE
RETU RN

6 CONTINUE
RETU RN

7 CONTINUE
RETURN

S CONTINUE
RETURN

9 CONTINUE
RETURN

10 CONTINUE
RETU RN
END
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1ftPLILIr 1AL68 (A-fl0)-7

jSG(991. %H(20). LR iM, 9 f21 fL2) P S, O91
Sop, P14~20) *IPTO?, 1.T9). T(9,IF199), YTOT(2O),VNOV

c 5PEQUA IS A SUBOCUTINE PON CALCULATION OF QUANTITIES WHIZCH ARE
33? DER114BLE FROM Thl EQUILIPI'UM COMP&OSITION.

c

REUR
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