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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
rhombohedral (R) structures. It is also classified as cxisting in the
beta and alpha modifications. The beta, or cubic, form crystallizes in
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 2100°C.] Above this temperature the alpha modifi-
cation was considered stable. However, later efforts by Ryan, et a].z and
other international groups involved in thin film growth have shown that a
relatively moderate excess pressure (~ 10 atm.), especially of No» favors
the growth of 8 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 g-SiC is approximately a factor of three
larger (~ 1000 cm2/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 g8 form (2.3 eV)
compared to the a-forms (e.g., 6H = 2.86 eV). Thus, the B-form is now
considered more desirable for electronic device applications, and, therefore,

the growth of thin films of this material constitutes the principle
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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 o polytypes in experi-
ments which were rarely reproducible. Toward the end of this initial 3
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 $-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.

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
CC]4 and Sicl4, SiH4 and C3H8, SiCl4 and C6H14 and Ch3SiC13 alone. In private
communications, Ryan3 has informed the principal investigator that a smail
amount of HC1 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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The reaction in the vicinity of the heated substrate has been shown to
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
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,
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 a1.6 have reported that the SiC growth process
is 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

In order to understand CVD processes, one should know which chemical
reactions occur in the reactor and to what extent. Furthermore, the effects
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 have
been invaluable in the development of the design of the CVD process, the
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
the importance of careful control of temperature, gas composition and flow
rate and the maintenance of very low levels of impurities.
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B. CVD Phase Diagram

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
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
requires the writing of a series of chemical reactions and the computation
of their respective equilibrium constants; whereas, the latter involves
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]sa’ b
have produced a new version of the program (SOLGASMIX-PV) incorporating the
ideal gas law. This last version is now capable of calculating equilibra

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.




Both a-SiC and B-SiC are included in our calculations. In each calculation,
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.

In our present calculations, the elements Si, C and H2 are the principal
species, since SiH4 and CH, are the reactant gases and H, is the carrier gas.
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
structural rearrangement of the solid products. Although this aspect of the
research is in its initial stages, one of the important diagrams developed
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
temperature yet examined, B-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
+ 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 a-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 g-SiC under the
given conditions. Since the thermal decomposition of SiH4 is essentially
complete at temperatures greater than 1000°K, the effect of adding H, 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
B-SiC over a wide range of Si/Si+C ratios less than 0.5.
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It has been reported by Ban]6

that more than 807 of the SiH4 in a 27
SiH4 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 SiH4 should be decomposed under equilibrium
conditions. Furthermore, the higher the temperature, the greater will be
the decomposition of CHy - As noted above, the pressure of H, 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 H, from the foregoing discussion, the phase
field of B-SiC is essentially that labeled (1) in Figure 1, as there is no
species to react with the free carbon. l

The next calculations will entail going to reduced pressures in order

to determine any changes in amount of 8-SiC that will form. Preliminary
3

research at 107
B-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.

-

atm without the presence of H2 indicates the formation of r

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 to
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.

T S ST




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 surface,
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 s¢ ¢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 (CH,)
and silane (SiH4) 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 SiH4 to form 5102. In addition, crosspurge
assemblies will be employed to eliminate impurity capture during tank
exchange. HCl 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 SiH4 ahd CH, 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 HC1) will be measured by a Tylan
flow meter which returns a signal to the MKS unit which, in turn, compares
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this signal with the electrical setpoints established by the operator and

i
)

}
I
' adjusts the Brooks electronic valves, if the desired and the actual flow

rates are different. Check valves will be employed in each Tine 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

I 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

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

supply is immediately switched to the already heated ch. “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

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

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

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

to differentially pump an RGA (not shown). The other pumping asseubly
includes two cold traps to freeze HC1 before it reaches the automatic
valve and mechanical pump. (There is some concern that ﬁiH4 may also be
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 011 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 B-SiC thin films is
attained.

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
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 shouid 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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. . 17-20 .
Reactive sputtering 7 or sputtering of a target of the compo-
sition of the desired epitaxially grown crystal have produced reasonably

good films of 3-SiC. Wasa et al,’

have prepared both amorphous and
polycrystalline a-SiC films by sputtering one inch pressed disks of
and R-SiC of approximately 99.7 " purity onto substrates ¢! glass,
sapphire and (111) silicon. The polycrystalline films were only formed
when the substrates (except glass) were heated to > 700°C. The most
interesting aspect of this research was that the deposited «-SiC trans-
formed to 3-SiC during annealing in vacuum at 1100°C for one hour.

18 have also reported a method of convertin, amorphous SiC

Berman et al,
into crystalline SiC by annealing at high temperature. They also used
pressed disks of «-SiC as the target for sputtering. The reported

electron diffraction patterns taken in reflection appeared to include
polycrystalline rings. Learn and Haq]9 investigated the preparation of
single-crystalline films of g-SiC on o-SiC substrates by reactive sputter-
ing in acetylene gas using elemental Si as the target material. Finally,
Nishino g;_gl,zo have produced their own B-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 1000°C and above. These investi-
gators concluded that the substrate temperature should be kept at around
1200°C to obtain good single crystal coatings. The sputtered films were

oriented in the same [111] direction as the silicon face.

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 ji

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

sePTN,L,LE,B,C.

<

(4 soe SOLGASa1IX-PY soe

c -

C

C CALCULATES EBQUILIPRIA AT CONSTANT PRESSURE OF VOLONE., THE PBOGRAR IS A
€ BODIFICATIGN OP SOLGASAlX {C. EBRIFSSON, CHRERICA SCRIPTA., B (1975) 100).
c L]

C

IBPLICIT REAL®R (A-H,0-Z)

COBPON A(99,10), AD[99,10), AKT{99), AKTP(99), B(10,99), BD(10),
$G(99), XH(20), L, N, B1, BA, KB, AP (20), ML (20), RP, AS, 40(99),
$upP, E1(20), PrfOT, T, TEXT(99), Y(99), YP(99), YTOT(20),V,Nv, NVV

DIEENSION PEF(99), GE(99,6), HP{99), IEL(Y0), IPM(1S), 1GI (6),
$10K(99), X1{99),TITLE(10),EL (10),GI (99,6)

B = DLOG (10.)

IK=$

10UT=6

nrql) = 13

26 PTOT = 1.

PO 48 K = 1, 20

88 KA(K) = 0O

LEAD (IN,2060) (TITLE(L) ,I=1,10)

230 PORBAT (10a8)

BRITE {JODT,230) (TITLE(I), I=1,10)

230 PORAAT (*1¢,20X,10A8)

READ ({IN,102) L, HKP, MR, (NL{(M), B8 = 1, KEP)

102 PORRAT (40J2)

PEITE (IOUT,250) L,BP, AR, (BnL{R),N=1,8P)

250 FORMAT ('ONO. OF ELENENTS = *,72,5X,°NO. OF MIXTORES = *,T2,51,
1°E0. OF INVARIABT SOLIDS = ',12/,'080. OF SPECIES PER MIXTURE = ¢,
210(12,°%,})

IP (B8P .BEQ. 1) GO TO 146

90 132 B = 2, MNP

NP (8) = AL (K-1) ¢ 1

132 KL(B) = BL(B-1) ¢ BL (M)

146 B = BL(HP) ¢ 1

AS = AL(AP) ¢ AR

BZAD (1K,260) (ZL(I),I=1,l)

260 PORBAT (1028)

PO 33X = 1, BS

I1(1) = O.

READ (IN,280) (A(1,9),9=1,L)

280 PORNAT (16F5.0)

po 33 3 = 1, L

33 a0(1,J9) = 4(1,9)

READ (iN,200) KYV,V

200 FORAAT (I1,9X,EV0.0)

KEAD (IW,102) (IBL(J), J = %, L)

READ (1IN,102) BGT, ROK

1F (BGT .31I. 0) CO 10 4

f e YR I A
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1P (ROK .GT. O) REAL (IN,102) (IOK(K), N = 1, NOK)
DO 2°S 121,Mm5
25% BEAU (IN,270) TEXT (1), HP(I)
270 FORMAT (AB8,2X,7E10.13)
GO TC J10
14 READ (IN,102) (ICT (W), ¥ = 1, AGT)
8% DO 26S 121,mMS
265 READ (IN,270) TEXT{I}, {(GE(I,N),N=1,NCT)
DO 266 1=1,a°¢
PO 267 N=1,6
267 GY (I,N)=0.
DO 266 N=1,ACT
266 GY(I,JGT(N))=GE (I, N)
WRITZ (IOUT,300) (TEXT(I},(CTY(I,MN) , N=3,6 ),I=),AS5)
300 PORMAT (*OSPECIES® ,6X,°A*, 10X, "B ,18K,°C*, 14X, "D, TuX, F? 14X,
1/.99(¢%0°,28,3X,6(212.5,3%),/}})
310 vRITE (I0UT,23C) (TITLE(D) ,I=1,10)
URITE (1007T,340) (EBL(I),I=1,1)
300 PORNMAT (*0°,20X,*SUSSCRIPTS ON CLENENTAL STARBOLS OPF EACH SPECIES®,
1/,'09,18X,10(A8,2x))
DO 350 1=1,8%
350 WRITE® (IOUT,160) TEXT(XY,(A{l,d), J=), 1)
360 FORMAT {*0°',AB8,8X,10(rs.2,%1x))
42 READ (IN,103) T
WRITE (IOUT,122) T
122 POBBAT (LUHOT =, PR.2, 2H K/)
I? (RCT .2Q. 0) GO T0 82
DO B84 I = 1, RS
88 G(I) = O.
po 81 M = 1, AGT
IP (IGT(K) .LT. 6) TP = Tee (IGT(N¥) - 3)/8.3183)
I? (IGT(N) .E2Q. 6) TP = DLOG(T)/8.31413]
bo 811 = 1, uS
89 G(I) = G(I) ¢ GE(I,M)*TP
GO T0 8
82 DO 49 I = t, M5
READ (XX¥,103) PEF (1)
89 G(I) = (FEP{I) ¢ 1000.sHF(I)/T)/8.31133
X? (nOK .2Q. O} GO TO0 &
DO 23 N = 1V, KROK
1 = JO0K(W)
C(I) = -HeyEP (1)
DO 23 J = 1, L
K = IEL(J)
23 G(I) = G(I) ¢ A{I,J)/A(K,J)*GK)
4 S3LTE (IOVT,230) (TITLE(I),I=1,10)
9RITE (IOUT,06) (TEZXT(I), RP(L), PEP(I}, G(I}), I = 1, BS)
106 FORMAT (15X, SHHF298, 8X, IAPEP, 9%, SHG/RT/(* *,A8,P12.0,2712.)))
GO T0 8
37 B3AD (1¥,103) PTOT
103 roEnaT (8210.0)
8 READ (1I¥,102) KVAL)
GO TO (uO,40,40,7,34,82,137,85,26,%), KVALY
80 BEAD (IN,102) NPKT
READ (IN,102) (KH(J), J = 1, L)
7001600 = 1,1
= KKY)

R}




160
163

15
168

« 3%
370

3s

169

%7
! 166

| 135
27
75

170

3o
22

"

420
270
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60 TO (V1,162,163,161,162,163), N
READ (IN,103) (B(J,¥), ¥ = ¥, NPRT)
GO 70 164

READ (2¥,103) B(3,1)

37 (NFKT .EQ. 1) GO 10 163

PO 160 % = 2, WPKT

B(J,N) = W{J,1)

GO TC 164

READ (1K,103) B{J, 1), STEP

DO 165 K & 2, KPIY
B, N) = B (I, N-1)
CONT IRUE

GO TC (35,39.34,34), RVALY
DC 370 I=1 AS

READ {IN,103) T(I)

60 TO 166

BEST = 0.

DO 169 0 = %, L
I? (B(J,1) .GI.
CON3 INCE

BEST = BEST/OFLOAT (PS5}
DO 167 I = 1, RS

Y(1) = BESTY

DO 135S K = 3, HP

YTOT (B) = O.

nA = RE(N)

B = RL(A)

DO 135 1 = mA, NB

YTOT (7) = YICT(Rm) « Y1)
P = 0
WP = Np
b0 75 1
W0(1) =
DO 223 =1, L
BO(J) = B(J,NP)
1 = 1EL(J)

17 (KH{J) .13. 4) GO ro 170

PI(J) = (G(I) ¢ HeBOI))/A(1,Jd)

G0 TO 2?

TI(F) = uO(J3)/M(1,9)

IF (E0{J) .WE. O0.) €O TO 22

DO 30 1 = 1, BS

IP (M(5,3) -2Q. 0.) GO TC 30

¥O(I) = 0

1{1) = 0.

CONT I NUE

COKTIRUE

CALL GASOL

WRI1Z (100T,230) (TITLE(I), I=1,10)

RRITF (10UT,11%) T, PrOT

FORBAT (UHOT =, 8.2, 20 K/ &N P =, 1PE10.3, SH
IF (WV.PQ.0) GO TO 210

VRITE (I0UT,220) ¥

PORRAT (4H V =, 1PE10.3, 2H L/)

CONTINDE

IP (M .LE. NP) GO TO 6&

YRITE (I0UT,118)

¢ STPP

BEST JAND. Kt (J) .LT. 4) BEST =

1

1, BS

ot }i &

8(J, V)

AT8/)
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(1]
129

50
17

105

FORMAT (/50H THE EQUILIMKIUM COAPOSITION HMAS MNOT DEEN CBTAINED)

¢o TC 28
1P (f .EQ. 0) WRITE (I0OT,12Y)
PORAAT (33H THE SNALL Y-VALUES ARE NOT EXACT/)
00 174 = 1, L

Ir (RN () -11. &) GO TO V7

K= IEL(J)

I (K) = O.

PO SO I = 1, 85

XI(K} = XI(K) ¢ AO(I,J)oY{I)
CONT 1 SUE

VRITE (IOUT,105)

POBAAT (15X,7HX®/80LE,BX 6HY/ROLE,$0X,SHP/ATN,BX,8RACTLITITY)

DO 180 B = %, NP
1P (A .GT. 1) MRITE (10UT,12%)

125 PORNAT (81X, VIHAOLE PRACTION)

"o
128

120
28

BA = AP(H)
A8 = nL (M)

DO %180 I = RA, nB

VRITE (I0UT,124) TEIT(I), XI(I), Y(D), YP(I),
POBAAT (* ',AB8,8(3X,£12.5))

AKT ()

IP (AR .GT. 0) WRITE (IOUT,120) (TEXT(I), XI(I), TY(I),

POBAAT (/(° *,A8,2(3K,£12.5)))
CALL SPEQUA

1P (AP - NPKT) 27,8,0

sToP

ZED

I = 8%, AS)
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55

52
87

152

154

68 Y(I) = 0.

SUBROUTINE GASOL

IAPLICIT RLEAL®B (A-H,0-2)

connoN A(99,10), AO(99,10), AKT(99), AKTF(99), P (10,99), bBO(10),
$G(99), KH(20), L, A, m1, BmA, BB, NP (20), ML (20), mP, NS, NO{99),
$SNP, PI{20), PTOT, T, TEXT(99), Y (99), IP(99), YTOT(20),¥.NV, NVY
DIRENSION P (99), IPFAS(20), 1SOL(27), LE(99), NSUR(500), OPI(10),
$8({20,21, YFTOT(20), YR {99)

BY = D

IS = -1

asSuUR = 0

G = 0

1S08 = O

BSA = 0

IP (AS .LT. nY) GO TO 47

bo 52 1 = n1, nsS

Ir ¢(Y{1) .zQ. 0.) €O TO %52

ASA = BSA ¢ )

ISOL {nSa) = I

ISDA = JSUR ¢ 2%¢(1 ¢ NP - K1)

CONTINUE

BPA = O

BG = NG ¢ 1

1P (NG .EQ. S501) NG = 1

KSON (NG) = ISUR

YSos = 0.

p0.152 B = 1, npP 2
I? (YTOT(8) .EQ. 0.) GO TO 152

NPA = APA ¢ 3

IPAS (PPA) = B

NSOK (RG) = NSON(NG) ¢ 2es(pn - 1)

IS0 = YSUHE ¢ YIOT(NH)

CONT INOUE

I? (NSUR{NG) .GE. IS .AND. PFA ¢ BSA .LEZ. L) GO TO 69
IS = 15 ¢ 2

DO 154 N = 1, APA

A= JIPAS(¥)

ITOT (B) = O.

isos = 0

nPA = 1

YTOT (1) = 1.

I? {ASA .EQ. 0) GO 10 73

DO 68 N = 1, n5A

I = ISOL(X)

nsa = 0

73 1r (1S .EQ. 1) GO T0 74

61
"

IT = 15

A= 0O

ns e

IP (2e°n .1B. IT) GO T0 TV
I? (8 .GT. KP) GO TO 57
RPA = BPA ¢ 1

IPAS (APA) = B

TIOT(K) = 1.

8 = ar(n)

i
;
i
!




150

57

136

T4

69

we

- 129

126

130

85

142

134

16

BE = NL(M)

po 150 1 = MA,
Ir (NO(I) .EQ.
COSTINUP

€O TO 136

1 = K & AL(NE)
17 (I .GT. HS)
1P (NO(1) -EC.
ASA = KSA ¢ )
ISOL (RSA) = I

-22-

ne

1) Y(l) = ysum

- np
RETURN
0) GO TO 59

ISUR = ISUR o 2°¢(A ~ 1)

Y(I) = YsUn

IT =< IT = 2¢°%(n -~

17 (IT .GT. 1)

1) e

GO 10 61 ,
IF (APA * ASA .GT. 1) GO TO S9 4/ /
IPAS (1) = . /7 ; oo

IP (NSUB(NGC) .GT. IS) NG = ¥G + 1 '

1P (5G.EQ.501) EBG=)=s ——————— o~

¥5UB (¥G) « IS C v

IF (¥G .EQ. 1) GO TO 129 . .

DO Y48 K = 2, HG ~ )
IF (NSUR(NG) .BQ. NSUN(K-1)) GO TO 59 e o

CONTINDE
IP (NSDR(NG-1)

Ir (NG.LT.J.OBR.

nSUR (NG-2)

.2Q. ASUM) NSUA(NG-1) = -NSUR(NG-1)
NSUR (NG-2). NE.-NSUHB. O3. HSUN (NG) .BQ.NSUN) GO TO 129

= -NSUM (NG-2)

DO 182 n = Y, AP

BA = nr(H)
B8 = 8L(M)
IT (YTOT (H)
DO 126 I =
AKT (1) = O.
AKTP (1) 1.
Y(I) = O.
e(ry = o.

o TO 182

PO 45 I = BA,
IF (NO(I} .EQ.
AKTP (1) = 3.
LX(1) = 0
CALL aBER

a1,

.GT. 0.) GO TO 130

1 _ANG. Y(l} .LT- 1.2-8) I(I) = V.E-8

IP (1TOT({A) -EQ. 0.) GO TO 47

COBTINUE

LSY = L ¢ APA ¢ NSA

Ls = Ls1 - 1
L52 LS ¢ 2
paIlN = 1.2-6
1vag = 0

IVARD = AL (1) - AS

D0 6 J
D0 6 KX
R{J,K)
00 9 =1,
LY = L o ¥
B = IPAS(N)
NA = AP(B)
ns = acL(a)

J,
0.

L3N B I )

1, LSI
152
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l DO S 1 = A, AB
IF (Y1) .i¢. 0.) GO TO S
F{I) = G(I) + DLOG (AKT(1})
R(L1,152) = R{LY,LS2) ¢ P{IJ)ey(T1)
II DO 770 = 3y, L
. 17 (A{1,J) .PJ. 0.) GO TO 77
f AT = A({1,J)*Y (f)
; R(I,LY) = R(I, LY} & AY
I R{J,152) = K{J,LS52) ¢ AYer(I) 7
E Do BC K = J, L :
80 P(JI,K) = R{J, K} ¢ AYep(I,K) ]
J 77 CONTINUE ;
i ' S CONTINDE 4
: PO 9 3 =1, L 4
9 R(J,LS2} = W(I,L52) - R(J,L1) 1
3 1P {MSA -EC. 0) GO TO0 63
¥ ' DO 67 w = 1, ASA
; 1 = ISOL (N}
K= 14 KPA ¢ N
R(K,LS2) = G({I)
DO 673 =1, L
67 R(I,K) = A(1,d)
i ] 63 D0 313 = 2, LS
i - ' = Q-
A ! ' DO 31 K = 1, N
‘ 31 R(J,K) = R{K,J)
’ ‘ ‘ Ir (B8X .EC. 0) GG TO 156
i PO 1313 =1, L
, ; 131 BO(J) = B(J,HP)
! PO 122 ¥ = 1, nPA
X K = IPAS(N)
¥ IF (KF(B) .NE. AL(M)) GO TO 172
: BA = RF(N)
§ PO 89 3 = 1, L
IP (A(BA,J) .Z0. A0{mMA,J)) GO TO B89
AKYOT = (1. - A(NA,J)/A0 (MA,J))*Y (AA)
~ DO 91 K =1, L
: IP (A(BA,K) .EQ. AO{(MA,K)) BO(K) = BO(K) ¢ AKVOT®A(AA,K)
- 91 CONTINUE
GO0 TO 172
- 89 CONTINUZ
172 CONTINUE
| S 156 DO G4 K = 1, L

Ir (KA(K) .11. 4) GO TO W4&
DO 83 J = 1, LSY .
83 R(J,152) = B(J,LS2) - PI(K)*R(J,K)
8% R(K,1S2) = B(K,LS2) ¢ BO(X)
DO 10 K = 1, LS
Ir (RH{X) .GI. 3) GO TO 10
ELEAX = O.
PO 1% J = K, LSI
I¥ (ABS(B(J,K)) -LE. ELAAX .OR. KN(J) -GT. 3) GO TO 11
nRON = J
ELRAX =DABS(R(J,K))
11 COoRTINDE
I? (ELMAX .GT. 0.) GO TO 36
IP (K .GT. 1 .OR. PO(K) .EQ. 0.) GO TO 10

S R Yt PSS
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¢0 TC %9
36 Ir (mEOV .EQ. K) GC 10 1)
DO 15 N = K, 152
WADBIT = R (RROW,N)
R{ANCU,R) =« B(K,N)
19 8{K,N) = RADBYT
1Y KA = K ¢ 1
0O 46 J = A, LS
RKVOT = B(J,K)/R(K,K)
DO 46 N = KA, LS2
46 R{J,D) = R{J,N) — RKVOT®R(K,N) !
10 CONTINUE
DO 20 ¥ = 1, LS?
K = 152 - N
Ir (KH(K) -.GT. 3) GO TO 20
1?7 (R(K.K) .ME. O. .AND. R(K,LS2} -BE. 0.) CO TO 62
PL(K) = O. l
K®» X~ L - nPa ¢
I? (K -.lE. 0) GO'TO 20
I = ISOL(%)
() = 0.
GO TO 55
62 PI(K) = R(K,1S52)/R (K,K)
KA = K ~ 1
I? (XA .EQ. 0) GO TIQ 20
Do SeJ = 1, KA
$8 R(J,LS2) = R(J,L52) - PI(K)*B(J,K)
20 CONTIXNUE
17 (IVAR .EQ. O .OB. IVARJ .GE. O .OR. SLAM .lT. 0.1) GO TO 66
po72¢J=1,1
1P (DABS {PI {J)).GT- 1.E-8.AND.DABS (OPL(J) /PI (J)=-1.).GT.DNIN)
160 TC 65
70 CONTIRUE
N = 0
Ir (¥G .EQ. 1) GO T0 155
DO 157 K = 2, NG
I? (N¥SUR(NG) -EQ. -NSUM(K=1)) NB = N& ¢ 1
157 CONTINOE
155 pO 143 ® = 1, np
IF (YTOT{M) .GT. O0.) GO TO 143
CALL XBEH
YFTOT(R) = O.
DO 144 I = BA, NB
YYTOT(A) = YFTOT(h) ¢ TP (I)
YX(1) = TP (1)
AKT(I) = O.
146 YP(I) = O.
IP (8V.EQ.0) GO TO 326
YA=0.
DO 325 I=1,B8L(1)
325 YA=Y (X)+YA
PTOT=YA®_ 082107 /7
326 conTINULE
17 (8 .EQ. 1) YPTOT(®M = YPTOT(B)/PTOT
143 COSTINUE
145 prra = 1.
DO 158 R = |, AP




158

159

153

138

56

54

51

173
168
93

65

60
66

19
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IT (YTOT(N) .GT. O. _OE. YPTOT(M) .LE. DIFR) GO TO 158
KA = n

DIFE - YPTOT (M)

CONTINUE

I? (DIFAM .FQ. 1.) GO TO 13A
I7 (KK .EQ. 0) GO 10 159

¥R = FR - 1

YPTOT (KA) = 1.

GO TC U5

ASUR = NSDM(RG)

YTOT (KA) = 1.

BA = RP{KA)

BB = NL(KA)

DO 153 1 = ma, HB

Y(I) = YSON®YX(I)/YPTOT (KA)
G0 TT 47

IT (#S .LT. BY) GO T0 S1
DIPN = D.

DO S4 1 = m1, HS

1P (KO(I) .BQ. O .OR. Y({I) .GT. O.) GO TO Su
PIA = -G (1)

PO 56 J = 1, L

PIA = PIA ¢ A(I,J)*PI(J)

17 {PIA .LT. DIFH) GO TO 54
KA = I

pIFM = PIA

CONTINUE

I?r (DIPB .EQ. 0.) GO TO 51
Y(KA) = YSDA

GO TO 5SS

IF (AX .EQ. 1) GO TO 93

PD 168 N = 1, HPaA

B = IFAS(N)

17 (AF(B) .NE. PL{N)) GO TO 168
A = BP(N)

DO 173 J = 1, L

IF {A{®a,J) .EQ. AO(HA,J)) GO TO 173
BY = 9

G0 TO 171

CONTINUE

CONTINUE

IVAKD = 0

GO TO 66

DO 60 J = 1, L

OPI(J) = PI(J)

SLAR = 1.

DO 12 N = 1, EP)

L1 =L+ ¥

B = IPAS(N)

nA = Er(n)

nB = BL{A)

DO 12 I = mA, 6B

1P (Y(I) .EQ. O.) GO TO 12
PIA = P(I) -~ PI(LY)

DO 19 J = 1, L

PIA = PIA - A(1,J)*PI(J)
YI{1) = PIASY(I)

s gt pa on e Rl T
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I (P1A _.GT. SLAR) sSLAN = PIa
12 CONTINUE
1P (SLAM .GT. ).) SLAM » 0999 (SLAR - 0.5) 7/ (SLANeSLAN)
1P (rSA .EQ. 0) GO TO 72
DO S3 ¥ = y, nSA
1 = IS0L(N)
K =1 ¢ 8PA ¢ 1
Ir (PI(X) .L1. 0.) L1 =« O
Ir (Ivag .EQ. 0 .OR. PL(K) .GT. -¥(I)) GO TO S)
IF {SLAR .LT. 1. .AND. -PI(K)/YSUN .LT. 1.E8) GO TO 53
(1) = 0.
GO TC %5
53 Y (1) =DABS (PI(K))
T2 Ysun = .
DO 128 8 = Y, nPaA
0= IFAS(H)
AL = ar(n)
88 = AL(A)
DO 29 I = ma, nB
I?Y (Y(I) -.EQ. 0.) GO TO 29
Y(I) = Y(I) - SLAmeYX(I)
IP (Y(I) .LT. V.2-20) Y (I} = O.
29 CONTINUE !
CALL ABER
IFr (YTOT(M) .EQ. 0.) GO TO 47
128 ISOM = YSUB + TTOT (N)
IVAR = VAR ¢ 9
IFr (IVAR .EQ. 25 .OB. IVAR .BQ. 50) DHIN = 100.¢DNIN
IF (IVAR .EQ. 75) GC TO 59
IF {IVAXJ .LT. O .0B. LY .2Q. 0 .OR. SLAM .LT. 1.) GO TO 16
IVARJ = IVARJ ¢ 1
IF (IVARJ .2Q. 10) GO TO 88
DO 3 w = 1, mpa

A = IFAS(N)
M = BP(N)
BB = AL(m)

DO 3 I = na, np
IF (Y(I) .GT. 0. .AND.DABS(IX(I))/Y(I) .GT. 1.8~6) GO TO 16
3 CONTINUE

88 DO 149 N = 1, mpPa

B = IFAS(N)

CALL XBESR

Ir (ma _¥z. ®9) GO 10 133

D0 92 3 =1, 1

IF (A(MA,J) .NE. AO({MA,J)) T (NA) = A(DAR,3) /700 (Ra,J) Y (NA)
92 conTINUE
133 00 149 1 = na, ns

IP (¥0(I) .BC. O .OR. Y(I) .GT. 0.) GO TO 149

I(I) = YTOI(A)*YP(I)

IF {1(I) .LT. 1.E-20 .0R. LX(I) .EQ. ) GO TO 149

LX(ry = 1

GO TO 133 ;
149 CONTINUE 5

1r (IvaRrJy .2G. 10) = o
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151

325

326

127
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SDBROUTINE ABER

SAPLICIT REAL®B (A-H,0-2)

COSBCH A(99,10), A0(99,10), AKT(99}, AKTP(99), B(10,99), BO(10),
$G(99), KH{20), L, M, M1, MA, nb, WP (20), BL(20), WP, MS, NO(99),
SNP, PI{20), ETOT, T, TEXT(99), Y(99), YF(99), YTOT(20},V,HV,NVV

ITOT(n) = O.

PO 2 I = A, 4B

1TOT (M) = YICT(N) + Y{I)

I¥ (ITOT(A) .GE. 1.E-8) GO TO 151

YTOT (8) = O.

RETURN

CONTINVE

IF (AV.EQ.0) GO TO 326

YA=0.

DO 325 I=1,HL(V)

TA=T (1) YA

PTOT=YA®.0821°T/V

CONTINUE

17 (5 -EQ. 1) YTOT{1) = YTOT(!)/PTOT

PO 127 1 = ma, MB

TP{I} = Y(I}/YTOT(8)

CALL FACTOR

DO 141 T = mA, #B !

AKT (1) = ARTE(I)*YP(])

RETORN

END
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SUBROUTINE IRES

I8PLICTT REAL®R (a-H,0-2)

CONRON A(99,10), A0(99,10), AKT(99), AKTF(99), B(10,99), BO{10),
$G(99), KH(20), L, ®, A1, WA, ®B, mr (20}, AL(20), mP, M5, ND(99),
$¥P, P1(20), FTOT, T, TEXT(99), Y(99), IP(99}, YTOT(20),Y,NV,NVV

DIAZISION OYP (99)

PLOG = DMA1) (DLOG(PTOT), 10.)

KA = KP(H)

AR = BL(M)

DO 38 I = mA, MB

IP (XO(I) .EQ. O .OR. Y(I) .GY. 0.) GO TO 38

PIA » -G (I)

08?2 J =1, L

87:PIA = PEA + A(L,J) *PI(J)

IF (P1A .GT. PLOG) PIA = PLOG

AKT (1) =DEXP (PIA)

YP{1) = AKT(I)

38 CONTINUE
Ivag = 0
147 IVaB = IVAR o )
IP (IVAR .LT. 25) CALL FACTOR
PO 139 I = ®A, BB
orP(1) = TP(I)
139 TP(I) = AKT({I)/AKTF (D)

DO 137 I = nA, AB

IP (¥7(I).GT.0..AND.DABS (OYP (I)/YP(I)=1.)-GT.1.E-G)GO TO 147
137 COSTINOE

BETURX

END
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SUBRCUTINE PACTOR

IBPLICIT REAL®S (A-N,0-2)

CCARCN A (99,10), A0(99,10), AKT(99), AKTF (99), B(10,99), BO(10),
$G(99), KH({20), L, M, B}, AA, KB, AP (20), ML{20), WP, mS, NU(99),
$NP, P1(20), §T0OT, T, TEXT(99), Y(99), YP(99), YTOT(20),V,NV,NVY

THE ACTIVITY COEFFICIENT EXPRESSIONS POR THE SPECIES IN THE NONIDEAL
AIXTURES ARE INSERTED APTRER THE STATENENT NUMBER THAT COBRESPONDS TO
THE RL1XTURE NUMBER. POR A SOLID WITH VARIABLE STOICHIOMETRY WHICH IS
REGARDED AS A SEPARATE MIXTURE, THE COMPOSITION MUST ALSO RE SPICITIED
(RAXINUSB CHE STOICHIOBETRIC CORPFICIENT IS ALLOVWED TO DEVIATE).

NCTICE THAT AN APQUNT OF A SPECIES WHICH IS LESS TBAN 1.E-20 MOLES
1S SET EQUAL 7O ZEFRO.

A0 = A DEVIATING STOICHIORETRIC COEPPICIENT
AKT = ACTIVLITY

AKTF = ACTIVITY COEFFICIENT

I = ANOUNT OF SUBSTANCE

Y? = MOLE FPRACTICN OR PARTIAL PRESSURE

GO TC (1,2,3,4,5,6,7,8,9,10), 0
CONTINUE
RETURN
CONTINUE
RETURN
CONTINUE
RETU RN
CONTINUE
RETU RN
CONTINOE
RETORN
CONTINUE
RETURN
CONTINUE
RETURN
CONTINUE
RETOBN
CONTINUE
BETURN
CONTINUE
RETURN
END

O el




-30-

SUBHCUTINE SPEQUA

INPLICIT REAL®8 (A-H,0-2)
CCAROM A (99,10}, AOD(99,10), AKT(99), AKTP(99), B(10,99), BO(10),
$G(99), KH(20), L, K, a1, MR, A8, ®nr(20), AL(20), AP, NS, NO(99),
$up, PI1(20), PTOT, T, TEXT(99), Y (99), IF(99), YTOT(20),V, LV, NVV

SPEQUA IS A SUBRCUTINE PO¥ CALCULATION OP QUANTITIES WHICH ABE
DERIYABLE PRON THE EQUILIBRION COSPOSITION.

nnan

BETUNN
END




DISTRIBUTION LIST - TECHNICAL REPORTS
CONTRACT NO0014-79-C-0121

Office of Naval Research 4
Code 427Y

800 North Quincy Street
Arlington, VA 22217

Naval Research Laboratory
4555 QOverlook Avenue, S.W.
Washington, D.C. 20375

Attn: Code 2627 6
6812 1
6820 2

Defense Documentation Center 12
Building 5, Cameron Station
Alexandria, VA 22314

Dr. Y. S. Park 1
AFAL/DHR

Building 450

Wright-Patterson AFB

Ohio 45433

ERADCOM 1
DELET-M
Fort Monmouth, NJ 07703

Dr. Harry Wieder 1
Naval Ocean Systems Center
Code 922

271 Catalina Blvd.

San Diego, CA 92152

Dr. William Lindley 1
MIT

Lincoln Laboratory

F124A, P. 0. Box 73

Lexington, MA 02173

Mr. Sven Roosild 1
AFCRL/LQD
Hanscom AFB, MA 01731

Commander 1
U.S. Army Electronics Command
V. Gelnovatch

(DRSEL-TL-1IC)

Fort Monmouth, NJ 07703

Commandant

Marine Corps

Scientific Advisor (Code AX)
Washington, D.C. 20320

Commander, AFAL

AFAL/DHM

Mr. Richard L. Remski
Wright-Patterson AFR, OH 45433

Professor Walter Ku
Phillips Hall
Cornell University
Ithaca, NY 14853

Commander

Harry Diamond Laboratories
Mr. Horst W. A. Gerlach
2800 Powder Mi1l Road
Adeiphia, MD 20783

Advisory Group on Electron
Devices

201 Varick Street, 9th floor

New York, NY 10014

Professor L. Eastman
Phillips Hall
Cornell University
Ithaca, NY 14853

Professors Hauser and Littlejohn
Department of Electrical Enar.
North Carolina State University
Raleigh, North Carolina 27607

Dr. R. S. Feigelson

Center for Materials Research
Stanford University

Stanford, California 94305




