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THERNODYNANIC AND KINETIC STUDIES OF 
SOHE GROUP III Aim GROUP V ELEl•lENTS 

AND ALLOYS BY SOLID STATE ELECTROCHE.HICAL TECHNIQUES 

Timothy J. Anderson 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory and 
Department of Chemical Engineering; University of California 

Berkeley, California 94720 

ABSTRACT 

Solid state electrochemical methods are studied for measuring some 

thermodynamic and kinetic properties of Group III and V semiconducting 

materials. The Gibbs free energy of forming gallium sesquioxide and 

indium sesquioxide are measured using a co
2
-co-o

2 
gas reference 

electrode and calcia stabilized zirconia as the solid electrolyte. 

The free energies are given by 

0 -1 
~Gf(B~Ga2o3 (c)) = -(265,309±152) +(82.47±0.16)(T/K) calthmol (1) 

and 

o I -l ~Gf(In2o3 (c)) = -(223,160±137) + (79.47±0.12)(T K) calthmol . (2) 

The measured absolute free energies of formation of In2o3 and B-Ga2o
3 

are in excellent agreement with previous studies though discrepa11cies 

are found in the standard entropy and enthalpy changes. Comparison is 

made to available calori1:~etric results by a third law calculation with 

the data of this investigation proving to be the most consistent. 

A solid state galvanic cell is employed to measure gallium ac-

tivities in Ga-Sb liquid alloys. A survey of the available literature 

indicates gallium activities ranging from moderate positive to strong 



-viii-

negative deviations from Raoult 'slaw. The results of this investigation 

show moderate negative deviations from ideality in the composition 

range 0.039 < xGa < 0.833. From the temperature dependence of the 

measured activities, partial molar enthalpies and entropies are calcu-

lated; these are, within experimental error, in agreement with calori-

metric data. The results of this work are combined with calorimetric 

data to calculate the liquidus temperatures of the Ga-Sb system; the 

result~ are found to be in excellent agreement with measured liquidus 

temperatures. The effect of short-range ordering is ~lso investigated. 

Coulometric titration techniques are used to investigate the 

solubility and diffusivity of oxygen in liquid indium. Dissolved 

atomic oxygen is found to follow Henry's law and a saturation solubility 

of xsat= 3.3 x 10-3 is det~rmined at 908°K. From a galvanostatic response 
0 

-6 2 -1 
of an indium electrode an oxygen diffusivity of 2. 2 x 10 em sec 

is found and is in good agreement with other available data. 

The application of CaF
2 

as a solid electrolyte for solid state 

electrochemical studies is investigated. A theoretical basis is given 

for the use of fluorine conducting CaF
2 

with respect to Group lll-V 

alloys. Experimental techniques are explored for the use of CaF2 

in an open cell arrangement. Experimental difficulties are found with 

several cell configurations though the emf response is in the correct 

direction and has the right order of magnitude. 

, 
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I. GENERAL INTRODUCTION 

Compounds and solid solutions formed 'from the Group lilA elements 

gallium, indium and aluminum and the Group VA elements phosphorous, 

arsenic and antimony can be termed second generation semiconductor 

materials where the first· generation materials were silicon and germanium. 

Today the binaty Group IIIA-VA compounds are found in many solid state 

device applications. GaAs is used as a red light emitting dio~e 1 

while GaP has received major interest in its use for .red and green light 

emitting electroluminescent diodes.
2

' 3 The luminescent properties 

f G Sl . . . I . f d . I b · · 14 • 5 o a 1 p-n ]unct1ons 1n t1e 1n rare reg1on 1as cen 1nvest1gateL 

and InAs liquid phase epitaxial layers have been studied for the 

fabrication of laset diodes.
6 

InP, AlAs, AlP and AlSb have also been 

investigated for their luminescent properties.
1 

Solid solutions 

of the psuedobinary compound (AlGa)As have shown interestinG possibilities 

for GaAs-base bipolar ~ransitors 7 
and high-voltage, high-temperature 

'f. 8, 9 rect1 1ers. The ternaries In(AsP), (InGa)As, and Ga(AsSb) 

have received attention for fabrication of negative electron affinity 

d 
. 10 

ev1ces, while In(AsSb) is suitable for infrared emitting 

11 diodes and detectors. The system Ga In
1 

Sb has shown the Ctuut x -x 
11 

effect for the composition range 0.3 <x< 0.54. 

Effective design of Group IliA and VA materials processing 

equi.pmcnt • .. JOuld he greatly aided by an accurate description of their 

thermodyn~mic properties. Though these semiconductor m;ltcrials 

are of current practical interest, direct determinations of their 
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thermodynamic properties is lacking. Uuch of the available infot-m<ltion is 

inferred from simple models using liquidus data. In this study, 

electrochemical techniques are investigated for determining soQe 

thermodynamic and kinetic properties. Specifically, solid state 

galvanic cells that employ solid electrolytes conductive to oxygen 

or fluorine ions are investigated with respect to their applications 

to Group III-V compounds. 

It is well K.nown that high temperature galvanic cells with solid 

electrolytes allm.,r direct study of reaction free energies 1-lith 

high accuracy. The majority of electroc!1emical studies with solid 

electrolytes have utilized an oxygen conducting solid elecyrolyte 

(either calcia stabilized zirconia on yittria doped thoria). 

A fluorine conducting electrolyte, CaF
2

, has receiv~d very little 

attention wit:1 respect to lll-V semiconductor compounds, a! though 

potentially it has a larger range of applicability due to the inclusi.on 

of Al and also a lmver vJOrking temperature. In this study both the 

common oxide electrolyte and the less investigated C~F2 are used. 

Particular experimental and theoretical attention is &iven to 

CaF
2 

in conjunction with Group Ili-V compounds, as the literature 

is somewhat limited. 

In electroc~emical cells involvin~ coexistence electrodes sucl1 

accurate free energies of formation of the oxides or fluorides <1rc 

required. Thus accurate Gibbs free energy of formation for 

gallium and indium sesquioxides are needed. These compounds are 

also of interest for thick film resistor applications and can be 
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important in the processing of the elements. Galvanic cells measuring 

the formation free energy of the Group III metal fluorides are nl.so 

reported. 

Hany solid compound semiconductors can be prepared by liquid 

phase epitaxy. Crystal growth of ,these compounds is facilitated by 

a knowledge of the liquid solution therm0dynamics. In this study 

a detailed examinatiotl. of the liquid Ga-Sb system is given \vith 

component activities directly measured. Also, a discussion of 

the applications of CaF
2 

to study both the liquid and solid 

solutiori thermodynamics is presented. 

Oxygen is important as an electrically active imourity in 

compound seniiconductors. , Consequently, one objective of this 

study is to develop methods to measure oxygen solubilities and 

diffusivities for oxygen in semiconductor materials. 

/ 
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II. THEORY 

A. Introduction 

Thermodynamic equilibria and kinetic electrochemical studies can be 

carried out with Group III and V elements and compounds with the use of 

solid electrolytes. Two electrolytes are useful: fluorine conducting 

CaF
2 

and oxygen conducting calcia stabilized zirconia (CSZ). 

Solid oxide electrolytes have received much attention in the 

measurement of free energies of formation1- 9 and of component 

act1.v1.t1·es 1·11 ..,lloys. 1 • 2 • lO-lS l1 I 1 k I b d · 1 u ·uc1 ess wor 1as een one w1t1 

C F 
16- 24 I · I · 11 h. b. f 1. I '1. a 

2 
W11Cl potent1a_ y ex 1 1ts a greater range o app 1ta11 1ty 

to Group III-V compounds. 

B. Thermochemical Measurements \Vith Solid State Galvanic Cell 

Hhen the electrolyte conduction is exclusively ·ionic, a simple 

relation exists between the measured cell potential and chemical 

energy change, 

6G -nFE (1) 

where 6G is the Gibbs free energy change for the overall cell 

reaction, _n is the equivalents of charged passed, F is Faraday's 

constant and E is the reversible cell potential. Furthermore, by 

applying the Gibbs-Helmholtz relationships to the temperature 

dependence of the cell potential, 6H and 6S information can be 

extracted by 



dE 
-nF dT 
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-M -nEF - LlH 
T 

0 

(2) 

If accurate E vs. temperature data are available, the constant pressure 

heat capacity change of the overall reaction can be determined from 

LlC 
p 

{_a
2E) 

nFT ~ . 
p 

(3) 

Finally, the chemical potential of the reaction constituents can be 

measured: The theoretical analysis was carried out by Wagner(l) for 

conduction in a crystalline binary compound M
2 

X 

following relationship was derived 

].1' ].1" 
X 

du 
m 

E lft 
X 1 f dum 

fD = - - t --
F ion F ion Z 

].1" 
X ' m 

X ]Jm 

and the 

where t. is the ionic transference number, ].1 and ].1 are the 
lOll X m 

chemical potentials of the nonmetal and metal, respectively, Z and 
X 

(4) 

Z are the cation and anion valences, and the superscripts differen
m 

tiate the chemical potential at either reversible electrode. In this 

equation the functional dependence of t. on the chemical potential 
lOll 

must be known. This is easiest if tion is independent of the chemical 

potential and equal to unity. In kinetic studies, a nonreversible 

electrode is intentionally polarized in a controlled manner so that 

the cell voltage and current used to polarize can be related to 

reactions or transport phenomenon in or at the electrode. 
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Equation 4 .is usually coupled with Faraday's Law 

j. = I/Z.F 
1 1 

where j. is the rate (moles/sec) at which ionic species, i, is 
1 

transported through the electrolyte to the external circuit. The 

practical use of equations (1 - 5) requires that the galvanic cell 

(5) 

be operated in a region where the transference number of the reacting ion 

in unity. 
C. Solid Electrolytes 

Solid compounds exhibiting exclusive ionic conduction are at 

present few. Past investigations have shown anionic conduction in 

+ halides and oxides and cationic conduction in various compounds of Ag , 

+ ++ +++ + Cu , Mg , Al and Na • Solid CaF
2 

has been explored in this 

study as the electrolyte to be used in the study of III-V compound 

25 semiconductors. In 1957, Ure showed that the predominant defect 

in CaF
2 

crystals were of the anti-Frenkel type (equal concentrations 

of anion vacancies and anion interstitials). He found the mobility 

of F in the range of 690 to 920°C to be given by. 

7 -1 3 2 -1 -1 
~ = (1.34 X 10 )T exp [(-(19 ± 4)Xl0 /T] ern sec volt (6) 

Also the defect density, n , was determined as a function of 
0 

temperature in the same range: 



n 
0 

'. ' t.i ~ ':. ( '· '-· .... ;. 
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25 3 -3 
2.96Xl0 exp [-(16 . .3><10 )/T]cm . (7) 

Furthermore, it was demonstrated that the cation contribution to the 

total ionic conduction is negligble (t . = 3Xl0-S at 850°C(Z), 
cat1.on 

BXl0-
7 

at 1000°C and lXl0- 6 at 1100°C26 ). As a result, CaF
2 

ionic 

conduction can be considered to be entitely due to F transport. 

As pointed out earlier, any feasible use of CaF
2 

as a solid electrolyte 

requires operation in a region where tF- > .99. For a.nti-Frenkel 

defects, the following equilibrium equation can be written: 

where 0 represents the perfect lattice, F. is an interstitial 
1. 

fluorine anion, and VF- is a fluorine anion vacancy. \~1en CaF
2 

(8) 

solid is brought into equilibrium with its surroundings ionic defects 

and comp~nsating electronic defects are introduced. If the 

surroundings are at high (relative to the stoichiometry of CaF
2

) 

activities the equilibrium equation is given by 

where p is the hole concentration and PF is the fluorine partial 
2 

(9) 

pressure. Similarly, if the atmosphere is of low fluorine activity, 
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0 ~ 1 I 2 F 2 + v :- + e , ~ow (10) 

where n is the free electron concentration. To maintain electrical 

neutrality the following equation must be observed, 

[F~-] 
1 

(11) 

For significant ionic transference this equation must reduce to 

+ -[VF-J = [Fi] in a PF range which includes the composition of exact 
2 

stoichiometry. In the ionic conductivity range it can be shown 

-1/2 1/2 
that naP F and paP F , and the ionic defect concentrations are 

2 

+ 

independent of PF 
. 2 

under the above conditions. Since conductivity is 

directly porportional to the VF- concentration this leads to the useful 

conclusion that a
1 

(ionic conductivity) is PF on 
2 

(excess electron conductivity) is proportional to 

independent, and ae 
-1/2 

P F , and oifl (hole 
2 

conductivity) is proportional to PF112 , all at constant temperature. 
2 

On the other hand, at constant PF , all conductivities exhibit 
2 

an 

Arrhenius-type temperature dependence. Following Patterson, 27 we can write 

Arrhenius-type equations describing each mode of conductivity, 

o [ Qion] o. = u exp - -;---- .. 
1on ion RT 

a~= a~ exp[- ~] RT 

a = Q o~ exp [- ~] 



l· 
I 

\.' 

--1_0-

a=a +a +o
8 T ion $ 

(12) 

where a0 's are proportionality constants and Q's are activation energies, 

all of which are 

at the condition 

independent of temperature and PF . To arrive 
2 

of t. >.99 we equate a. to 1000 and 1000 . 
10n 10n ffi g 

Upon doing so the following equations now define the ionic conduction 

domain limits' 

-2 

0 
Q . + Q,,, 1 0 . 10n ~ 10n 

2.3R ~ + 2 log o 
lOQc;EB 

0 

= + 2 _Q-=ic=-o.:c:n,.---_Q_e""' .!. _ 2 10 g 
0 

ion 
2.3R T lOOoo 

l:;J 

(13) 

It is now apparent that a plot of log PF vs. 1/T should provide linear 
2 

ionic conduction domain boundaries. Recent studies by Egan have shown 

that t. ~ 0.991 at 1000°C~ 0 A thermodynamic treatment due to Wagner 10n 

has established a portion of the lower PF boundary line~8 An excess 
2 

of Ca is dissolved in CaF
2 

due to the following mechanism, 

) 
X~ X 

Ca (v + 2F ~ CaF 
2 

+ 2eF (14) 

where Fx is a fluoride ion on a regular ion site and e; is an 

electron substituted for a fluoride ion. By applying the la~ of mass 

. X 
action, the number of eF is proportional to the square root of the 

activity of Ca. In addition, excess electrons can be formed by the 

following reaction, 

... 
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(15) 

X 
The mobility of eF is related to the mobility of the excess electrons 

by, 

nu . 
n 

(16) 

Using the definition of conductivity and equation (14) .to (16) one can 

calculate the transference nuniber of electrons, tf:-)' from 

o
8

/o. 
10n 

n IJ 
( el) ( eF) 1/2 
-----a 

o. Ca 
10n 

(17) 

if .o + 0. << o. 
6 . ¢' 10n Utilizing equation (17) with concentration and 

25 
mobility data of Ure , 

activity of Ca < 1x1o-5 

Wagner determined that tQ < 0.01 when the 

at 600°C and aca < 6xlo-6 at 840°C. Using 

~GF data for CaF
2 

it can be shown the lower ionic conduction domain 

boundary corresponds to PF = lo-58• 6 atm at 600°C and PF = lo-43 

2 2 
atm at 840°C. Shown in Fig. 1 are estimates of the Gibbs free 

energies of forming the various fluorides of interest to this 

29-31 study. The lower boundary conservatively estimated by Wagner 

would be near the MgF
2 

trajectory. But recent studies by Pntterson 

24 
and Skelton have produted stable and accurate (as compared to 

calorimetric data) emf's for the Ca-CaF
2 

electrode \llhich indicates that 

27 
the lower domain boundary lies below this line. Patterson 

postulates that the upper boundary can be located far above 1 atm 

fluorine pressure as a result of the electronegativity difference 
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2+ 
between Ca and F ions and also the extreme forbidden gap for CaF

2
. 

In view of the above discussion it is evident that CaF
2 

provides 

a larger ionic conduction domain than the other common solid 

electrolytes. The major drawhack of using CaF
2 

appears to be its 

reactivity. Ure
25 

showed CaFi conductivity changed when annealed 

in a oxygen atmosphere. Also, several investigators reported 

electrolyte-electrode reactions. 

2. csz 

Calcia stabilized zirconia is of the defect fluorite structt1re 

and conducts doubly charged oxygen ions via a vacancy mechanism. This 

oxygen vacancy defect density occuring in zironia has been found to 

increase greatly if divalent Ca is added in solid solution with 

tetravalent zirconia, up to a dopant level of 15 mole% Ca. As 

a result of this defect predominance the ionic conductivity and 

working P range (t. > 0.99) is enhanced. In-depth 
02 10n 

presentations of the theory of conduction of solid oxide electrolyt~s 

can b f d . h 1" . 32-36 e oun 1n t e 1terature. 

Shown in Fig. 2 are conservative and liberal lower oxygen 

partial pressure limits to the ionic conduction domain of CSZ as 

37 38 39 
derived from the data of Schmalzreid and Patterson ' and 

40 Tretyakov. Tl · 1 · . 3 7 l I G . 0 G 0 1e conservat1ve 1m1t paces t1e a
2 1

- a-
2 

equilibrium outside the electrolytic domain. The mote recent and 

l "b l l' . 38- 40 1 h 'bl. "l'b . f . 1 era 1m1t pace~ t e most sta e equ1 1 r1um o· 1nterest 

well within the limits of operation. The fact that the CSZ is 

a workable electrolyte with Ga + Ga
2
o

3 
electrodes can be 

verified by a determination of the Gibbs free energy of forming 



0 . 0 0 u 0 2 7 

-13-

Ga
2
o

3 
and a comparison of the results with data obtained using yittria 

doped thoria (having a lower electrolytic domain boundary). The use 

of CSZ over YDT was prescribed by ease of use (thermal stressing, 

radioactivity, etc.). 

Also plotted in Fig. 2 are the Gibbs free energies of forming 

d f h . 1 . d d. 2,3,15,41 the various oxi es o t e mater1a s 1nvestigate in these stu 1es. 

It can be concluded by inspection of Fig. 2 that Ga
2
o

3 
is the most 

stable oxide in the temperature range studied. Therefore, coexistence 

electrodes must contain Ga
2
o

3 
and a metal alloy if gallium is a 

component of· the alloy. 
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of a few keV is f = 0.9 for clean titanium surfaces. 
s 

To sustain the plasma, dN/dt must be zero. 

We will illustrate the effect of the thermal component, 1
0

, by means of a numeri-
. 08 I A . . 2 1013 -3 cal example. For 10 keV deutertum v = 1 em sec. ssummg n = X em , 

. R = 20 ~m, G = 1, f = 0.9 and taking <cr v>. = 3.6 X 10-8, <crV> .. = 2 X 10-8, and . p .. · s 1e · 11 
<crv> = 14 X 10-8 for both the energetic neutral beam and thermal neutrals (i.e., 

ex 
average crv values for thermal neutrals are determined by the velocity distribution of 

the contained plasma), we find 

nV- . ..! o· .33 - ~ o 71 1 A f 
7 q q · - 4 no v o p x· 

Neglecting charge exchange with the background gas 

Obviously it is necessary that 

'_:·,. 

1o 0.33 
T .< ·lf:tr = 0.46~ 

If r* is the current required to sustain the plasma when I = 0, then the re-
. 0 

quired values of I for cases where I
0

/I = 0.1, 0.2, and 0.3 are I = 1.27 I1, 1.75 I* and 

2.8 r* respectively. The rapid escalation of the required neutral beam current with 

1
0
/I emphasizes the importance of suppressing the thermal component. 

The consequence of alterations of the angular distribution in the contained 

plasma by ,charge exchange with the beam needs further evaluation as the amplification 

factor in·the B-C scaling law could be adversely affected. 
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(3.110) 2XIIB Major Project 

The scientific objectives, uncertainty, and scope of the 2XIIB Major Project 
. . 

were discussed in the preceding section. This physics discussion covers the entire 

2XII Program Plan, providing a broader view of 2XII than is needed to describe the 

2XIIB Major Project, which is defined as the new Magnet and Vacuum System. Future 

major project proposals may or may not contain this level of physics detail. 

(3.120) ENGINEERING ASPECTS OF 2XIIB MAJOR PROJECT 

Engineering Description of 2XIIB · 

The 2XIIB modification is fundamentally the installation of a new pulsed magnet 

system into the existing 2XII system (which is described in Appendix G). There are 

two subsystems in the 2XIIB proposal. The first is the magnet subsystem, and the 

second is the vacuum chamber subsystem. 

The magnet subsystem which will c-onvert 2XII into 2XIIB is composed of four 

parts. They will be described in the tl.me sequence of operation during the experiment. 

First are the de magnets, which are turned on and stabilized very early in the 

experimental sequence. Their function is to provide the magnetic field to guide the 

injected plasma into the compression chamber. · Two new de magnets will be needed 

due to dimensional changes in the pulsed magnet that were made to accommodate 

intense neutral injection. 

The pulsed magnet as shown in Fig. 3 comprises the other three parts of the 

magnet subsystem. The second magnet to operate is the barrier (or slow gate) magnet. 

It reflects a fraction of the injected plasma. After the barrier magnet is energized a 

quantity of plasma is injected into the compression chamber. The next magnet in the 

sequence, the fast gate magnet, is energized at the proper time to trap in the coni

pression chamber part of the plasma reflected by the barrier magnet. The compres

sion magnet then compresses the trapped plasma. At the time of maximum current; 

the compression magnet is short circuited so that the field decays with the character.,.. 

istic L/.EJ., decay time of the magnet. As the L/R time is presently much greater than the 

characteristic plasma lifetime, the magnetic field duration .is sufficient for the in

vestigation of the relevant plasma phenomena. As plasma containment is improved, 

it will be necessary to extend the duration of the magnetic field. The compression 

magnet alone is shown in Fig. 2. 

The vacuum subsystem as shown in Fig. 3 is a pyroceram chamber which is in

side of the magnet subsystem. Its function is to provide a clean vacuum environment 

for the plasma by isolating the plasma from the magnet and surrounding structures. 

-16-
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Fig. 1. Gibbs free energies of forming .. the cretal fluorides of 

interest on a molar F2 basis are compared to the lower 

fluorine partial pressure limit for ionic conduction in CaF2 . 

Fig. 2. Gibbs free energies for formation on a molar o
2 

basis are 

compared to the lower oxygen partial pressure limit for ionic 

conductivity of CSZ. 



-18-

.--.. As F-... C\.1 
lL 
Q) -
0 
E 

........ 
0 GaF3 0 

..::£ 

C\.1 
LJ.. 

0... 
c -
I-
0::: 
II 

AIF3 0 
(.9 

<J 

MgF2 
Changes of State Element Fluoride 
Melting Point M [MJ 

CaF2 
Boi I ing Point 8 [8] 
Sublimation Point s [S1 
Transition Point T ITJ 

-300 
0 400 800 1200 1600 2000 

Temperature (°K) 
XBL 757-6776 

Fig. 1. 



0 0 •J 0 ,~, 4 0 0 2 7 5 

-19-

Temperature, oc 

-2_,...j_3 - 0 0 400 . 600 800 1000 

02 

-N 
0 
Q) 

0 
E 

........ -a 
0 

...:.::: -
N 

0 a_ 

c -
1-
a::: 
II 

o-
(.!) 
<] 

-50 

-200 

Lower Limits for Ionic Conductivity 
- ·-Calcia-stabil i zed zirconia; after 

Schmalzreid 
---- Calcia-stabilized zirconia; after 

Patterson~ Bogden, and Rapp 

. 
/ 

Changes of State 

/ 
/ 

Meta I Melting Point M 
Oxide Sublimation Point ffi] 

-48 -40 -36 -32 
log p

0 
(atm) 

2 

0 

-2 

-4 

-6 

-8 

-12 

-20 

-22 

24 

-26 

-28 

XBL 757-6780 
Fig. 2. 



-20-

III. SOLID-STATE ELECTROCHEMICAL STUDY OF THE FREE ENERGY OF 
FORMATION OF B-GALLIUM SESQUIOXIDE USING A CALCIA-STABILIZED 
ZIRCONIA ELECTROLYTE 

A. Introduction 

Gallium has become important in the semiconductor microelectronics 

industries as a component of compounds for electroluminescent and 

microwave devices. Gallium is also an important solvent for liquid-

phase epitaxial crystal growth of compound semiconductors where 

oxygen is an electrically active impurity. Gallium sesquioxide 

added to Ga-GaP solutions has been used to achieve high electro

luminescence efficiency in Zn-doped GaP light-emitting diodes. 1- 4 

Effective design of semiconductor device processes involving gallium 

should be aided by accurate thermodynamic data for gallium oxide. 

The Gibbs free energy of formation of 8-Ga
2
o

3 
by the reaction 

has been estimated by Coughlin5 and measured using solid-state 

electrochemical methods by Klinedinst and Stevenson6 and Smith and 

Ch 
.. 7 

atterJl. Pankratz and Kelley determined the high temperature 

heat content of S-Ga
2
o

3 
by calorimetric methods.

8 
More recently 

Mills9 measured the enthalpy of formation of B-Ga
2
o

3 
by drop 

calorimetry. Unfortunately, the Gibbs free energies of formation 

as determined in the above studies show marked discrepancies, 

(1) 

especially in the temperature dependence, i.e., the standard entropy 

of formation. In this study the Gibbs free energy of formation of 
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S-Ga
2
o

3 
was measured in a high-temperature, solid-state electrochemical 

cell under microcomputer control. 

B. Experimental 

1. The Experimental Cell 

The basic, solid-state galvanic cell design is depicted in 

Fig. 1. The cell consisted of a 2-inch diameter, closed-end alumina 

tube 18 inch in length secured by a Viton 0-ring to a water-cooled, 

brass cell-head. Three 1/8-inch Cajon through-bore fittings were 

located on the cell head symetrically around a 1/4-inch Cajon 

through-bore fitting. The 1/8-inch thermocouples and lead wires 

in ceramic sheaths were passed through the 1/8-inch fittings. The 

larger, centered fitting was used to seal to a 1/4-inch calcia-

stabilized zirconia (CSZ) electrolyte tube, closed at the bottom. 

Included in the brass head were bores for gas entrance and exit. 

The exit placement was such that the gas had flow downward to the 

experimental cell, then through an alumina pushrod. Three spring-

loaded tungsten wires provided support for a graphite chamber 

containing liquid gallium and S-Ga
2
o

3 
in contact with the CSZ tube. 

The electrode materials were contained in a 2-inch diameter 

closed graphite crucible fitted with a screw cap containing a 

closely fitting hole through which the CSZ tube was inserted into 

the gallium electrode. Powdered graphite was added to seal the CSZ 

tube to the graphite lid. Details of electrode compartments are 

shown in Fig. 2. 

The cell was heated with. a Marshall resistance-heated furnace 

20.inch in length with a 2 1/2 inch bore. Excellent temperature 
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control was furnished by an integrating, temperature-regulated, 

power supply designed and built at the Lawrence Berkeley Laboratory. 

Temperature uniformity and stability was held to with ±0.5°C in 

the vicinity of the electrodes. Stray cell voltages induced by the 

temperature regulation circuit were eliminated by a metal ground 

shield placed around the 2-inch alumina tube. Type:-K thermocouples 

(0.020 inch Pt Pt 10% Rh) were calibrated in the cell under 

vacuum against a thermocouple calibrated at the National Bureau 

of Standards. The calibration was performed with the standard 

thermocouple occupying the position normally that of the electrode, 

while the unknown thermocouple >vas placed in their normal operating 

positions. Thermocouple emf's were amplified using a xlOO 

thermocouple amplifier calibrated with a Leeds and Northrup Type 

K-3 potentiometer facility. 

Cell emf's were measured with a Keithley 640 electrometer. 

High-isolation triaxial cable used to connect the experimental cell 

to the input head of the electrometer. The inner conductor of the 

triaxial cable was connected to the positive lead wire of the cell. 

The outer conductor was driven by the unity-gain feedback from the 

electrometer, thus acting as a driven guard. Leakage sources 

at the input head were negligible since the cable was guarded up to 

the sapphire insulated electrometer contact. 

2. Materials 

Gallium metal used in the study was semiconductor grade, 

99.9999% pure, obtained from Cominco American. Gallium oxide was 

obtained from Alfa Products, and had a purity of 99.99%. The oxide 
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was confirmed to be B-Ga
2
o

3 
and to show no detectable second phases 

by X-ray diffraction analysis. 

The calcia-stabilized zirconia tubes .containing 7.5 weight 

percent calcia were obtained from the Zirconia Corporation of 

America. The tubes were confirmed to be leak tight both before 

and after the experiments. Spectroscopic-grade graphite was employed 

in the electrode compartment containing the liquid metal and a 

small amount of the oxide. Platinum lead wires were attached to 

the graphite compartment and to a platinum electrode made from 

Englehard unfluxed platinum paste (No. 6926) inside the CSZ tube end. 

The CO-C02 reference electrode gas mixture was obtained from 

Matheson Gas Products. Chemical analysis showed the mixture to 

contain (25.29 ± 0.02) percent co
2 

and (2.45 ± 0.02) percent CO 

in high-purity argon. 

High-purity argon was prepared by passing it over Linde 4A 

molecular sieve at 195°K, then through a special, alumina-lined 

titanium sponge purifer heated to 800°C. This gas was used as an 

inert purge gas for the metal-oxide electrode compartment, with 

10 3/ . the purge flow rate adjusted to em m1n. 

Reagent dibutyl phthalate was used in gas exhaust traps to 

prevent back-diffusion of oxygen into the experimental cell. 

3. Microcomputer Control System 

Operation of the electrochemical experiments and data 

acquisition were automated with a microcomputer system based on an 

Intel 8008 microprocessor. The facility is schematically shown in 

Fig. 3. rhe system had the capability of setting the cell operation 
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temperature and·monitoring cell emfs and thermocouple outputs on 

a predetermined time base until equilibrium had been established, 

thus allowing continuous cell operation without operator assistance. 

A 4 1/2 digit panel meter alternately displayed the cell voltage 

and temperature, while a permanent record was obtained on a teletype. 

The microcomputer was constructed from components stocked at the 

Lawrence Livermore Laboratory. 

4. Procedure 

In each of several experiments the cell compartments were 

leak-checked using a high vacuum system, then purged with high 

purity argon. The cell temperature was programmed to rise at 100°K/ 

hour to the lowest measurement temperature, after which the reference 

gas flow was initiated. The cell temperature was then sequentially 

incremented and decremented throughout the experimental range, with 

the cell voltage measured and periodically recorded at each 

temperature until equilibrium was reached and confirmed. Reference 

gas and argon flow rates did not affect the cell voltage in the 

ranges selected. At the conclusion of each experiment the cell 

compartments were again checked for leaks and the metal electrode 

examined for evidence of oxidation. The electrode material was 

then analyzed by X-ray diffraction to confirm the absence of side

reaction products. 
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C. Results 

The solid-electrolyte galvanic cell employed in measuring the 

free energy of formation of S-Ga
2
o

3 
can be represented schematically 

as 

(2) 

The equilibrium partial pressures of oxygen in the two electrodes 

are related to the cell potentia~ E, by the Nernst equation: 

E (3) 

In this equation, P(02 , CO + co2) indicates the oxygen fugacity 

of the CO +C0
2 

gas mixture, P(0
2

, Ga(£) + 8- Ga
2
o

3
(c)) represents 

the Ga + Ga2o
3 

mixture, R is the gas constant, T is the thermodynamic 

temperature and F is the Faraday constant. 

_The measured cell emf differs from the equilibrium cell potential 

by the thermal emf generated by the Pt - C couple. This thermal 

emf was measured by Chatterji and Smith10 and found to vary nearly 

linearly with temperature in the range investigated. The measured 

cell voltage E(m) was corrected by the following equation for the 

equilibrium cell voltage, 

E (E(m)/mV) - 3.7 + .007(T/K)mV. (4) 
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The Gibbs free energy of formation of &-Ga2o3 is related 

to the oxygen partial pressure over the Ga + Ga
2
o

3 
mixture by the 

equilibrium constant for the formation reaction: 

or 

(5) 

Equations 3 and 5 allow 

measured temperature and experimental cell voltage: 

Here, unit activities for Ga(.Q.) and S -Ga2o
3 

(c) in the mixture were 

assumed. 

The reference oxygen partial pressure was established by the 

equilibrium reaction, 

(7) 

and is related to the Gibbs free energy change for this reaction, 



0 
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-68,270- 0.18T 1n T - 0.34 l0-3T
2 

+ 0.87 105/T + 

23.28T, calth mol-l was taken from the equations given by Wicks and 

Block11 for the free energies of formation of CO and co2. The 

ratio of the partial pressure of co
2 

to the partial pressure of CO 

in the primary standard gas was 10.322± .092. 

Table 1 shows the measured open-cell potentials, partial 

pressures of oxygen in the reference gas mixture, the calculated 

equilibrium partial pressures of oxygen in the Ga, B-ca
2
o

3 
mixture, 

and the calculated values of the Gibbs free energy of formation of 

over the experimental-temperature. 

D. Discussion 

(8) 

The data obtained in this study were compared to the data reported 

from previous studies as shown in Fig. 4. This figure shows the 

experimental values of 6G~((:3-Ga 2 o 3) plotted against temperature, 

with the least-squares straight line drawn through the data points 

for each study. Also shmvn is the estimated Gibbs free energy of 

formation of Coughlin, 5 the calorimetric results of Pankratz and 

. 8 7 
Kelley and the emf measurements of Smith and C:lliJlter_ji, <Jlld of 

Klinedinst and Stevenson. 6 

A linear least-squares analysis of our data obtained in the 

present study resulted in the following expression for 6G~(6-Ga 2 o 3 ): 
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-1 
= (-265,309±152) + (82.47±0.16) (T/K)calthmol . 

The uncertainties given in this expression are those computed from 

the standard deviations. The constant term appearing in Eq. (9) 

corresponds to th~ standard enthalpy change while the temperature 

coefficient represents the standard entropy change. Table 2 

summarizes these values found in this study with comparisons to 

values obtained from previous studies. 

The ~G~(B-Ga2o 3 ) values calculated in the present study from 

the experimental data showed excellent internal consistency with 

a standard error at 1000°K of only ± .312 kcal/mole. On comparing 

(9) 

the results with those obtained from other emf measurements, however, 

one finds an apparent discrepancy in both the standard enthalpy and 

entropy. In particular, the standard entropy found in this work 

was 17.5% above that of Klinedinst and Stevenson's result (see 

Table 2). One the other hand, the absolute values of 
0 

~Gf ( 8-Ga
2
o

3
) 

show relatively good agreement but differ markedly in the temperature 

dependence as shown in Fig. 4. 

Because of differences in the results of this study as compared 

to results of previous emf studies and also of the availability of 

good calorimetric data, a "third law" calculation was carried out. 

The results of this calculation are shown in Fig. 5. The values 

. 0 
of ~Hf, 298 • 15 for the 8-Ga2o

3 
formation reaction was calculated 

from the following equation: 
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Table 2. Comparison of Reported Standard Enthalpy and Entropy of 
Formation of B-ca

2
o

3
, 

kcalth kcalth 
6H0 6SP 

-1 -1 -1 mol mol K 

-252.4 .·0702a 

-252.5 .0711 b 

-259.34 .07811c 

-265.31 .08247d 

a. From Ref. 6, obtained by titration. 

b. From Ref. 6, phase equilibrium. 

c. From Ref. 7. 

d. From this work. 
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L\R~,298.15 

0 
where L\Gf,T is the experimental value of the Gibbs free energy of 

0 0 
formation of S-Ga2o3. The values of "T - H298 . 15 and 

0 0 11 
5T - 5298 •15 for o

2
(g) were taken from Wicks and Block, that 

12 9 for Ga(~) from Hultgren, and that for S-Ga2o
3

(c) from Mills. 

A value 0 
for L\5f, 298 •15 of -72.87 cal/mole°K was determined from the 

data on 0 13 5298 •15 for o
2 

taken from Kelley and on Ga and S-Ga
2
o

3 
14 from Adams, Johnston and Kerr. The calculated results for 

L\H~98 • 15 are compared to the data of Mah, 15 determined by direct 

combustion calorimetry, and to the value of 5hchukarev, 5emenov 

and Rat'kovskii
16 

obtained by isothermal evaporation studies. The 

close agreement between the data derived from this study and the 

findings of the latter two different methods tend to support the 

0 -1 
experimental value for L\H298 . 15 of -261.9 kcalth mol . 

Assuming all calorimetric data to be correct, the emf results 

would be expected to give calculated L\H~98 • 15 values which fall 

on a horizontal line in Fig. 5 at the value of the calorimetrically 

determined result. As seen in Fig. 4, the results of Klinedinst 

and 5tevenson
6 

exhibit a large temperature dependence, with the 

average lying somewhat above the calorimetrically determined value. 

In their reported results, no mention was made of correcting 

(10) 

for the thermal emf· developed by the W - Pt junction on the metal-metal 
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oxide electrode. 
10 Chatterji and Smith measured this potential 

and found it sizeable (i.e., 15.6 mV at 1000°K). Adding these 

corrections to the data of Klinedinst and Stevenson would have 

0 the effect of flattening the calculated 6H298 _
15 

values but would 

·also rais.e them (i.e., 1.515 kcal/mole at 873°K and 3.541 kcal/mole 

at 1273°K for the two-phase mixture). 

Also shown in Fig. 4 are the emf results of Smith and Chatterji.
7 

The actual data were not available for this calculation. Instead, 

the fitted linear equation was used. The use of this equation gave 

nearly temperature-independent results, but shifted to approximately 

1.75 kcal above the experimental value. Smith and Chatterji 

reported an error range of 0.8 kcal/mole with no apparent temperature 

dependence from a similar third-law calculation on their data. 

The calculated results of this investigation· gave the value 

0 of 6H298 •15 ·reported to within the experimental error for all data 

points, but produced a small temperature dependence. This could be 

accounted for by a systematic error in our experimental data or 

by inaccurate specific heat data. The specific heat data for o2 

should be very accurate and the more recent calorimetric data of 

Mills9 agreed to within 1% of that of Pankratz and Kelley. 8 The 

most likely source of error is in the specific heat of gallium, 

for which a constant heat capacity was assumed above 700°K. 

A potential source of error in the present study was electronic 

conduction in the CSZ electrolyte. Shown in Fig. 2 are the 

conservative and liberal lower oxygen partial pressure limits to 

the electrolytic domain of CSZ as derived from the data of 
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Schmalzreid
17 

and Patterson, Bogden and Rapp, 18 along with the free 

energies of formation of Ga
2
o

3 
and other oxides. 19 The conservative 

limit places the Ga2o3 
- Ga - o

2 
equilibrium outside the electrolytic 

domain. The more recent and liberal limit places the most stable 

equilibrium of interest well within the limits of operation. In 

this study the working temperature was maintained below 1100°K 

in order to prevent conditions allowing electronic conduction in 

the solid electrolyte. The fact that the emf data did not show 

a change in the temperature dependence at high temperatures is 

evidence that the electrolyte was maintained in the ionic conduction 

domain. The high ionic conductivity of CSZ as the solid electrolyte 

aids in preventing electrode~polarization errors which could more 

easily occur with YDT, used in the study by Klinedinst and 

16 Stevenson. 

Regardless of the error source, the direct measurement of 

performed in this study showed much better consistency 

with the calorimetric data than did the data from earlier emf studies, 

when compared with "third law" calculations. 
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IV. SOLID-STATE ELECTROCIIEHICAL STUDY OF TilE FJ\EE 
ENERGY OF FORHATION OF INDIUN SESQUIOXIDE 

A. Introduction 

Indium sesquioxide is an n-type semiconductor which has been 

used as a thick film resistor. A review of its properties hn.s been 

given by de Wit.
1 

For the processing of In
2
o

3 
by chemical reactions 

involving oxidation, accurate information on the thermodynamic 

properties of In
2
o

3 
is important. 

The standard Gibbs free energy of forming In
2
o

3 
by the reaction 

has been measured using electrochemical methods by. a number of 

/ 2-5 
authors. The Gibbs free energy of for~ation has also been 

calculated from the equilibrium partial pressures of '.vater and 

hydrogen over a mixture of In and In
2
o

3
. 6 •

7 
Other studies on 

In
2
o

3 
from which thermodynamic data can be derived include 

(l) 

. . d. 8 ' 9 l . . 1 . 10 d 1 . . vapor1zat1on stu 1es, a t1ermograv1metr1c ana ys1s an co or1metr1c 

. 11-12 combustion exper1ments. 

In this paper, solid-state electrochemical measurements of the 

Gibbs free energy of the reaction given in equation (1) are reported for 

the temperature range from 950 to 1128 K. A solid-state galvanic 

cell technique is employed, utilizing calcia-stabilized zirconia as 

the solid electrolyte. T!1e results of these experiments are compared 

with other available data from the literature by means of a third 

law calculation of the standard enthalpy of formation of In
2
o

3
. 

Also presented is an analysis of the equilibrium partial pressures 
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over a mixture of In(~)+ In203(c), based on the results of this 

study and on other available data. Also based on results of this 

study, an alternative explanation of the recent thermogravimetric 

10 data of de Wit is presented. 

B. Experimental 

An In+In
2
o

3 
coexistence electrode and a CO+C02 gas electrode 

were used in the experimental cell. The coexistence electrode was 

prepared from 99.999% pure indium powder (Orion Chemical Co.) and 

99.999% pure indium sesquioxide powder (Alfa Products). 

X-ray diffraction analysis showed the oxide powder to be pure In2o3. 

Measured amounts of metal and oxide powders in the weight ratio of 

10:1 were thoroughly mixed and placed in a 1 in O.D. tube of graphite 

(spectrographic grade) closed at one end. The graphite tube was 

fitted with a screw cap with a central hole through which a 0.250 

in O.D., closed~end calcia-stabilized zirconia (CSZ) tube containing 

the gas reference electrode and a ptatinum lead wire were inserted 

into the coexistence electrode. The CSZ tube (Zirconia Corporation 

of America) had a nominal coposition of ca0 •15zr0 •85o1 •85 • 

The closed end of the tube was coated inside with unfluxed platinum 

paste (Englehard No. 6926) to which a spiral platinum lead wire 

was attached. The CO+C02 reference gas mixture (Matheson Gas Products) 

was ·prepared from high purity argon, Chemical analysis showed the 

gas mixture to contain (25.29 ± 0.02) percent co2 and (2~45 ± 0.02) 

percent CO. The assembled electrochemical cell showing the electrodes 

is shown in Fig. 1. 
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The electrode assembly was contained within a 2 in O.D, closed-

end alumina tube sealed with a viton 0-ring to a water-cooled brass 

cell head containing Cajon seals to alumina tubes supporting electrode 

leads and Pt -.Pt+lO% Rh thermocouples calibrated to an NBS-reference 

thermocouple. The coexistence electrode compartment was purged with 

argon purified by passing it over titanium sponge heated to 

13 
The experimental cell has been described in detail elsewhere. 

The cell was placed in a Marshall resistance-heated furnace and 

shielded from rf interference from the triac-controlled temperature 

regulator by a grounded platinum shield placed between the 2 in 

alumina tube and the furnace winding. Temperatures could be 

maintained to within ±0.5 K. 

Cell emf was measured with a Keithley 640 electrometer which 

was connected .to the cell leads with a triaxial cable containing a 

driven guard to reduce leakage currents. The electrometer output 

and amplified thermocouple output were monitored periodically by 

a microcomputer control system based on the Intel 8008 microprocessor. 

The control program was able to raise the cell temperature at 

-1 lOOKhr to the operating temperature, monitor the cell temperature 

and emf and print the data on a teletype, test for equilibrium, 

and repeat the measurements at a series of fixed temperatures within 

the desired temperature range. 
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c. Results 

The free energy of formation of indium sesquioxide was 

determined with the cell 

(2) 

The activity of oxygen in the coexistence electrode relative to 

that in the reference gas mixture was measured from the cell voltage, 

E, and the-Nernst equation. 

where R is the gas constant, T the absolute temperature, F is the 

Faraday constant, p(02 ,ca+co2) the oxygen partial pressure over the 

CO+C02 mixture and p(02 , In+In20
3

) that over the coexistence 

electrode. 

(3) 

The Gibbs free energy of forming In2o
3 

is related to the cell emf 

through the equilibrium constant of reaction Eq. (1). Assuming unity 

0 activities for In(~) and In2o
3

(c), ~Gf (In
2
o

3
, c, T) is given by: 

The ratio of partial pressures of the reference gas components, 

(Pco /pc0), was determined by chemical analysis to be (10.322 ± 
2 

(4) 

0 . 
0.092). The term ~G fin Eq. (4) is the ·Gibbs free energy of reaction re 

for the reference gas equilibrium, 
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and was calculated from the data of Wicks and Blo'ck. 14 The measured 

cell potential differs from the potential generated by the In
2
o

3 

formation reaction by the magnitude of the Pt-C thermal emf. The 

15 potential, determined elsewhere as a function of temperature, 

was used to correct the measured emf for this contribution. 

Listed in Table 1 are the temperatures of measurement, recorded 

cell emf, corrected cell emf, the partial pressures of oxygen in 

the reference and measured electrodes,respectively, and the Gibbs 

energy of forming In2o
3 

as calculated from Eq. (4). 

0 A lin~ar least squares regression analysis of the ~Gf(In2 o 3 , c, T) 

data shown in Table 2 gave the following equation: 

0 6Gf(In203,c,T) = -(223.16±0.14)+ (0.07947±0.00012) (T/K) (6) 

0 -1 
where ~Gf(In2o3 ,c,T) has the units of kcalthmol • The constant 

term represents the standard enthalpy change for the formation 

reaction while the temperature coefficient is that of the 

standard entropy change. The error limits are those of the standard 

deviation of the data for the least-squares line. This error was 

found to be 0.25 kcal at 1000 K, which corresponds roughly to a 3 K 

error in temperature measurement or a 1.8 mV error in cell emf 

measurements. 



.. 

Table 1. Sunnnary of experimental and derived data (calth = 4.184 J; atm = 101.323 k Pa) 

T,K Emf Emf 1og
10

p(0
2

,GO+C0
2
), 0 

log10p(02 ,In+In2o3),-~Gf(In2o3 ,c,T) 
Measured, mV Corrected, mV atm atm -1 

kcalthmol . 0 

o· 

950.8 128.9 131.9 -19.82 -22.61 147.58 ·-~JOI::>" 

953.6 129.0 132.0 -19.73 -22.52 147.38 c 
t;\ .. 

986.1 128.4 131.6 144.83 
. o .. ~. 

-'-18. 71 -21.40 
.,b., 

988.2 128.2 131.4 -18.64 -21.32 144.63 
c 

1021.6 127.5 131.0 -17.67 -20.25 142.00 
0 I 

1026.0 127.1 141.60 
~ 

130.6 -17.54 -20.11 -...J 
~ I 

1041.8 126.8 130.4 -17.11 -19.63 140.36 o; 

1059.0 129.6 130.3 -16.65 -19.13 139.02 ...0 

1067.8 126.0 129.8 -16.42 -18.87 138.27 

1094.9 125.8 129.8 -15.73 -18.12 136.18 

1128.3 124.7 128.-9 -14.93 -17.24 133.49 
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D. Discussion 

0 
The calculated values of ~Gf(In2o3 ,c,T) from this study are 

plotteJ} as a function of temperature in Fig. 2 and compared to data 

from the .emf studies of Klinedinst and Stevensori5 (using a similar 

2 cell design), of Schaefer (using a Cu-cu
2
o reference electrode), 

4 of Newns and Pelmore (using a Ni-NiO reference electrode), and 

3 of Chatterji and Vest (also using a Ni-NiO reference electrode). 

Also plotted in Fig. 1 are the values measured by Hochgeshwender 

and Ingraham employing a flowing gas equilibrating technique. 6 

Presented in Table 2 is a comparison of the standard enthalpy 

and entropy changes obtained from this study and from other studies. 

Large discrepancies are apparent in both of these terms derived 

from the measured Gibbs free energy of formation. 

In order to better ascertain the reliability of the available 

data a third law calculation was performed. The results of this 

calculation are shown in Fig. 3. 

were calculated from the equation, 

0 0 0 0 
~Hf(In2o3 ,c,298.15) = ~Gf(In2o3 ,c,T) -~f(H,f-H298 • 15 ) + 

T[~s~, 298.15 - ~f(s~-s~98 • 15 >] 
(7) 
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Table 2. Comparison of the standard enthalpy and entropy of the 
reaction, 2In(~) + 3/2 o

2
(g) = In2o3(c) from different 

sources. 

-218.78 

-222.7 

-215.55 

-218.7 

-223.16 

-1 -1 
kcalthmol ·K 

0.07534 

0.0781 

0.07263 

0.0756 

0.07947 

Reference 

Schaefer 2 

Newns 4 

Ch . · 3 
atterJ~ 

Klinedinst5 

this work 
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Values of S~-s~98 • 15 and ~-H~98 • 15 for diatomic oxygen were taken 

from Wicks and Block, 14 for liquid indium from the selected values 

16 of Hultgren, and for indium sesquioxide from the heat capacity 

measurements of Shchukarev, Semenov and Rat'kovskii. 8 The specific 

heat data reported in the latter study was reduced to the form, 

The value of -73.5 e.u. 0 
was assigned to ~Sf' 298.15 as suggested by 

18 
Hart. These values were combined according to the stoichiometry 

(7) 

0 0 
of reaction Eq. (1) to determine the values of 6f(ST-s298 •15) and used 

in conjunction with the measured ~G~(In2o3 ,c,T) data to determine the 

0 enthalpy of formation at 298.15 K. The calculated ~Hf(In2o3 ,c,298.15) 
- . -1 

results are compared to the value of (-221.27±0.40) kcalthmol 

12 as determined by Holley, Huber and Meierkord by combustion 

calorimetry. 

As shown in Fig. 3, the results of this study exhibit the most 

0 
temperature~independent values of ~Hf(In2o3 ,c, 298.15) of all the emf 

studies, with all calculated values falling within the experimental 

error range of the calorimetric results. 

obtained from the other five studies showed a definite temperature 

dependence of about equal magnitudes (where actual data points were 

available). This lead us to reexamine the enthaply and entropy 

functions chosen in the calculation. 
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0 19 19 The values of s298 •15 for In and o
2 

have been very well 

determined and stoichiometrically combine to give 101.31 entropy 

units. 
11 ' 

Becker and Roth estimated the entropy of In2o
3 

at 298.15°K 

: 7 
to be 27.0±2.5 e.u., while Stubbs, Schufle and Thompson 

calculated a value of 30.1 e.u. from their equilibrium studies. 

Using these values as extrema lead us to select a range of -74.31 

0 to -71.21 e.u. for ~Sf(In2o3 ,c, 298.15). Another alternative 

calculation of ~H~(In2o3 ,c,298.15) is based on the assumption that 

20 Glassner gives coefficients 

for a linear temperature-dependent expression for cp(In2o3
,c,T) and 

estimated enthalpy and entropy functions for the In2o
3 

formation 

reaction. In order to reconcile the results of the other studies with 

those from this work, these alternative specific heat values were 

substituted in various combinations in the third law calculation. In 

0 all cases (except with the more negative values of 6Sf(In2o3,c,298.15) 

an4 with other values as in the original calculation) the use of the 

new specific heat functions had the deleterious effect of raising the 

0 mean value of the calculated 6Hf(In2o3,c,298.15) well above that 

reported by calorimetric studies. It can be concluded therefore, 

that the results of this study are most consistent with the third 

law test of all studies using the solid-state electrochemical cell 

method. 

An important side reaction to consider at high temperatures is 

the decomposition of In2o3
(c) to form In

2
o(v). The existence of 

5 In20(c) above 1085:K has been suggested by Klinedinst and Stevenson 
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to explain a discontinuity in the temperature dependence of the measured 

oxygen activity of a coexistence electrode containing In(t) and 

indium oxides formed by electrochemical titration. No such discontinuity 

was found inthepresent study for.a coexistence electrode containing 

In(R.) and In2o3
(c). It is possible, therefore, that In20(c) is 

produced by the titration of oxygen ions into In(t) above 1085 K. 

It is of interest to calculate the partial pressure of In
2
0(v) 

that would exist in the In(t) + In
2
0(c) electrode if equilibrium 

conditions prevailed. For the reaction, 

(8) 

the Gibbs free energy change is found by subtracting t ~G~(In2o3 ,c,T), 
obtained in this study, from that for In

2
0(c) suggested by Klinedinst 

5 and Stevenson. The result is 

~G(8) 
-1 = 20.286- .01959 (T/K), kcalthmol . 

The standard free energy change is zero for this reaction at 1097 K. 

Therefore above this temperature solid In
2
o could form. The In20(c) 

vaporization free energy can now be found by combining the formation 

5 energies of the two species, for the reaction, 

The result is 

(9) 

(10) 
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-1 
= 31.0 - 0.177 (T/K), kcalthmol 

Assuming ideal conditions, the ~ressure of In20(v) over solid In2o 

is then given by 

which gives a value of 2.75 mmHg at 1100 K. If. on the other hand 

oxygen partial pressure is found from 

the equilibrium reaction, 

Also the reaction 

(11) 

(12) 

(13) 

(14) 

is a source of In2o in the gas phase. Combining the last two reactions, 

one obtains 

log10{p(02)/atm} = -32,513/T + 11.58 (15) 

l~g10 {p(In20)/atm} = -11,405/T + 7.93. (16) 

These expressions also give a value of 2.93 mm Hg for the partial 

pressure of In20(v) at 1100 K. 
. (8) 

Shchukarev, Semenov and Ratkovskii 



-54-

found the pressure of In20(v) over a mixture of In(i) + In2o
3 

to be 

0.631 mm Hg at 1101 K by mass spectrometry. Shown in Fig. 4 

are the partial pressures of In20(v) established by a direct formation 

reaction'in the presence of In
2
o

3
(c) or by vaporization of In20(c). 

The mass spectrometer data is not sufficient for one to discern 

which mechanism is controlling, although the formation of In20(c) 

after vacuum sublimation of the In
2
o

3
(c) + In(i) mixture has been 

8 
reported. 

Also of importance to the present study is the equilibrium 

pressure of In
2
0(v) over In20/c) produced by the reaction 

This reaction has a free energy change given by 

-1 
LlG(l7) = 169.16 - .017157 (T/K), kcalthmol • 

Combined with the free energy of vaporization for solid In
2
0 one 

finds 

(17) 

(18) 

(19) 

.This expression is somewhat different from that given by Van Dillen21 

which is 

The formation of In
2
0(c) as a reaction product during In

2
o

3
(c) 

decomposition is suggested by the thermogravimetric studiesof de Witt
10 
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who found a small (1 1Jg/min) linear weight loss of In2o3 over the 

temperature range from 1173 to 1473 K, De Wit attributed this 

result to a defect reaction inv?lving either the formation of oxygen 

vacancies or indium interstials in In
2
o

3
(c), however, rather than 

to an In
2
0(c) surface reaction product. In our study of the 

In(~) + In2o3
(c) coexistence electrode, no discontinuities in cell 

emf with temperature were observed, in spite of some vaporization of 

In(~). Therefore, we conclude that In20(c) could be produced by 

a rapid dissociative decomposition reaction from In2o
3

(c) above 

1173 K, but that In20(c) is not present in the In(~) + In203 (c) 

coexistence electrode. This conclusion also is supported by x-ray 

diffraction analysis on the coexistence electrodes following high-

temperature studies, 

E. Conclusion 

The Gibbs free energy of formation: of In2o3 was readily 

measurable utilizing a solid-state electrochemical cell with a 

CO + co2 reference electrode. The microcomputer automation of the 

study proved exceptionally beneficial for automatic testing of 

thermodynamic equilibrium and of the reproducibility of the data. 

The results of the study gave the most temperature-independent 

0 values of ~Hf(In2o3 ,c,298.15) of all the emf studies of the 

In
203

(c) formation reaction, and in close agreement with calorimetric 

data. No evidence was found for the formation of In20(c) over 

In(~) + In2o3(c) coexistence electrodes. 
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LIST OF FIGURES 

Fig. 1. Cross-section of the experimental cell showing the In(t) + 

In
2
o

3
(c) coexistence electrode contained in a graphite 

crucible, and a CO+C02 reference gas electrode inside a 

calcia-stabilized zirconia tube. 

Fig. 2. Gibbs free energy of formation of In2o
3

(c) as a function of 

temperature. 

Fig. 3. Standard state enthalpy of formation of In
2
o3(c) obtained by 

a thrid law analysis of the experimental data. 

Fig. 4. Partial pressure of In
2
0(v) as a function of temperature 

for two possible formation reactions. 
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a . ~ 7. 

V. SOLID~STATE ELECTROCHEMICAL STUDY OF Ga-Sb LIQUID ALLOYS 

A. Introduction 

Gallium and antimony combine to form a single intermetallic 

compound, gallium antimonide (G~Sb) with the sphalerite structure. 

This cornpond is of current practical interest for its semiconducting 

1 
properties, especially in application to Gunn effect diodes. 

The thermodynamics of the gallium - antimony system at and 

above the melting temperature of GaSh, has received considerable 

attention. Much recent consideration has been given to solution models 

for the prediction of thermodynamic data from liquidus temperatures. 

Such indirect methods, however,. are sensitive to errors in 

available liquidus data. For example, the melting point of GaSh, 

T , as determined by different studies has been reported to be 
m 

975, 11 • 12 979, 7 982, 14 985, 2 • 6 • 13 993,9 and 99810 

degrees Kelvin. The melting point as measured by different 

investigators shows marked differences though the generally accepted 

. 15 16 value 1s 985 K. ' Compiled in Table 1 is a list of the 

c experimentally determined enthalpy of fusion of G~Sb, -~Hf(GaSb), 

and entropy of fusion, ~S~(GaSb), calculated assuming the melting 

point is 985 K. -1 
As can be seen, the large range of 2.0 kcalthg-atom 

c 
exists for the reported ~Hf(GaSb). 

The Ga-Sb phase diagram has been determined by a number of 

investigators7' 14 • 18 all in generally excellent agreement, 

though shifted somewhat be~ow the accepted melting point, 

Enthalpy of mixing data for liquid alloys have been measured 

20 . ' 21 
by Predel and Stein and Yazawa, Kawashima and Itagaki who 

. -1 
found a maximum in this quantity of -258 and -204 calthg-atom , 
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Table 1. Comparison of enthalpy and entropy of fusion of GaSh, 
as reported by different investigators. (ca1th = 4.184J) 

-1 
kca1thg-atom 

7.78 (± .1) 

7.9 

6.0 (± .5) 

7.3 (± • 3) 

7.5 (± .3) 

8.0 (± .8) 

7.0 (± • 3) 

-1 -1 
ca1thg-atom K 

7.90 (± .11) 

8.0 

6.1 

7.4 

7.6 

8.1 

7.1 

Reference 

2 

3 

4 

5 

8 

17 

'19 
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respectively, at an equimolar composition. Activities in the liquid 

phase have been measured with solid state electrochemical techniques. 

22-24 All of the reported results show extremely large negative 

deviations from ideality. Small negative deviations were found by 

Yazawa, Kawashima and Itagaki when they applied a strictly regular 

solution model to their.heat of mixing data, 21 while Predel and 

Stein calculated moderate positive deviations near the melting point 

20 of GaSh. 0 h h h d d . 25 h n t e ot er an , vapor pressure stu 1es ave 

shown a moderately negative derivation from ideality. Thus, the 

thermodynamic properties of the Ga-Sb system at the above the melting 

temperature of GaSh are not well defined. 

In this study, component activities in the liquid p~ase of 

the Ga-Sh system were measured with a high temperature galvanic cell 

employing a calcia-stabilized zirconia solid electrolyte and gaseous 

reference electrode. 

B. Experimental 

1. Materials ...... 

The alloy coexistence electrodes used in this study were prepared 

from high purity materials. Semiconductor-grade elemental gallium 

and antimony were obtained from Cominco American. Powdered Ga2o3 

of 99.999% purity was obtained from Alfa Products. The materials 

were allowed to contact only high-purity alumina during the mixing 

process. High purity graphite was used in the preparation of the 

containers for the alloy coexistence electrode. Calcia-stahilized 

zirconia tubes having a nominal composition of Ca0 ,
15

zr
0

•85o
1

_85 

were obtained from Zircoa Corporation of America. The high 
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temperature par·t of the experimental cell housing was constructed 

entirely of high purity recystallized alumina. The electrode 

assembly was contained within a split tube of 99.99 tantalum which 

acted as a support and as an oxygen getter. 

2. AJ2Earatus 

The basic experimental cell consisted of a 2 inch-diameter closed

end alumina tube 18 inch in length secured by a Viton 0-ring to the 

brass cell head. This envelope contained the electrodes as shown 

in Fig. 1. The Ga-Sh alloy and a small amount of 8-Ga2o3 were placed 

within a graphite closed crucible in contact with a 0.250 inch 

diameter CSZ tube containing the CO+C02 reference gas and a Pt-

paste contact between a Pt wire and the electrolyte. Three 1/8 

inch bored-through Cajon connectors on the cell head for thermocouples 

were placed symetrically around a 1/4 inch central Cajon fitting 

containing a calcia-stabilized zirconia tube. The thermocouples used 

were type K (.020 inch Pt, Pt 10% Rh) which were calibrated in 

separate experiments within the cell against an NBS-tracable calibrated 

thermocouple. 

In this investigation argon gas was used as the inert gas 

blanket. High purity, tank argon was further purified by passing 

it through a column of Linde 4A molecular seive at the temperature 

of the dry ice-acetone equilibrium to remove the majority of water 

vapor present, then over hot Ti sponge at 1123 K. 

The cell was heated with a Marshall resistance heated furnace 

(20 inches in length with a 2 1/2 inch bore), Excellent temperature 

control was furnished by an integrating, triac-controlled regulating 

power supply designed and built at Lawrence Berkeley Laboratory. 
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Cell emfs were measured with a Keithley 640 electrometer 

accompanied with an adaptor input head. A guarded cable connected 

the cell to the electrometer input head where connection was made 

to a triaxial connectorA 

Data acquisition was automated with an Intel 8008-based 

microcomputer. The system had the capability of setting the cell 

operation temperature and monitoring cell emfs and thermocouple 

outputs on a predetermined time base, thus allowing continuous cell 

operation. The precision of recorded data was 0.01%. 

C. PROCEDURE 

The general experimental procedure was to assemble the desired 

electrode arrangement and connect it to the peripheral apparatus. 

-5 The cell was then successively evacuated (approximately 10 torr) 

and filled with argon, and the process repeated three times. The 

absence of leaks was checked by sealing the cell under vacuum or 

under an excess pressure and monitoring the cell pressure. With the 

use of a ramp set-point controller, the cell temperature was then 

raised to the highest operating temperature at a rate of 100 K hr-l in 

order to prevent thermal shock to the electrolyte. At this point 

the control was switched to the Intel 8008-based microcomputer and 

a control program initiated. The cell emf was monitored automatically 

as the microcomputer reset the temperature in increments of ~20°C 

over a fixed range after complete equilibrium had been reached at 

each temperature. At least two cycles of the temperature range of 

interest were completed in order to reveal any hysterisis effects in 

the measurement. After completion of each run the temperature was 
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-1 slowly lowered at 100 K hr and the cell disassembled. The electrode 

material was the·n examined by x-ray diffraction analysis to confirm 

the absence of side reaction products. 

D. Results 

The activity of Ga in the liquid alloys of .Ga-Sh was measured 

electrochemically in a solid-state galvanic cell which can be 

represented schematically as 

(1) 

At equilibrium, the electrochemical potential of oxygen is equal 

in both electrodes and is related to the cell emf by the Nernst 

equation, 

E = (RT/4F) in {a(o2 ,ref)/a(02 ,Ga-Sb)} (2) 

Here a(0
2
,ref) is the oxygen activity in the reference electrode while 

a(o2,Ga-Sb) is the oxygen activity in the alloy electrode, T is the 

thermodynamic temperature, R is the gas constant and F is the 

Faraday constant. 

The reference oxygen activity was calculated for the equilibrium 

reaction 

1 co + 2 02 (3) 

and therefore the oxygen activity is given by 
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The free energy change for the reference gas reaction is 

~G(3) = -68,270 -0.18T tnT -0.34xl0-3T2 + 0.87Xl0
5

/T 

-1 
+ 23.28 T, calthmol 

26 from the equations of Wicks and Block. The ratio p(co2)/p(CO) 

was chemically analyzed and found to be (10.322 ± 0.92.) 

The,activity of oxygen in the measured electrode is related 

to the gallium activity in the same electrode through the formation 

of 6-Ga
2
o3 by the reaction, 

from which it follows that the oxygen activity in the alloy is 

(4) 

(5) 

(6) 

tn a(o
2

,Ga-Sb) = 2~G(6)/3RT - (4/3) £n a(Ga) (7) 

The free energy change of reaction (6) was taken as ~(6) = 
-1 28 

(-265309±152)+(82.47±0.16) T, calthmol • Combining Eq. (2), (4) 

and (7), one finally obtains an expression for the gallium activity 

in the liquid alloy, 

RT tn a(Ga) = 3FE -1.5 RT tn {(p(C0
2

)/p(CO)} 1.5 ~G(3) + 0.5 ~G(6). 

(8) 
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The measured cell emf had to be corrected for the thermal emf gen-

erated by the Pt-C couple, which has been reported by Chatterji 

27 and Smith. Figure 2 shows the corrected equilibrium cell 

potentials as a function of temperature. A linear least squares 

analysis was applied to the data, the results of which are listed 

in Table 2. Listed in Table 3 is the activity of gallium calculated 

from Eq. (8). The activity of Sb was found by graphical integration 

of the Gibbs-Duhem equation. The relative partial molar enthaply 

of Ga was then calculated from 

dE 
= nF (T dT - E) . 

Then, the relative partial molar enthalpy of Sb was obtained by 

graphical integration with the relation, 

f xGa 
= - - d~iica· 

XSb 

The relative partial molar entropy of Ga was determined by 

dE 
= nF dT' 

and the relative partial molar entropy of Sb calculated from 

' 

(9) 

(10) 

(11) 

(12) 
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Table 2. Emf of the experimental cell for different Ga-Sb system. 

0.0390 

0.293 

0.500 

0.639 

0.833 

E =a+ b(T/K), mV 

a -bXlo3· 

413.41 ± 2.41 

432.03 ± 0.86 

438.82 ± 1.51 

439.18 ± 1. 26 

447.44 ± 0.44 

125.16 ± 2.36 

69.57 ± 0.83 

52.64 ± 1.45 

42.60 ± 1. 22 

42.03 ± 0.41 



Table 3. Summary of thermodynamic data for Ga-Sb alloys derived from emf measurements. (calth = 4.184J) 

~HGa ~HSb ~H ~sGa ~sSb ~s ~Gmixins 
lrt;a aGa aSb mixing mixing 

-1 -1 -1 -1 -1 -1 -1 I ca\hmol calthmol calthmol calthrnol calthmol calthrnol calthrnol ....., 
~ 
I 

0.039 0.0126 0.959 -2192 -5 -90 6.51 0.08 0.33 -420 

0.293 0.166 0.632 -902 -253 -443 2.67 0.66 1.25 -1696 

0.500 0.379 0.372 -433 -571 -501 1.50 1.40 1. 45 -1953 

0.639 0.545 o. 231 -408 -940 -"442 0.80 1. 97 1. 38 -1829 
< 

0.833 0.739 0.0982 +164 -1874 -177 0.76 2.74 1.09 -1274 
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Also listed in Table 3 are the integral values of the enthalpy, 

entropy and Gibbs free energy of mixing. In the above calculations, 

a temperature of 1003 K was used. 

E. Discussion 

Figure 3 shows the gallium and antimony activities as a function 

of the gallium mole fraction, xGa' obtained from this Study. For 

comparison, the emf results of Danilin and Yatsenko, 23 obtained 

24 at 988 K, and those of Gerasimenko et al. - at a temperature of 

1023 K. These investigators did not report an emf temperature 

derivative. Also shown are the calculated activities of Yazawa 

21 
et al. determined by applying a regular solution model to their 

heat of mixing data at a temperature of 1003 K. Not depicted are 

22 
recent results by Pong, determined also with a solid oxygen-

conducting electrolyte but with a Ga
2
o

3
(c) reference electrode. Pong· 

found that the activity versus composition curve had the same general 

shape as that obtained in this study but shifted somewhat to more 

negative values. The calorimetry study at xGa=O.S by Predel and 

20 -1 
Stein gave a value of -258 cal g-atom for ~H i i . The m x ng 

20 . 
calculated activities of Predel and Stein show a positive deviation 

f id li h ·1 h di f H · H · . 1 25 
rom ea ty w 1 e t e vapor pressure stu es o s1- s1ung eta., 

agree very closely with those of this study. The large negative 

deviations found in the other two emf studies whose results are shown 

in Fig. 3 might have arisen from problems in the experimental galvanic 

cell used. Both studies used,a chloride electrolyte and assumed a 

value of 3 for the number of equivalents in the Nernst equation whereas 
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gallium has known valences of both + 3 and + 1 and therefore the value 

of n is indeterminent. A value for n less than 3 would raise the 

measured activities, but the general shape of the activity curve would 

still differ from that found in this study. 

Figure 4 shows the Gibbs free energy, enthalpy and entropy changes 

for mixingthe liquid elements, as determined in this study. It can 

be seen that gallium and antimony mix exother~cally and nearly 

-1 
randomly (with an excess entropy of mixing of only 0.08 calthg-atom 

for the stoichiometric liquid), indicating that the liquid alloys 

are nearly regular in nature. Also show in Fig. 3 are the entropy 

. 20 
of mixing determined calorimetrically by Predel and Stein and 

21 Yazawa, et al. The latter results are more endothermic by about 

a factor of 2, and should be the more accurate due to their 

reproducibility and to the reliability of the experimental technique. 

It should be noted that the temperature dependence of the 

activity (used to calculate ~H i i ) illustrated in Eq. (8) m x ng 

involves three other temperature coefficients, those in 6G(3), 

~G(6) and the thermal emf correction. Adding the experimental errors 

of the above to those found from the emf fit results in sufficiently 

large error in the partial molar enthalpies that measured 6H . . m1x1ng 

here agree well with that obtained from calorimetric studies. 

Shown also in ~ig. 4 is ~S . i obtained from the calorimetric value m1x ng 

of ~H . in conjunction with ~G i i measured here. This m1X m X ng 

method gives a significant positive excess entropy of mixing. 
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A pair potential analysis was applied to these results. This 

analysis indic:ated a preference for Ga-Sb pairing which is consistent 

with the negative total enthalpy for the alloy. The p~iring, though 

not extensive because of the small values of ~H . . , would m1X1ng 

produce a negative contribution to the excess entropy. This 

contribution is probably offset by a positive excess volume (as 

29 has been found for the related In-Sb system and in other metallic 

solutions) and by possible changes in excitation of internal degrees 

of freedom resulting from the pairing, which contribute to the 

positive excess entropy observed. 

In~order to quantify these observations a short-range order 

parameter, a, was calculated based on a lattice theory discussed by 

30 
Averbach. This parameter is defined as 

where PGa-Sb is the number of Ga-Sb pairs in the liquid solution, 

Z is the number of nearest neighbors, N is the number of lattice 
0 

sites and x is the mole fraction of gallium or antimony. Through 

statistical methods Averbach shows that the excess entropy can be 

approximated by 

(13) 

- (14) 
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and the enthalpy of mixing by 

~Hi . = Z N xG xSb(l-a) f~ + j(x)] m x1ng o a - (15) 

where k is the Boltzman constant. The quantities~+ j(x) and g(T) 

are defined in terms of the quasichemical interchange energy, n, and 

Q = Z N [ ~ + j (x) + g(T)] 
0 . 

thus allowing the interchange energy to have a composition and 

(16) 

temperature dependence. The authors are aware that the quasichemica1 

solution theory is not directly applicablE~ here becau,se a positive 

excess entropy cannot be predicted, but the theory gives some insight 

into the relative amount of ordering in this system. Finally, a 

can be expanded in terms of the mole fraction and the interchange 

energy, and truncated after the first terms to give 

2xGaxSb[ ~ + j(x) + g(T)] 

kT 

If the excess entropy and enthalpy are known, then Eqs. (14, 15 and 

17) can be solved simultaneously for a. The temperature dependence 

of g(T) was assumed to be linear and given by 

g(T) = gT. 

(17) 

(18) 
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Figure 5 shows the calculated short-range order parameter, a, 

as a function of the antimony mole fraction, Listed in Table 4 is 

the calculated value of a, the terms N [l.l + 'j (x) J and N g and the 
' 0 0 

reduced interaction energy, n;zRT, for the five compositions studied. 

. 20 
In these calculations the heat of mixing of Predel, and Stein 

was used with the excess entropy obtained using our free energy 

data. A value of 6 was used for Z which is substantiated by 

30 x-ray measurements on In-Sb which showed that the number of 

nearest neighbors was 5.7. The temperature of calculation was 

1003 K. 

The values of a listed can be used to predict values of ~H . . ; m1x1ng 

~SE. when used in Eqs (14) and (15). It is observed that 
m1xing 

the effect of the temperature dependent term, g{T), is nearly twice that 

of the term~+ j(x), therefore the degree of Ga-Sb pairing is much 

greater than would be predicted by using the heat of mixing data alone. 

The experimental data for the liquidus temperature of the Ga-Sb 

system as well as direct determinations from other sources can be 

checked for consistency with the following two expressions for the 

31 liquidus temperature derived elsewhere 

and 

(19) 
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Table 4. Short-range order parameter and quasichemical interchange 
energies. (calth = 4.184J). 

N [JJ+j (x)] N [g] 
0 0 0./ZRT xGa -1 . -1 -1 

cal 
1 

·mol cal !l•mol K t1 t. 

0.039 -0.0162 -140.4 -.291 -0.216 

o. 29 3 -0.0920 -146.6 -.295 -0.222 

0.500 -0.1088 -153.9 -. 279 -0.218 

0.639 -0.0996 -152.4 -. 277 -0.215 

0.833 -0.0683 -98.7 -. 389 -0.245 
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2AH~(GaSb) ~ ~HGa(x) - ~HSb(x) 

2~S~(GaSb) - ~sGa (x) - ~SSb (x) 

0 0 where ~Hf(GaSb) and ~Sf(GaSb) are the standard enthalpy and 

entropy of forming solid GaSh from the pure liquid elements, T~ is 

the liquidus temperature and a~a (Tm) and a~b(Tm)' are the activities 

of gallium and antimony in solid GaSh at the melting point. All 

quantities in Eqs (19) and (20) are expressed on a g-atom basis, 

In these equations GaSb(c) is considered, an equimolar line 

compound, and the temperature dep.endence of the partial molar 

quantities and formation enthalpy and entropy is neglected. The 

liquidus temperature for the Sb-rich region then becomes 

T = 
MI~(Sb) + tJiSb 

~S~(Sb) + ~Sb 

Tables 5 and 6 show the liquidus temperature calculated from either 

(20) 

(21) 

Eqs. (18), (19) or (20) for the five alloy compositions studied here. 

In these calculations the partial molar enthalpiesofPredel and 

Stein20 were used while partial molar entropies were obtained 

from our experimental results. The fusion data listed in Table 1 

was used in Eq. (18). 

The free energy of formation of GaSh has been previously 

d . h f h d b h . . 32, 33 measure w1t em met o s y two ot er 1nvest1gators. 

In order to use their results in Eq. (19), the enthalpy and 

entropy change for the melting of Sb had to be introduced. An 



Table 5. Comparison of liquidus temperatures, (T/K) in the Ga-Sb system. 

Method xGa = 0.293 xGa 0.500 

equation (18) 949.3 986.0 

II 952.5 988.8 

II 937.6 935.1 

II 948.6 987.8 

II 950.0 988.2 

II 953.1 988.9 

II 946.4 987.3 

Equation (19) 982.9 1019.2 

II 974.0 1011. 5 

Experiment:1l 952.8 985.0 

XGa = 0.639 xGa 

971.4 

974.4 

966.1 

972.2 

973.0 

974.7 

971.0 

1004.9 

996.6 

970.7 

0.833 

906.2 

909.8 

882.9 

902.7 

905.2 

910.9 

898.8 

940.3 

930.0 

893.2 

Reference Source of Data for 
H~(GaSb)/ H~(GaSb) 

2 

3 

4 

5 

8 

17 

19 

32 

33 

14 

I 
CXl 
0 
I 
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Table 6. Comparison of liquidus temperatures (T/K) of an antimony
rich Ga-Sb alloy. 

T~, Equation (20) · T~, Ideal T~, Experimental 

0.039 889.8 897.2 890.7 
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-1 
enthalpy of fusion value of 4750 calthmol and a melting temperature 

of 904 K was selected from Hultgren et al. 15 

Listed also in Table 5 for comparison is the liquidus temperature 

as determined by Maglione and Potier, 14 which required a small 

linear correction to bring their data into agreement with the 

accepted melting point of GaSb. 

Based on the results shown in Table 5, several conclusions can 

be made. The accepted liquidus temperature in the Ga-Sb system is 

very well predicted by our activity data and the enthalpy data of 

Predel and Stein,
20 

along with accepted data for the heat of 

fusion. c The results obtained here show that value of ~Hf(GaSb) 

4 
obtained by Schottky and Bever is probably too low. The results 

of this study are consistent with other literature data, although 

the measured activity for the alloy x = 0.833 appears to be a few 
Ga 

percent low~ When the calculations of TR. is performed with the 

literature data for the GaSh formation reaction the liquidus temperatures 

predicted are much to high, however. Owing to the good consistency 

found with Eq. (18), the probable cause of this error is in the 

values assigned in previous studies to the enthalpy and entropy of 

the GaSh formation reaction. Table 6 shows the liquidus temperature 

calculated for an antimony-rich Ga-Sh liquid alloy. The accepted 

temperature is in excellent agreement with that derived from our 

experimental value, whereas an ideal solution model gives a large 

difference between the accepted and calculated liquidus temperature. 

This result also supports the consistency and accuracy of the present 
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F. Conclusion 

Previous studies on the Ga-Sb system have concluded that the 

1 id 11 i h id 14, 14 1 20, 21 . iqu a oys are e t er ea or regu ar solut1ons, 

while direct free energy determinations have indicated that the solutions 

are highly non-ideal, showingstrong negative deviations from ideality. 

The results of this study have shown the Ga-Sb system to deviate 

negatively, but moderately so, from Raoults 1 law ~V"ith a significantly 

positive excess entropy of mixing, Other·thermodynamic data for 

the Ga-Sb system were examined and found to give good consistency 

with the experimental results obtained in this study, with the 

exception that the reported values for the enthalpy and entropy of 

the GaSb(c) formation reaction did not conform v7ith the other data. 
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VI. THE SOLUBILITY AND DIFFUSIVITY OF OXYGEN IN LIQUID INDIUM 

A. Introduction 

As a continued study of the properties of the Group III elements, 

the compounds formed with Group·-·'V materials, and their relationship with 

oxygen, the solubility and diffusivity of oxygen in liquid indium was 

determined. The Group III element Al has received considerable 

attention with respect to its relation with oxygen as a result 

.. of the important ceramic applications. Foster and Scardefield
1 

have measured the solubility of oxygen in liquid gallium over the 

temperature range from 900 to 1200 C by a gravimetric method while 

the diffusivity of atomic oxygen'in gallium has been determined 

by Kl·inedinst and Stevenson 
4 

with galvanostatic methods. To our 

knowledge no measurement of the solubility of oxygen in liquid 

indium has been performed while the only diffusivity determination is 

that of Klinedinst and Stevenson. 4 

A solid state coulometric titration technique was first 

5 introduced by C. Wagner to study the dependence of the silver activity 

on the Ag/S ratio in silver sulfide. Several other investigators 

have employed solid oxide electrolytes to determine oxygen solubilities 

6-11 and diffusivities in liquid metals. An oxygen ion conducting 

solid electrolyte has been used in this study to measure the oxygen 

diffusfvity and solubility in liquid indium at a temperature of 

908 K. The solubility was determined by coulometrically changing 

the dissolved oxygen content and measuring the resulting activity 

of atomic oxygen. By observing the cell potential response in 

a galvanostatic experiment, a diffusivity of oxygen could be determined. 
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B. E?tJ>erimental 

A schematic of the electrode arrangement used in this study is 

shown in Fig. 1. The electrolyte consisted of a flat closed one-end 

cylinder of calcia stabilized zirconia with an outside diameter of 

0.95 em. A pool of liquid indium was placed inside the electrolyte 

crucible which was dipped into the reference electrode mixture of 

indium and indium sesquioxide. The reference electrode material was 

contained inside an alumina crucible and electrical contact was 

made with tungsten wire. Once the cell was assembled it was 

placed in the peripheral apparatus discussed in Appendix I. 

Accurate data acquisition and precise timing were accomplished with 

the aid of a microcomputer. All other experimental equipment, 

procedures .and materials were as summarized in Appendices I and II. 

C. Theory 

The electrochemical cell utilized in this study is the concentration 

cell, 

W Jin(R,) II oxide In(R.) ,In2o3j W, (1) 

electrolyte 

where calcia-stabilized zirconia was the solid electrolyte. If the 

oxygen concentration in the liquid indium electrode is less than the 

saturation concentration, then. oxygen will diffuse through the s.olid 

oxide electrolyte - as doubly negative ions - to the indium electrode 

from the In (R.) + In
2
o 

3 
buffered electrode, whose oxygen activity is 

fixed by the two-phase equilibrium. The indium electrode thus becomes 



0 4 4 0 

-95-

progressively more negative as electronic charge accumulates until 

the diffusion of oxygen ions ceases. At equilibrium, the cell 

voltage is given by the Nernst equation, 

p 

RT 
0

2 e: =- ln --
4F peq ' 

02 

(2) 

where P
0 

and P~q are the oxygen partial pressures in the In(i) gnd 
2. 2 

In{~)+In2o3 electrodes, respectively. Since the dependence of the 

equilibrium oxygen partial pressure is known, the measurement of the 

cell voltage is sufficient to determine the oxygen partial pressure 

in the liquid indium. The resulting partial pressure is 

(3) 

When the indium is undersaturated in oxygen, then e: is a negative 

quantity. On the other hand, when the liqui.d. indium becomes saturated 

in oxygen, then the cell voltage becomes zero. 

The partial pressure of diatomic oxygen in liquid indium can be 

established by considering the reaction for the dissolution· of oxygen 

in liquid indium wnich is, 

0 -+ 2[0]1 • 
2 n 

(4) 
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For this reaction, the equilibrium constant at one atmosphere total 

pressure and the temperature of interest is 

2 
a[O] 

In K = ----'-'-

where a[O] is the activity of dissolved oxygen in liquid indium. 
In 

Combining Eqs. (3) and (5) results in the following expression 

for the dissolved oxygen activity, 

Finally, the_activity of oxygen can be expressed in terms of an 

activity coefficient, y , and the oxygen mole fraction, x , to 
0 0 

give 

(5) 

(6) 

(7) 

Provided the term IK /y is known, the cell voltage is sufficient for 
0 

determining the oxygen mole fraction in the indium electrode. 

Theterm,/K/y, can be determined as a function of oxygen 
0 

content as follows. By applying a constant current for a known 

amount of time the composition of the indium electrode can be changed 

by an amount 

6n 
0 

=_Q_ 
2F 

(8) 
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where Q is the total charge passed. Assuming the number of moles 

titrated is small in comparison to the initial number moles of [O]In 

and In, Eqs. (7) and (8) combine to give 

vK Q - :::;: ---"----

2Fnin~ [ 

. 1 

2F£
1 

exp. RT 
2F£2 ] 

-exp (-· -· ·-) 
RT 

Here, £
1 

and £
2 

represents the equilibrium cell voltage before and 

after the titration is performed and n
1

n is the number of moles 

of indium liquid present in the electrode. Thus, the term 

{kfy can be determined as a function of concentration in cell (1) 
0 

(9) 

and this value can be used to calculate the solubility of oxygen in liquid In. 

Alternatively the solubility can be determined as follows. 

The change in oxygen atom fraction produced by titration is given by 

n -n 
~ 0,1 0,2 

xO,l - x0,2 riln 

From Eq. (7) we find 

= _QL---
2Fnln 

Combining Eqs. (10) and (11) we obtain 

Yo 1 2F Q 
1-~ exp[RT (£ -£ )] = -~--

Y0,2 2 1 
2Fnlnx0,1 

(10) 

(11) 

(12) 
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Assuming Henry's law is valid and letting state 1 represent the 

saturation condition Eq. (12) reduces to 

2F Therefore a plot of exp(RT E
2) versus Q (or It ) should yield a 

sat straight line of slope -l/(2Fninx ) thus allowing the calculation 

of a saturation solubility. 

D. Results 

Electrochemical titrations were performed on the electrochemical 

cell (1). Listed in Table 1 are the equilibrium cell potentials 

measured before and after the titration of this cell operating at 

a temperature of 908 K. In each titration a constant current of 

50 ~A was put across the cell for a period of 30 min. Also given 

in Table 1 is 

The value of 

reaction 

the term /.Kjy , which was caluclated from Eq. (9). 
0 

Peq was calculated from the Gibbs free energy of the 
02 

The reference oxygen partial pressure is thus given by 

0 

Peq (l::.G (14)) 
0

2 
= exp 1.5 RT 

0 where l::.G (14) was taken from Chapter IV as 

(13) 

(14) 

(15) 



Table 1. Titration of oxygen into liquid indium results. 

Equilibrum emf (mV) Charge transferred into Equilibrium emf (mV) 

before titration indium Electrode (Coulombs) after titration 

- 0.99 +0.045 - 0.17 

- 0.32 -0.045 - 1.04 

-52.64 -0.09 -55.94 

-55.94 -0.09 -60.44 

-60.44 -0.09 -62.55 

-62.55 -0.09 ,...64,80 

-64.80 -0.09 -67.92 

-67.92 -0.09 -72.12 

-72.12 -0.09 -75.42 

-75,42 -0.09 -79.23 

-79.23 -0.09 -81.64 

-81.64 -0.09 -85.30 

-85.30 -0.09 -89.50 

r -9 ~ XlO 
yo 

1.60 

1.82 

3.13 

2.53 

5.88 

5.83 

4.51 

3.67 

5.15 

4.88 

8.36 

5.95 

5.73 

I 
1.0 
\0 
I 

0 

0 
,~.~.··' 

~~ 

r.-.: .. -
.i:.. 

J::;;. 

c 

0 
.(Aj 

-
01 
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2 ~1 
= 223.16 + 7.947Xl0- T, kcalthmoL 

Shown in Fig. 2 is a typical response of the cell voltage to the 

applied current both during the actual titration and the following 

approach to the new equilibrium value. 

E. Discussion 

Upon examination of Table 1 it is observed that the term lk/y 
0 

is nearly constant with respect to the dissolved oxygen content. 

Each titration resulted in oxygen mole fraction changes of 
-5 x[O] = 5xl0 . The fact that this term is constant implies that 

the olYgen activity varies linearly with the oxygen mole fraction or 

that Henry's law is applicable as is usual in most dilute metal 

solutions. This is especially apparent when the oxygen content is 

far from the saturation value. Using a mean value of 5xl09 for 

IK./y allows the solubility of oxygen in liquid indium at 908 K 
0 

to be calculated from 

IK p 
02 9 . 

x[O] = = 5xl0 ~ . 
In Yo 2 

The solubility of oxygen in indium at saturation was found to 

be x[O] = 
In 

-3 -
1.2xl0 , which was calculated using a value of /K/y 

0 

l.6x109 since this was found when the cell voltage was nearest to 

zero or saturation. Unfortunately these measurements were 

performed at only one temperature thus not permitting the 

temperature dependence of /Kly to be found. It is possible to . 0 

estimate the standard Gibbs free energy of reaction Eq. (4) with 

the data as found here. Expressing the equilibrium constant, K, 

in terms of its standard Gibbs free energy change and combining this 

with Eq. (7) gives 

(16) 

(17) 



0. 0' t} 

-101-

6 

- 2RT R.n f 
0 

Here, the oxygen standard state is taken as 1 atm and the oxygen 

activity is given by the product of an activity coefficient, f , 
. 0 

and the weight percent of dissolved oxygen, [% 0]. In the limit 

that the oxygen weight percent goes to zero the oxygen activity 

coefficient goes to unity thus eliminating the last term in Eq. 

(18): 

Thus by plotting bhe bracketed term in the above equation versus the 

0 oxygen content, [% 0], /),G (4) can be found by extrapolation. The 

(18) 

(19) 

oxygen weight percent can be measured from the total titration current 

provided the titration was started at the onset of saturation 

(approach to zero cell voltage) and the saturation solubility is 

known. On the other hand, if Henry's law is assumed to hold at 

very small mole fraction the resulting plot will be horizontal at 

the value of /).G
0

(4) given by 

= 2RT R.n rt·· M.~.(O~ y M.w(In) 
0 

where M.W.(O) and M.W(In) are the molecular weights of atomic oxygen 

and indium, respectively. The small mass of the dissolved oxygen 

relative to the indium was neglected. 

(20) 
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Using an average value of /K/y = 5.056xlo9 (obtained by averaging 
0 

all data except the first two listings of Table 1) results in 

-1 
= (73.5±2.4) kcalthmol . For more concentrated solutions the 

oxygen activity coeffecient will deviate ftom unity and can be 

calculated by using Eq. (18), When the value of K determined is 

combined with the average IK!y y is found to be 0.138. 
o, 0 

Shown in Fig. 3 is a 2Fe: plot of exp( RT) vs the differential charge 

titrated. If Henry's law is applicable the plot should be linear 

with a slope inversely proportional to the saturation solubility and have 

an intercept of unity. Good linearity was found in the less concentrated 

solutions with non-linearity at higher oxygen content. Thus either the 

Henry's law constant varies with [% 0], or the first three titrations 

were in error·. Assuming the latter to be true yie.lds a saturation 

solubility of x
0
sat -3 = 3.3X1Q . The x-axis in Fig. 3 is arbitrary 

because titration was not started at saturation. Thus the intercept 

is not useful to determine the accuracy of the early data. But an 

examination of the extrapolated intercept and the results of 

the titrations performed near saturation suggests that the data of the 

early titrations are in error. 
sat 

The value of x found agrees 
0 

well with that found ,by extrapolating with the response curve. 

By monitoring the cell potential during a titration experiment 

it is possible to extract kinetic data. In this galvanostatic 

experiment charge-carrying oxygen ions are transferred across the 
\ 

soli~ electrolyte with oxidation occuring at the positive cell 

electrode and reduction at the negative electrode. Several mechanisms 

for oxygen transfer between the electrodes are operative while 
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usually one step is rate limiting. If the redox reaction rate is 

controlled by the adsorption or desorption of neutral oxygen 

atoms then the electrical potential is nearly independent of time
2

-

and in contradiction with our results. An assessment of other 

mechanisms indicates that the rate-limiting step is the diffusion 

of oxygen in liquid indium. 3•4 Thus the diffusion coefficient of 

atomic oxygen in liquid indium can be ascertained from the data 

presented in Fig. 2. 

During the passing of the constant current, I, the measured 

potential, s is given by 

where s is the equilibrium cell voltage before the titration and 
0 

R
0 

is the ionic electrolyte resistance. 

The solution of the diffusion equation for one dimensional 

oxygen diffusion out of a semi-infinite indium specimen with the 

initial condition 

X =X (t ) Z ~ 0, t 0 
0 0 0 . 

and the boundary conditions 

x = x (t ) for z = oo, 
o o o· 

ax (z 't) 
( 0 ) 

dZ z=O 
= 

I VI ,n 
2FAb 

0 

for 

t > 0 

t > 0 

(21) 
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and evaluated at the electrode - electrolyte interface, z = 0, is 

given by 

X (t) 
0 

V It112 
In 

::;: X ( t ) - -~-::---.~ 
o o FA'rrl/2D 1/2 

0 

Here, v
1

n is the indium molar volume, A the interfacial surface area 

and D the oxygen diffusivity. Eqs. (21), (22), and (5) can be 
0 

combined to give 

£(t) + IR -£ = RT/2F in 
0 0 

IK Peq 

V It112 

(x ( t ) - . In ) } 
o o FArrl/2D 1/2 

. 0 

2F 1/2 exp [RT (e(t) + 1R
0
-£

0
)] versus -It· 

02 
Therefore a plot of -----=--

yo 
should yield a straight line of slope VI /FArr112n 112 and intercept n o 

X (t ) . 
0 0 

Figure 4'shows such a plot from which an oxygen diffusivity of 

6 2 -1 2.2x10- em sec was determined. This value is in good agreement 

with the value of Klinedinst and Stevenson(4) of (7.6±4.7) 10-7 

who used the potentiostatic method with cylindrical geometry. The 

extrapolated value of x ( t ) was 1. 05Xl0-3 . The errors involved 
0 0 

in these results include those associated with the measured emf, 

(22) 

(23) 

the determinad IK/y , and R ,·the fact that the electrode was not a 
0 0 

semi-infinite medium, and the possibility of radial diffusion. 

F. Conclusion 

The results presented show that oxygen follows Henry's law when 
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dissolved in li·quid indium at low concentrations. At concentrations 

more near to saturation it could not be shO\•n that the snJ ut ion is 

Henrian in nature. Further \vork on this system should involve both 

· galvanostatic and potentiostatic measurements at several tempera turcs. 

The preferred geometry should be cyclindrical because of ease of 

electrode separation and because an independent measurement of the 

diffusion coefficient can then be made which does not require 

solubility data. 
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VII. SOLID-STATE GALVANIC CELLS CONDUCTIVE TO FLUORINE 

A. Introduction 

Thermodynamic and kinetic measurements with the use of a CaF
2 

solid electrolyte greatly enhance the range of applicability of 

galvanic cell measurements to Group III and V semiconducting compounds. 

Only two thermodynamic studies of III-V compounds employing CaF
2

as the 

solid electrolyte are kpown. 
22 Samokhaval'and Vetcher measured the 

free energy of formation of solid AlSb from 718 to 896°K in the 

following galvanic cell, 

Mo I graphite IAl ,CaAlF 
5 

,CaF 2 11 CaF 2 11 AlSb, Sb ,CaAlF 
5 

,CaF 2 1 graphite I Ho. (1) 

The equilibrium mixture. of Al, CaAlF
5

, CaF
2 

was used to prevent the 

reaction, 

2Al + AlFJ ~ 3AlF. (2) 

The free energy of formation determined was found to be in 

good agreement with data taken on a molten salt galvanic cell. In. 

1969, Samokhval studied solid solutions of AlSb - GaSb in the cell, 

(3) 

at 850K. The overall cell reaction was 
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AlSb ¢ AlSb(in solid solution). 

Strong negative deviations from ideality were found in the ,\lSb 

activity in the solid solution. 

A discussion of the possible applications of CaF
2 

is given 

in Chapter VIII. Presented here are results of studies on cells 

designed to determine the Gibbs free energy of formation for the 

fluorides of Al, In and Ga along with that of solid GaSb. As a 

test for the experimental apparatus a \vell known galvanic cell was 

first studied. 

( 4) 

B. The Gibbs Free Energy of the Reaction Mg + NiF
2 

+ MgF2 + Ni 

1. Introduction 

In order to test the reliability of the CaF
2 

solid electrolyte 

galvanic cell a well defined cell arrangement was first investigated. 

The cell employed consisted of two coexistence electrodes and had 

the following configuration: 

with the cell reacting as follows: 

Hg + 2F- + MgF + 2 
2 e 

NiF
2 

+ 2 + Ni + 2F
e 

Hg + NiF 
2 

+ HgF
2 

+ Ni 

(left) 

(right) 

(overall) 

(5) 

(6) 

(7) 

(8) 
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The Gibbs free energy of the above overall reaction is given by 

-nFE. (9) 

where E is the measured cell potential, F the Faraday constant and n 

the number of equivalents. 

' 
This electrode arrangement is particularly suited as a test 

cell for several reasons. The displacement reaction has a well 

known Gibbs free energy change, '"ith experimental data 

f b . h 1 . . 8,9, 13-17 d 1 . h d 1, 3, 5, 18 rom ot ca or1metr1c an ga van1c met o s. 

The use of the Mg and MgF
2 

coexistence electrode is a good test of 

the performance of the CaF
2 

single crystal due to the very reducing 

nature of this element. Furthermore, since Hg is a relatively volatile 

-3 metal (vapor pressure of 10 atm at 857 K), electrode 

containment devices are thoroughly verified. 

2. Experimental 

A general description of the experimental apparatus, procedures 

and materials can be found in Appendices I and II. Three different 

cell arrangements were tested and, are depicted in Fig. 1. The 

first half electrode was prepared by mixing powdered Mg and MgF 2 

in a 2:1 volume ratio. CaF
2

, still in the powdered form, was then 

placed on the top of the metal-metal fLtoride in ~ Ta crucible and 

pressed at 20 tons/in
2 

forming a CaF
2 

cap that extended a few 

millimeters above the Ta surface. The second hrllf .cell was prepared 
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by first pressing a pellet of the metal-metal fluo.ride of 

approximately 3/8" diameter followed by pressing CaF
2 

on all sides 

(with the bottom excepted) thus forming a more complete seal. 

The third arrangement consisted of placing the powdered electrode 

material into a spiked top Ta crucible with gravity forming the 

electrolyte-electrode interface. A photograph of this cell is 

shown in Fig. 2. The ·~a crucible edge was sealed .to the single 

crystal by the force of the spring loaded pushrod. As a further step 

quartz wool was placed around the outside perimeter of the crucible. 

The CaF
2 

single crystal used here l1ad a larger diameter 

(1 in x.2 mm versus 1./2 in. x 2 mm). The Ni-NiF
2 

electrode \vas prepared 

in the same manner as the Mg-MgF
2 

electrode for run 1. In all cases the 

electrodes were electrically insulated by Al
2
o

3 
cups and the lead 

wires were made of the same material as the crucible. The six half ce 11 s 

were each annealed in vacuum at 600°C for a period of 24 hours to 

promote a fast approacl1 to equilibrium. All other experimental 

techniques were as discussed in the gener~l experimental procedure 
' 

[Appendix I], 

3. Results 

The first electrode design failed as a result of a vapor leak ~ 

in the Mg electrode. During operation of the cell, Hg had coated the 

entire cell area. Electrical shorts were found across the cera~ic 

insulators and around the single crystal. In conjunction with the 

electrical shorting the cell could have also failed as a rest1lt of 

·fluorine transport around the cell. The second cell also shorted 

through a thin film resistor formed from a vapor deposit. The cell voltage 
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peaked at 1.6 volt after a period of 12 hours with a subsequent 

steady decay in voltage. Potentiostatic titrations were attempted 

but did not result in an equilibrium cell potential. The 

electrode design of the third cell proved to operate 'the most 

effectively. Fig. 3 shm•s the initial cell voltages as a function 

of time at 820 K. Though this temperature is on the lower end of 

the CaF
2 

electrolyte operating temperature, the lower setting 

depressed vapor leakage rates and thus enhanced the cell lifetime. 

Equilibrium was induced by titrating the cell with a constant 

potential, and observing the emf decay. Such experiments were 

carried out at various voltages for several different time periods 

with the results being reproducable. This technique is useful 

to insure equilibrium by titrating in both directinns ;md also iJ;ls 

beeri used when an inher~nt emf decay is taking place.
19 

A typical 

decay curve is depicted in Fig. 4. The initial fall in voltage 

can be attributed to the IR .drop across the cell followed by the 

exponential portion due to a diffusion overpotential. Tl{e equilibrium 

portion of the curves had a small decay slope due to either 

electrical or fluorine short circuiting. In one experiment the cell 

emf remained for a period of 1 hour at a value of 2.341 volts. After 

1 week of operation, the cell was completely shorted. After each 

run the electrode material was analysed by X-ray Jiffractioil, 

and no side reaction products were detected. 
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4. Discussion 

Table 1 summarizes the literature values of the emfs obtained 

for this galvanic cell. This data is shown graphically in Fig. 5 along 

with the cell emf found in this experiment. It is seen that the 

value obtained agrees very well with the literature values. 

Electrode containment proved to be a major problem in the use 

of CaF
2 

as a solid electrolyte. A closed type of arrangement 

would be preferable to the open cell used but tubes made from singll' 

crystal C~F2 are unavailable. Two different cell designs (or 

those electrode compositions were reported in the literature. 8oth 

types were attempted in this work (runs 1 and 3) but a stable 

operating cell was not found. 

C. Other Fluoride Galvanic Cells 

1. Introduction 

The solid electrolyte CaF
2 

was used to measure the free energy 

of formation of the Group III metal fluorides, M
11

IF
3

, in the follow

ing cell, 

(6) 

here the overall cell reaction is 

(7) 

The free energy of forming the metal fluoride can be found from 
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Table 1. Literature emf values for check cell. 

Temp. Vo1ta~c 

Cell Voltage (mV) Range, °K At 873°K Ref. 

Calvanic Cell Method 

1. E = 2315(±11.9)+0.002(±0.014)•T 

2. E 2290(±10) 

3. E = 2343 

4. E = 2407.8-0.0765·(T) 

Calorimetric Methods 

5. E = 2432.9-0.5214·T-2.60X 

10-5xT
2
+2.664X102/T2+ 

0.06576·1 £n T 

Estimated 

6. E = 2314-0.247•(T) 

7. E 2360.4-0.1724·(1) 

8. E 2311-0.188·(T) 

9. E = 2305-0.102·(T) 

* 0 
5298 

for Ni, F2, and Mg from Ref. 

Ref. 16. 0 
5298 for N~o~F2 from Ref. 

751-919 

873.16 

873.16 

725-913 

630-919 

298-923 

298-923 

298-923 

.500-923 

15. 0 
5298 for 

17. c for Ni, 
p 

Ref. 13. c for NiF 2 from Ref. 14. t\Hformation 
298 p 

Ref. 9. l'lllformation 
298 for NgF 2 

from Ref. 8. 

2316 1 

2290 3 

2343 5 

2341 18 

2346.6 8,9* 

13-17 

2098 4 

·2210 2 

2147 7 

2216 6 

NiF2 
from 

F2, l'lgF2 from 

for NiF2 from 
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3/2 6G
0 

. -3FE 
format1.on, NiF 

2 
(8) 

the free energy of forming 3/2 NiF2 was taken as -234,750 + 49.5T calth 

-1 20 
mol . The Group III metal fluorides were gallium, indium and 

aluminum. Five different electrode designs were tried with both 

gallium and aluminum and two with indiu~. 

A cell designed to measure the free energy of formation for 

solid GaSb was also constructed and can be schematically represented 

as 

(9) 

The overall cell reaction is the formation reaction ami the cell e11tf is 

directly related to its Gibbs free energy, 

6Go 
formation, GaSh -3FE· (10) 

Two cell arrangements were attempted. 

In all the cells operated a stable and reproducablc cell 

potential could not be obtained, though the emf's obSl~rved shm.;ed the 

correct sign and were close to those expected. 

2. Experimental 

A des:ription of the general experimental apparatlJS and procedure 

can be found in Appendix I while the materials used are listed in 

Appendix II. The possibility of the intermetallic, M
11

ICaF
2

. 
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forming at the electrode interface was investigated by heating an 

intimate mixture of the metal fluoride and CaF
2 

to a temperature 

above the highest operating one. The material was then <Jna]vzed h\' 

x-ray diffrac.tion and no intermetallic ph.1ses \vere found for either 

gallium or indium but one was found for aluminum. Crucible materials 

. . 10-12 
were selected .so as not to dissolve the electrode mater 1al. 

3. Discussion 

Though successful CaF
2 

cells have already been reported in the literature, 

(see 21), no concrete results were found when using the open cell 

arrangement outlined. It is believed that the main reason for the 

unstable results of the~e cells was a vapor deposit short 

circuiting the cell around the electrolyte and vapor flourine 

transport between the two electrodes. Attempts were made to titrate 

to an equilibrium value in emf but no reproducible results could 

be reached. 

Several variations of the basic cell design were explored in 

these measurements. Sealing of the electrodes compartments were 

tried with the application of a zirconia paste and also by wrapping 

with quartz wool. A fluorine getter of tantalum was placed near the 

electrodes. In another cell an alumina tube was placed around the top electrod~ 

and placed on the CaF
2 

electrolyte thus forcing the inert gas stream 

to pass through the upper cooler region before contacting the lower 

electrode. Lava insulators were placed in series with the guy wire 

to prevent shorting to the cell head. Both pelleted and powdered 

forms of the electrode materials were used. 
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. ' 
It can be concluded that the open cell configuration employed 

in these studies is very difficult to operate due. in part to the high 

vapor pressures of the materials involved (especially of the metal 

fluorides). In future studies it is recommended that a closed 

type of cell be used. Here, ti1e two electrodes should ~e 

separated completely \vi th separate inert gas purges to each elect rode. 
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VIII. GENERAL CONCLUSIONS 

Solid electrolytes have been used in this study to investigate 

some thermodynamic and kinetic properties related to Group III 

and V elements. Specifically, Gibbs free energies of forming the 

s~able oxides of the Group III elements of Ga and In have been 

measured. The results show good agreement with other literature 

values and are particularly consistent when viewed from a 'third 

law' point of view. The thermodynamics of the Ga-Sb system at and 

above the liquidus line has been examined and component activities 

in the melt measured. The solubility and diffusion of oxygen in liquid In has 

also beert studied electrochemically. The solid electrolyte CaF2 

was explored for applications with respect to Group III and V 

elements and compounts. Finally a critical assesment of the 
' 

experimental apparatus and techniques has been put forth. 

With the age of solid state electronics having relatively 

recently been born, future product development will depend in part 

on a accurate description of the properties of the materials 

involved. In light of this thought I would like to conclude with 

a preface to future areas of study on the properties of Group III-V 

semiconducting compounds in view of the ground work just presented. 

Concerning oxide electrolytes, of the Group III elements Al, 

Ga and In and the Group V elements P, As and Sb the only oxides 

able to produce a measurable oxygen partial pressure are those of Ga 

and In. The oxygen partial pressure of Al2o3 is out of the conduction 

range of the common oxide electrolytes while the large vapor pressures 
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of P and As limit their applicability. This leaves the alloys 

obtained from the elements Ga, In and Sb. The Ga-In melt has 

1 2 
received attention with a solid oxide electrolyte ' with good 

consistency found in the measured gallium activity. The thermodynamics 

of In-Sb h~s received the most attention in the literature, 3 

th-ough · all emf measurements have been taken with a liquid electrolyte 

and only one measurement with'the liquid alloys. There exist an 

approximately 25 kcalthmol difference between the Gibbs 

free energy of formation of the two oxides thus making an oxide 

investigation feasible, The third system, Ga-Sb, has been reported 

on previously in the manuscript. It is thus concluded that possible• 

areas for future study with oxygen electrolytes would include indium 

activities in the In-Sb liquid alloy and gallium activities in the 

increasingly important ternary system In-Ga-Sb. 

The second solid electrolyte considered was CaF
2

• The use of 

CaF2 has three distinct advantages: 1). A~F3 is now included in the 

range of applicability 2) Much lower_temperature can be employed 

3) Good response enables data to be taken also on the solid 

compounds and solutions. Thus measurements of the free energy of 

formation of the solid compounds ~·11sb, where MIII represents 

a Group III element, can be measured by the following cell, 

Here the overall cell reaction is the formation reaction. This cell 

can be carried above the liquidus line and ~II activities measured. 
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By determining the point at which the emf changes slope the liquidus 

temperature can also be defined for reg!hllins. in the Sb rich portion 

of the phase diagram, Since the emf of cell (1) is a measure of the 

M!II activity, this arrangement can also be used to measure the 

homogenity gap for the line compound ~fiiiSb. If a known weight of 

MliiSb (Sb absent) makes up the left electrode, the gallium 

concentration can be altered by coulometrically titrating flourine 

to or from this electrode with a constant current supply. On 

either side of the gap the gallium activity is constant (though at 

much different values). The amount of current passed is a measure 

of the width of the homogenity gap, 

It 
ntitrated =-

nF 

where I is the constant current passed, t is the time required to go 

between the constant values of emf, n is the number of equivalents, 

F the Faraday constant and n d is the number of moles of titrate · 

gallium titrated, The gap, in mole fraction of gallium, is 

0 

nGa + ntitrated 

no +n + nSb Ga titrated 

0 
Assuming ntitrated<< nGa+nSb equations 2 and 3 give 

/1x gap 

(2) 

(3) 

(4) 
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where I, t and (n~a+n5b) are all measurable quantities. The only 

way to fix the location of the gap is by titrating from the pyre 

Sb phase with a larg~ excess of GaF
3 

present ~at least equal molar 

with respect to Sb). This approach is prohibited by thP tilllL' involved. 

As an example, if 0.05 moles of GaSb are initially present and a constant 

current of 0.1 rna is passed for 100 sec a gap of 1.04 x 10-6 

in mole fraction would be detected. 

It is possible to measure the free energy of formation of the 

metal fluorides with the follO\ving cell. 

(5) 

The reference electrode should be thetmodynamically defined and could 

be either solid (Ni, NiF
2

) or gas (as used in the studies with oxygen). 

Similar studies might be performed on the ternary solid solutions 

and liquid melts. A typical cell might be 

where :r-~IIF 
3 

is the most stable fluoride. In particular the 

ternary Ill-V solid solutions are receivng attention in hetero:junction 

4-(> 
laser diode applications and as Gunn-effect device material 

Finally the diffusion of fluorine in NIII metals can be studied. 

Consider the following cell arrangement: 

(6) 
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J-+X !*-X=L 

If a constant potential is applied with the negative pole on 

the Ga side a current will begin to flow. The electrons introduced 

on the Ga side will react with dissolved fluorine and form fluorin~ 

ions. These ions will ionically conduct through the CaF'> electrolyte 
"-

and upon reaching the Ni electrode will react to form NiF
2

, thus 

liberating electrons. 

2 Fd. 1 d+2e -+2F (right) 
lSSO ve 

2 F + 2Ni ~NiF + 2e 
2 

Initially, an equilibrium of fluorine ions is established such 

that: 

(7) 

(8) 

(9) 

~ ( F ) = ll (F ) + n FE (l 0 ) 
dissolved reference electrode 

if the emf is taken from the Ga side to ~he Ni electrode. The 

chemical potential is related to the activity by, ll. = RT £n ;1., 

thus 

aF 
dissolved 

a 
F~,. 
t•l 

.l :L 

(11) 
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The activity of fluorine in the nickel electrode can be determined 

/\[;'; 
from the well known free energy of forming NiF

2
, aF = exp[zR-rl 

where ~G* is determined from the following reactions: 

Ni+F
2 

Ni+2F-~NiF2 

At the time the constant potential is applied, the fluorine 

concentration at the electrolyte -Ga electrode interface drops 

essentially to zero (3 orders of magnitude differential in 

concentration is 

d 1 (
()c 

secon aw dT 

sufficient). The applicable equation is Ficks 

a2c = D az) with a solution, for the linear geometry of 
X 

our current cell design, given by 

X 
C - =(C -)erf[----.-] 

F o'F 
z/<o -)t 

F 

where C
0

,F-:- .is the initial concentration, DF- is the diffusion 

coefficient of F in the metal, t is the time and x is distance from 

the interface. The flux, j, is given by Ficks first law and results 

in 

j 
(DF-)(CoF-) 
-----
;;(Dv-)t 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 
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The above solution assumes the initial uniformly concentrated Ga 

electrode is of infinite length. Due to the finite thickness of 

the electrode the above srilution is an approximation. This problem 

can be circumvented by two methods. First of all the cell dRta at 

large times can be neglected. A second possibility would be to 

form a cell of the following design, 

(18) 

-+ X l~x=L 

With the use of this cell a constant fluorine solubility (the 

equilibrium one) would be maintained at the x=L iriterface. Also 

the emf of this cell would indicate any deviations from equilibrium 

by measuring the potential across the right cell. 

The current density is related to the flux of fluorine ions by, 

i = I nFj I 
F(D -Xr -) /(n-:-)F(Co 1,-) 

= _ F 'o'F = __£_ ___ '_ 

~1f(DF-)t /t lit 
(19) 

1 

Therefore if we plot Iii vs. lf we should obtain a straight line of 
F(Co 'F;_) . -

slope - r. _- /(DF-). 
1"1t 

The current density is found by measuring the current across till' 

cell and dividing by the surface area available to the diffusing 

fluorine ions. The current can be measured by putting a known 

resistance (higher than the cell impedence to prevent cell drainage) 

in series wit!1 the cell and measurin2, its voltage drop. The 
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initial concentration of fluorine can be calculated from observing 

the initial cell emf. 

By employing cell type (18) ~nd applying a constant voltage for 

an extended period of time different tlian that of the equilibrium 

one, a resulting C
0

,F- different than that. of the equilibrium V<lluc 

can be obtained, thus allowing one to study the affects of 

concentration on the diffusion coefficient. At time t = 0, the 

potential across the left cell is changed such that fluorine is 

.titrated out of the Ga electrode while the right celJ is 

maintained .at constant potential to ensure the infinite source of 

fluorine. 

By using the dual cell arrangement we could apply a different 

potential to each cell and develop a steady state profile. 

Measuring the steady state current and assuming the curren~ is 

limited by the diffusion of fluorine through the Ga <n we could 

study the affect of concentration on the diffusion coefficient 

In conclusion the solid CaF
2 

electrolyte is a much better 

candidate than an oxide for future studies in view of the larger 

number of systems it can be used with, though·greater experimental 

difficulties are encountered. 
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APPENDIX I 

EXPERll1ENTAL APPARATUS AND PROCEDURES 

A. Introduction 

In this study of some thermochemical properties of Group III and 

V elements and compounds two different electrolytes were employed. 

The first type was almost entirely solid state, u~ing a disc of CaF
2 

single crystal as the so1id electrolyte, ~hile the second arrangement 

had a tube of calcia stabilized zirconia (CSZ) and used a gas 

reference electrode. Though differing in some respects the operation 

and apparatus of the two cell types had many common points. Thus 

the communal pertinent aspects of the cell designs and operation will 

be develo~ed before degressing into a discussion of each cell's 

individual characteristics. In addition, several excellent reviews 

of high temperature operation of solid electrolyte galvanic cPlls 

b f d . h 1" 1-5 can e oun 1n t e 1terature. 

B. General Apparatus 

1. Peripheral Apparatus 

Solid state galvanic cells are usually operated either under 

a ~acuum or in an inert gas purge. In this investigation argon 

gas was used as the inert gas h.l anket. High pur i ly, tank ;ugon 

was further purified by passing it throug!1 a column of Linde 4A 

molecular seive at dry ice-acetone temperatuce to ren1ove the majority 

of water vapor pcesent an_d then further purified by flowing over 

hot Ti sponge (850°C). A further discussion of the pucifying 

apparatus and its effectiveness can be found in Appendix Ill. 
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The basic cell design is depicted in Fig. 1. It consisted of 

a 2 inch diameter closed end alumina tube (18 inches in length) 

secured by a Viton 0-ring to the brass cell head •. Three 1/8 inch 

Cajon fitted through-bores on the cell head were placed symetrically 

around a 1/4 inch Cajon fitted center bore. The 1/8 inch bores were 

used to pass the thermocouples and lead wires to the atmosphere via 

ceramic sheaths. The larger center opening was used to house the 

oxygen sensor. The thermocouples used were Type K (0.02 inch Pt -

Pt 10% Rh) and were calibrated in the cell under vacuum against 

a NBS standardized thermocouple. The calibration was performed 

with the standard thermocouple occupying the position normally 

that of the electrode, while the unknown thermocouples were placed 

in their normal positions thus accounting for any temperature 

differences between the thermocouple and the actual electrode. A 

Leeds-Northrup Type K-3 potentiometric facility was used to measure 

the thermocouple emfs. Included in the brass head were bores for 
·, 

gas entrance and exit. The exit placement was such that the gas 

had to flow across the cell and through the alumina pushrod. Three 

hooks provided support for the guy wires. Water flowed through 

copper tubing wrapped around the head to cool it and insure 

proper 0-ring operation. The cell was heated wit~ a t1arshall 

resistance heated furnace (20 inches in length with a 2 1/2 inch 

bore). Excellent temperature control was furnished by an integrating, 

temperature regulating power supply designed and built at Lawrence 

Berkeley Laboratory. Temperature uniformity and stability was 

required to prevent the generation of thermal emfs across the electrodes 
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and to allow an equilibrium to be reached. 

Cell emfs were measured with a Keithley 640 electrometer 

accompanied with an adaptor input head. Coaxial cable was ran 

from the cell to the input head where connection was made from a BNC 

coaxial connector (on cable) to a BNC triaxial connector (on input 

head). The triaxial input had a copper pushrod mounted to connect 

it to the input head's spring loaded contact. The inner wire of 

the coaxial cable was connected to the positive lead wire of the cell. 

The outer wire was driven by the unity gain feedback of t~e electro

meter, thus acting as a driven guard. Leakage sources at the input 

head were very unlikely since the line was guarded up to the 

sapphire insulated electrometer contact. Extraneous ground loop 

currents were eliminated by grounding in a tree configuration. 

Data acquisition was automated with the connection of an Intel 

8008 microprocessor. The facility is schematically shown in Fig. 2. 

The system had the capability of setting the cell operation temper

ature and monitoring cell emfs and thermocouple outputs on a 

predetermined time base, thus allowing continuous cell operation. 

The digital panel meter used was a 4 1/2 digit 1 volt instrument 

from Newport. The temperature regulator set point controller was 

ten,$peed, linear ramp motordr:f,y~. The current source was a 

Electronic Measurements Model C638 constant current power supply. 

All other equipment depicted in Fig. 2 was either as described 

earlier or designed and built at Lawrence Berkeley Laboratory or 

the electronic shop. 
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For purposes of out-gassing and leak-detection a vacuum system 

was connected to the cell. This system consisted of a mechanical 

pump in series with a diffusion pump and could be evacuated to about 

-5 1 x 10 torr. All electrical le~ds were sealed, after the application 

of a layer of glyptol insulating paint, by melting black wax into 

a tapered glass tube, through which the wires extended, and sealing to 

the alumina sheaths with Cajon ultra-torr union fittings. All 

valving was accomplished with Nupro shutoff bellow valves except 

where fine control was needed in which case Nupro, double pattern, 

very fine metering valves were used. The exiting a.rgon gas purge 

was passed consecutively through: dry:ice-acetone cold trap purge 

' tube, silicon oil bubbler, and a soap film flowmeter. 

C. Procedure 

The general experimental procedure was to assemble the desired 

electrode arrangement and connect it to the peripheral apparatus. 

-5 •. 
The cell was then evacuated (approximately 10 torr) and back purged 

with argon three times. Leaks were checked during the evacuation 

and also by placing the cell under an excess argon pressure. With 

the use of the ramp set-:-point controller the temperature was raised, 

at a rate of 100°C/hour, in order to prevent thermal shock to the 

electrolytes, to the highest operating temperature and held there 

until an equilibrum cell potential was observed. At this point the 

control was switched to the digital microprocesser. At least two 

cycles over the temperature range of interest were completed in 

order that possible hysteresis effects might be illuminated. In the 

basic mode of control, the temperature regulator set point 
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would be ramped to a new valve (usually a change of 20°C) and held 

there until an equilibrium voltage was recorded. Temperature and 

cell voltage were recorded at 5 minute intervals. After completion 

of each run the temperature was slowly lowered and the cell disassembled. 

The electrode material was analyzed by x-ray diffraction to confirm the 

absettce of side reaction products. 

l, Experimental Precau.'tions 

When using a galvanic cell there are many potential sources 

of error which must be designed out of the system. The formost 

pitfall is the previously mentioned (Chapter 2 ) electronic 

conduction within the electrolyte. A second problem is that a flowing 

inert gas atmosphere can affect the cell potential by carrying the 

gaseous conducting ion around the open type of electrode and thus 

short-circuiting the cell. Non-inert components in the gas 

blanket can also affect the measured cell voltage. Specifically, 

oxygen o~n react with CaF2 and promote hole conduction, though the 

literature data is in conflict on this possibility. (6-lO) In the 

oxide electrolyte systems-the oxygen pressure should be on the order 

of that over the most stable oxide. The effect of gas flow can be 

demonstrated by changing the flow rate at a given equilibrium. In 

the limit of a high flow rate cooling affects would be noticed while 

at very lowflows, leaks or gaseous short circuting would cause a 

voltage shift. Between these limits a flow rate should be available 

at which these affects can be neglected. The cells studied showed 

such a region and were ran in the range of 10 to 15 cc/min of argon gas. 
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Finally, some other practices that ~hould be followed include: 

a given equilibrium state should be approached from both a 

higher and lower temperature - both giving reproducable results 

(accomplished with the cycling). The revers~bility of reactions can be 

checked by passing a small amount of current (thus offsetting the 

equilibrium) and observing if the cell emf returns to tl1c original Plltential. 

The furnace should be properly shielded to prevent production of 

induced currents (a platinum foil cylinder grounded to the 

electrometer was used). Also the temperature gradient across the 

cell should be kept to a minimal for obvious reasons-- a 6 inch zone 

in which the cell was placed was calibrated to within l°C throughout 

with external resistors • Good electrode-electrolyte contacts are 

essential to prevent possible polarization effects--solid state surfaces 

were lapped and polished and gas electrodes had a high surface 

ar~a accomplished with the porous platinum paste. Finall.y a checl~ 

cell should be run to test the reproducibility of the final cell des.ign. 

D. Electrode Designs 

1. CaF
2 

Galvanic Cells 

Several different electrode designs were used but the basic 

arrangement was prepared as follows. Each cell consisted of a single 

crystal CaF2 disc (12 x 3 mm, 25 x 3 mm, or 25 x 6 nim) sandwiched 

between two half cells and was constructed by placing a pressed pell<•t 

of electrode material into a metal crucible and then capping with 

polycrystalline CaF2 . The CaF
2 

cap served two main functions. First 
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of all, compoSition changes with time due to vaporization were 

decreased. Also, vapor phase transport of fluorine, causing a short 

circuiting would be depressed. This cap would not impair cell 

operation since the fluorine ion mobility is greater in the poly-

crystalline material due to grain boundaries, etc. The crucible 

material selection was governed by the solubility of the electrode 

. 1 . h . 'bl d'd (11-13) mater1a s 1n t e var1ous cruc1 e can 1 ates. The inside 

edge of the crucible was rounded to prevent cleavage of the CaF
2 

cap and thus allow the cap to extend above the crucible level. 

Before filling the crucible, ·it was baked out in a vacuum at a 

temperature above the subsequent operating one. After preparation 

of the electrode the CaF
2 

cap was hand lapped on a quartz plate to 

enhance contact. Finally the half cell was annealed in a vacuum 

of 10-5 mm Hg at a temperature above the highest measurement for a 

predetermined length of time. 

Once the half cells were prepared, they were assembled as 

shown in Fig. 3. The alumina insulator caps served to prevent 

any short circuit via the metal support (0.005" Tantalum sheet). 

Both the insulator and the support had the sides cutaway in three 

sections to allow good contact between the cell and inert gas. The 

support was held in place by guy wires connecting the three arms of 

the support to hooks on the cell head. The opposing force was 

provided by a spring loaded alumina tube. The lead wires were made 

of the same material as the crucible to prevent the development of 

thermal emfs. Contact between the crucible and lead wire was made 
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by spot welding the wire end to a 3/8 inch disc of the same material. 

The pressing apparatus is that shown in Fig. 4. The general 

procedure was as follows: powdered electrode material in predetermined 

proportions was loaded in the dry box into body 1 and plate 1 attached. 

With the plunger in place, the powder was hand pressed while still 

in the dry box. Tfie. powder was then pressed at 10 to 20 tons/inch2• 

The 1/2 inch diameter pellet was pressed out of the die using plate 

2 and placed in the crucible. The CaF2 cap was made by employing 

die 1 and body 2. Die 1 was a split collar device mounted with 

an aluminum handle to separate it from the press. With this arrangement, 

2 ultrapure CaF2 was pressed at 10-20 tons/inch such that the surface 

extended about 2 mm over the crucible level. 

2. CSZ Galvanic Cells 

Depicted in Fig. 5 is a schematic of the cell arrangement used. 

The reference oxygen part.ial pressure was provided by the co
2
-co 

equilibrium and its construction is discussed in Chapter 3 . In all 

c·ases the measured electrode consisted of a pool of the liquid 

metals being investigated and a small amount of powder of the most 

stable oxide. The electrode materials were contained by a 2 inch, 

closed one end, graphite:tube afixed with a screw cap to allow 

additional material to be added. The center bore of the cap was 

machined to slip over the CSZ tube. When' in pl,!ice, powdered 

graphite was placed around the diameter to further--.seal the 

electrode. Platinum lead wires were used and the cell was supported 

and insulated as discussed in conjunction with the CaF2 cells. 
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APPENDIX II 

A. Haterials 

Listed in Table 1 are the chemicals, their source, and the 

purity used in this study. All materials wer~ used as received except 

for the fluorides which ~ere first dried. Handling and storage 

was done in a purified argon filled dry b~x. A diagram of the fluoride 

drying apparatus is shown in Fig. 1. The drying was accomplished 

with hot SF 
4 

at ~igh pressure. The fluoride '"as !1laced on a plat: inurn 

foil in the bottorn of the high pressure vessel and filled with SF4 

gas. The temperature to.•as brought to 350°C at Hhich point the gas 

pressure was approximately 50 atm. The material was baked for 3 

hours and the process repreated after purging with dried argon. 

The drying vessel was detachable so that material could be r<.'movcd 

in the dry box. 
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Table 2 

Material Source Purity 

Ni Atomergic Chemetals Co. 99.99 + 

Mg Orion Chemical Co. 99.9 

Sb (1) Orion Chemical Co. 99.9999 

Sb (2) Cominco American High purity 

In (1) Orion Chemical Co. 99.999 

In (2) Cominco American High purity 

Ga Cominco American Semiconductor Grade 

Al Orion Chemical Co. 99.999 

GaF3 Alpha Products 99.999 

InF3 (1) I.C.N. 99.5 

InF3 (2) ROC/RIC 99.99 

CaF
2 

(1) Alpha Products 99.99 

AlF3 Orion Chemical Co. 98.5 

NiF2 (1) Appache Chemicals 99.5 

MgF2 Orion Chemical Co. 99.999 

NiF2 (2) Apache Chemicals from 99.999 Ni 

CaF2 (2) Harshaw Chern. Corp. Single Crystal 

GaSh (1) Alfa Products 99.99 

GaSh (2) Orion Chemical Co. 99.999 

GaSh (3) ROC/RIC 99.999 + 

. InSh Orion Chemical Co. 99.999 

oo-co -Ar 2 Matheson Gas Products Primary Standard 

In2o
3 Alfa Products Ultrapure 

Ga2o3 Alfa Products 99.99 
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APPENDIX III. An Argon Purifier and Its Characterization 

A. Introduction 

Many research applications require an inert gas blanket or gas 

carrier of extremelyhigh purity, particularly with respect to 

oxygen content. Specifically,·in applications with solid oxide 

electrolytes an inert gas blanket having an oxygen partial pressure 

-40 
as small as 10 atm is required. The purifying device consisted 

of a two stage process, using a molecular sieve as an initial bulk 

getter and then hot Ti sponge to obtain the final purity. This design is 

1 
similar to the purifier discussed by Klinedinst. The results of 

Klinedinst exhibit a much higher oxygen content than would be 
• 

expected from equilibrium considerations, which is thought to be a 

result of the use of the steel housing for the Ti sponge. Steel 

has a higher equilibrium oxygen partial pressure with respect to 

its oxide, and any oxide present on the steel can 4ecompose and thus 

contaminate the gas exiting from the purifier. Results are presented 

for an improved design of a purifier where alumina, Al
2
o

3
, .is ,_used as the 

container material and also as the exhaust liner. The characterization 

was performed with a solid state galvanic cell, using calcia 

stabilized zirconia as a solid oxide electrolyte and a co
2
--co mixture 

as a reference electrode while purified argon was the electrode 

of interest. Both the effects of flow rate and of the Ti sponge 

temperature were investigated. 
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B. Experimental 

The purifying apparatus is depicted in Fig. 1. Tank argon was 

first passed through ~ molecular se±ve (Linde 4a) which was housed in a 

stainless steel cylinder (2.5 in. diam. ·x 12 in. height) and kept 

at -78.5°C with a dry ice-acetone bath. The main advantage of this 

initial adsorber (mainly for water vapor) was that it served as a bulk 

remover which is very easily regenerated by evaculation at 300°C 

for three hours, thus increasing the ease of operation and enhancing 

its lifetime. The argon was further purified by flowing it over 

Ti metal sponge heated to 850°C as a peak temperature. The argon 

gas lin~ was constructed of 1/4 inch stainless steel tubing with 

stainless steel Swagelock fittings throughout. The tubing inside 

the Ti chip furnace was 1/4 inch·alumina tubing.· This design 

eliminated the partial pres·sure of oxygen over steel at this 

elevated temperature. ·The purified argon w.as passed into the oxygen 

monitoring· device. 

The oxygen monitoring instrument consisted of an electrochemical 

oxygen concentration cell utilizing a slip cast high purity calcia 

stabilized zirconia, zr0 . 85ca
0

. 15o
1

•85 , (CSZ) tube (Zircoa Corporation). 

A general schematic of the cell is shown in Apprendix I. The CSZ 

was in the form of the 1/4 inch O.D., closed end tube that passed 

through the center bore of the cell head. The electrical contacts 

consisted of a layer of porous platinum. These layers were 

prepared by the application of platinum paste (Englehard Industries) 

to the electrolyte surface, followed by firing of the electrolyte 
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to between 800 and lQOO C. Lead wires, also of platinum, were 

imbedded in the platinum paste before firing. The reference 

electrode was a gas mixture of co
2 

(25.29% ± .02%), CO (2:45% ± 0.2%) 

and the balance Ar. ·.This primary standard gas mi.xture flO\~ed into 

the cell t!-trough a T-joint located above the cell head and exited 

via a 1/8 inch o.n. alumina tube that extended nearly to the 

electrode surface, thus requiring the reference gas to flow over the 

porous platinum. The purified Ar entered the monitor system through 

a side bore on the cell head. The remaining experimental apparatus 

and procedures were as discussed in Appendix I. 

C. Calculations 

The monitoring galvanic cell can be represented schematically as 

IPt (l) 

wh~re P(0
2

,co-co
2

) and P(0
2

,Ar blanket) are the oxygen partial 

pressures in equilibrium wit!1 the reference gas mixture and t:1e vur if .ied 

argon gas blanket, respectively~ The equilibrium cell emf is 

related to the difference in oxygen pressure at two electrodes by 

the expression 

E 
RT 

Q.n 
4F 

P(o
2

,co+c0
2

) 

P(O Ar blanket) 
2, 

For temperatures in the range of 600 to.l000°C, the oxygen partial 

(2) 

-3 pressure must be lower than 10 atm. In order to remain in the ionic 

conduction domain for CSZ, the reference oxygen pressun' i's calculated 
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from the equilibrium constant for the reaction . 

1 CO(v) + 2 o2 (v) 

at·the operating temperature. The equilibrium constants were 

obtained from the Gibbs free energy of formation of CO and co2 data 

2 given by Wicks and Block as listed in.Table 1. A linear 

least squares fit of the above data produced the following equation. 

I 

~G0(I) =(-67.43±0.12)+(0.0203±0.00012)T kcalthmol-l (3) 

This results in the partial pressure of oxygen in the reference 

gas i.s given by 

0 
exp[2~G (I)/RT] 

The co2 to CO partial pressure ratio was determined by ~ffitheson Gas 

(4) 

Products to be 10.322 (±,092). 
~{ ::.;tl"' .~ "·· . 

Combining Ec;i$~> (1) and (3) one obtains 

the following expression for the partial pressure of oxygen in the 

purified Ar stream 

2~G0(I) - 92.24 E 
P(02 , Ar blanket) = (106.54±1.90)exp[ RT ]. (5) 

In order to prevent carbon from being deposited on the platinum 

electrodes as a result of the Boudouard equilibrium, 3•4 

., 

'· 
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TABLE 1 

-1 

94.50 

94.55 

94.60 

94.60 

94.65 

-1 
kca\hmol 

50.8 

48.70 

46.65 

44.50 

42.50 
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Table 2. Experimental Results forTi furnace at-860 c. 

E 
mV 

176.0 

180.0 

185.9 

190.4 

194.5 

180.0 

185.9 

199.0 

150.1 

155.9 

159.4 

162.1 

166.5 

. 172.2 

178.9 

Flow Rate: 60 cc/min. 

T 
K 

668.6 

740.8 

813.1 

872.0 

912.0 

737.8 

816.6 

970.5 

Flow Rate: 

733.2 

826.0 

852.5 

897.7 

953.4 

971.5 

1020.2 

p 
(02 , Ar blanket) 

atm 

5.4 X 10-39 

2.7 X 10-34 

1.8X 10-30 

8.3 X 10-28 

3~2 X 10-26 

1,8X 10-34 

2,7 X 10-30 

4.1 X 10-24 

12 cc/min. 

6.2 X 10-34 
-29 

4.3 X 10 

6.0 X -?8 10 -

4,4 X 10-26 

4,8 X 10-24 

1,6X 10-23 

5.0 X 10-22 



• 

0 0 o4400Ja:~s 

-165-

2CO(v) = C(c) + co
2

(v) II 

the gas flow was not initiated until the cell temperature reached 

600 c. 

D. Results 

Characterization of the purifier's performance was carried out 

at two different operating temperatures of the Ti chip furnace, 860 

and· 390 c. At the higher temperature two different argon flow rates 

were examined as a function of the operating temperature of the 

monitoring device. Table 2 gives the observed emf's and calculated 

partial pressures as a function of temperature for the two flow rates. 

Figures 2 and 3 show how the ~n(pressure o2) varies with reciprical 

temperature for the flow rates of 12 and 60 cc/min., respectively. 

At the lower flow rate, 12 cc/min. P(02 , Ar blanket) in atm was 

found to be 

tn(P(02, Ar blanket))= (21.24±0.42) -c71
• 55i± 372) (5) 

A linear least squares fit for the higher flow rate, 60 cc/min., 

produced the following equation 

n-(P(O A bl k ):-. (22.03+_.13)-(73,59~±102) .><.tl 
2

, r an et ,, = (6) 

Wheri the Ti chip furnace was set a 390°C a cell emf of +2.4 mV was 

observed with the monitor operat~ng at 716.4°C. This is equivalent 
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-19 
to a calculated oxygen partial pressure of 1.94Xl0 atm. Tank 

argon was also passed into the monitoring system to determine 

the oxygen content of the source. At an operating temperature of 

704 C a cell emf of -712.8 mV was recorded, corresponding to an 

-5 equivalent oxygen content of 4.6lxlO atm. 

E. Discussion 

6-11 
The oxidation of titanium has been extensively investigated. 

The oxidation usually involves simultaneous dissolution of oxygen 

in the metal and oxide scale formation. Generally the oxide found 

consisted of only rutile (Ti0
2
). The actual oxidation mechanism was 

complicated but approximate rate laws which have been experimentally 

determined. Up to a temperature of 300°C a logarithmic rate law 

is observed while a cubic rate law is obeyed in the temperature 

region 300-600°C. From 600°C to about 850°C a parabolic law has 

been found experimentally. Around 850°C a gradual shift in the 

rate'occurs from the parabolic to a near linear one. This is 

probably due to the transformation of titanium from an a to 8 

modification occurring at 882 C and thus changing the oxygen 

solubility. The effect of oxygen partial pressure on the oxidation 

rate has not received much attention. In particular no studies have 

been performed at less then P
0 

= 10-5 atm (our inlet condition) 
2 

with most studies being investigated in air. Because of this a 

theoretical analysis of the optimal Ti chip furnace temperature is 

not possible. 

Operation of the Ti chip furnace at a much higher temperature 

obviously enhances the oxygen removal rate and the equilibrium P0 . 
2 

J 
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If equilibrium conditions are assumed to prevail between Ti and its 

5 most stable oxide (Ti0
2

) the oxygen partial pressures calculated 

for the two furnace settings are 8.3xlo-32 atm and 2.6xlo-60 atm 

at 860 and 390°C, respectively. Thus at the lower furnace temperature 

the kinetics of titani~m oxidation are obviously rate controlling. 

At the higher setting the observed partial pressure is in fair 

agreement with the equilibrium value though somewhat low. This 

could be explained by a temperature near the exist being somewhat 

lower than the main body of the purifier--a temperature of about 

780°K would be required to match the partial pressures.· The fact 

that the oxygen partial pr~ssure was nearly equivalent for the 

two flow rates (mean residence times of 1.3 and 6.7 min. at 12 and 

60 cc/min, respectively) at the higher temperature indicates the oxidation 

kinetics are no longer controlling. The experimental results show 
' 

that the partial pressure was somewhat higher at the larger flow 

rate. This might be explained by the fact that the higher flow 

rate flushed the monitoring device more rapidly than at the 

lower flow rate and thus any foreign oxygen generation either in 

the purifier or monitor (such as small leaks, side reactions, etc.) 

could not accumulate as easily. 

The monitor temperature was also varied in order to discern 

the controlling mechanism of oxygen generation. Since a 

temperature dependence was found, the oxygen content is controlled by 

some reaction. Equation (5) and (6) indicate that this reaction is 

probably the same reaction as at the reference electrode--the co2-co-o2 
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equilibrium. A possible of source of the carbon oxides is the platinum 

paste applied to the outside of CSZ tube since organic solvent were 

used. A gas sample was analysed in a mass spectrometer but the results • 

indicated only Ar. 

F. Conclusion 

Operation of the Ti chip furnace near 850°C is sufficient for oxidation 

kinetic limitations to be overcome. The oxygen partial pressures achieved 

are more than adequate for successful operation of solid 

electrolyte galvanic cells. The use of an alumina housing pro.duced 

a partial pressure of oxygen of nearly ten orders of magnitude 

lower than that obtain~ble with a stainless steel enclosure. 
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r---------LEGAL NOTICE---------__, 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights. 



TECHNICAL INFC8MA T!:ON DIVISION ~ 

~\ LAWRENCE BERKELEY LABORATORY 

~~ UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 




