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~ THERMODYNAMIC AND KINETIC STUDIES OF'
SOME GROUF III AND GROUP V ELEMENTS
e AND ALLOYS BY SOLID STATE ELECTROCHEMICAL 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
thérmodynamic.and kinetic properties of Group 1II and V semiconducting
materials. The Gibbs free energy of forming gallium sesquioxide and

indium sesquioxide are measured using a CO -CO—O2 gas reference

2

electrode and calcia stabilized zirconia as the solid electrolyte.

The free energies are given by

BGE(B-Ga,04(c)) = -(265,309+152) + (82.47£0.16) (T/K) Calthmol—l ()
and
BGZ(Iny0,(c)) = -(223,160:137) + (79.47%0.12) (T/K) calthmol‘l S

The measured absolute free energies of formation of In203 and B-Gazo3
are in excellent agreement with‘previous studies ;hough discrepancies
are found in the standard entropy and enthalpy changes. Comparison is
- made to availabie calorimetric resQlts by a third law calculation with
. ;he data of this investigation proving to bé the_mqs; consistent.
" A solid state gélvaﬁic.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
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negative deviations from Raoult;sJAw. The results of this investigation
show moderate negative deviations ffom ideality in the composition
range 0.039 < Xoa < 0.833. From the temperaturé 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
results are found to be in excellent agreemént with measured liquidus
temperatures. The effect of short-range ordering is also investigated.
Coulometric titration techniques are usgd to investigate the
solubility and diffusivity of oxygeﬁ in liquid indium. Dissolved
atomic oxygen is found to follow Henry's law and a saturation solubility

of xzat= 3.3 x 10-3 is detérmined at 908°K. From a galvanostatic response

of an indium electrode an oxygen diffusivity of 2.2><10-6 cm2 sec“l

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

The application of Can as a solid electrolyte for solid state

electrochemical studies is investigated. A theoretical basis is given

for the use. of fluorine conducting CaF, with respect to Group 1II-V

2

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 IIIA elements
gallium, indium and aluminum and the Group VA elements phosphofous,
arsenic and antimony can be termed second generation semiconductor
materials where the first. generation materials were silicon and gcrmanium.
Today the binary Croup ITIA-VA compounds are foupd in many solid state

. . . . . s . 1
device applications. GaAs is used as a red light emitting diode
while GaP has received major interest in its use for red and green light

2, 3

emitting electroluminescent diodes. The luminescent properties

.
y D

of GaSb p-n junctions in the infrafed region has been investignteda
and InAs liquid phase epitaxial layers have been studied for the
fabrication of laser diodes.6 InP, AlAs, AlP and'Ale have also been
investigated for their luminescent properties.l Solid solutions

of the psuedobinary compound (AlGa)As have shown interesting possibilities
for GaAs-base bipolar t-ransitors7 and high-voltage, high~temperaturc

8, 9

rectifiers. The ternaries In(AsP), (InGa)As, and Ga(AsSb)

“have received attention for fabrication of negative electron affinity

devices,lO while In(AsSb) is suitable for infrared emitting

. 11 - - . .
diodes and detectors. The system GaxIn xbb has shown the Cunn

11

1-

effect for tﬁe composition rangé 0.3 <x< 0.54.
Effective design of Group IIIA and VA materials processing

equipment would be greatiy aided by an acéurate description of their

thermodynémic propérties. Though these semiconductor matcrials

are of current practical interest, direct determinations of their



thermodynamic properties is lacking. U!uch of.the available information is
inferred from simple models using liquidus data. In this study,
electré&hemical teciniques are investigated for determining sone w
. 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 known that high temperature galvanic cells with solid
electrolytes allow direct study of reaction free energies with
high accuracy. The majority of electrochemical studies with solid
electrolytes have utilized an oxygen'coﬁduéting solid elecyrolyte
(either calcia stabilized zirconia on yittria doped thoria}).
A fluorine conducting.electrolyte, CaFZ, has receivgdvvery little
attention with respect to 1II-V semiconductor compounds, althoughb
potentially it has a larger range of applicability due to the inclusion
of Al and also a lower working temperature. In this study both the
common oxide electrolyte and the less investigated Cng are used,
Particular experimental and theoretical attention is given to

CaF, in conjunction with Group I1I-V compounds, as the literature

2
is somewhat limited.
In electrochemical cells involving coexistence electrodes such X

as Ga(R) + G3203(c), In(L) +In 03(C) or metal-metal {luoride,

2
accurate free energies of formation of the oxides or fluorides are
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 elemenﬁs. Galvanic cells measuring
the'formation free energy'of'the Group III metél fluorides are also
reported.

Mahy'solid compqund semiconductors can be prepared by liquid
phase epitaxy. Crystal grthh of ;these compounds is facilitated by
a knowledge of the liquid solution thermondynamics. In this study
a detailed examination of the licuid Ga-Sb system is given‘with
component activities directly measured. Also, a discussion of

the applications of CaF, to study both the liquid and solid

2
solution thermodynamics is presented.

Oxygen is important as an electrically active impurity 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

CaF2 and oxygen conducting calcia stabilized zirconia (CSZ).

Solid oxide electrolytes have received much attention in the

, . _ . -
measurement of free energies of formation 9 and of component

activities in alloyS.l, 2, 10-15

CaF216—24~which potentially exhibits a greater range of dpplicability

Much less work has been done with

.toictoup I1I-V compounds.

B. Thermochemical Measurements With Solid State Galvanic Cell
When the electrolyte conduction is exclusively ionic, a simple
relation’exists between the measured cell potential  and chemical

energy change,

AG = -nFE _ _ (1)

where AG is the Gibbs free energy change for the overall cell
reaction,_n:is the équivalents‘of charged passed, F is Faraday's
constant and‘E is the reversible cell potential. Furthermore, by
applying-the Gibbs—ﬂelmhoitz reiationships to the témperaturé.
debeﬁdence fothe cell potential, AH and AS information can be

extracted by



P

0

dE _ -nEF - MH

dTt T (2)

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

heat capacity change of the overall reaction can be determined from

, .
AC = nFT (—;’—E) . (3)
1% "I‘2 . R

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 MZ XZ and the
. X “m
‘following relationship was derived
L ] "
Hy Hn
. 1 : duX 1 dum
E=—fftionrz;=-f/tion‘z“nj )
: " ' ’
My Hm '

where tion is the ionic transference number,uX and]Jm are the
chemical potentials of the nonmetal and metal, respectively, ZX and

Zm are the cation and anion valences, and the superscripts differen-
tiate the chemical potential at either reversible electrode. 1In this
equation the.functional dependenee of tion on the chemical potential
must be known. This is easieet 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 veltage and curfent used to polarize can be related to

reactions or transport phenomenon in or at the electrode.



Equation 4 is usually coupled with Faraday's Law-
ji. = I/2 : ‘
i / iF ) | (5)

where ji is the rate (moles/sec) at which ionic species, i, is
transported through the electrolyte to the external circuit. The
practical use of equations (1 - 5) requires that the galvanic cell

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

in unity.
C. Solid Electrolytes

1. CaF2

Solid compounds exhibiting exclusive ionic conduction are at
present few.v Pést investigations‘have shown anionic conduction in
halides and oxides and cationic conduction in various compounds of Ag+,
cu', Mg'', A" and Na'. Solid CaF, has been explored in this
study as the electrolyte to be used in the study of III-V compound
semiconductors. In 1957, Ure25 showed that the predominant defect
in CaF2 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.
u= (1.34 X 107)T—1 exp [(-(19 * 4)X103/T] cmzsec"lvolt-l . (6)

Also the defect density, n_, was determined as a function of

temperature in the same range:



n = 2.96X10%° exp [-(16.3X10°)/T Jem -. (7)

Furthermore, it was demonstrated that the cation contribution to the

total ‘ionic conduction is negligble (t = 3X10_8 at 850°C(2),

cation

8><1O-_7 at 1000°C and 1><10”6 at llOO°C26). As a result, CaF2 ionic

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

As pointed out earlier, any feasible use of CaF_, as a solid electrolyte

2

requires operation in a region where tF— > .99. For anti~-Frenkel

defects, the following equilibrium equation can be written:
L+ + - ,
= F +V ~ * K_= - {F ‘
0 Fi F F [VF] [ri_] (8)

where 0 represents the perfect lattiée,.F; is an interstitial
fluorine anion, and VF— is a fluorine anion vacancy. When CaF2
solid is brought into equilibrium with its surroundings ionic defects
and-cdmpensating electronic defects are introduced. If the

surroundings are at high (relative to the stoichiometry of Can)

activities the equilibrium equation is given by

+ Crem ell2
= [Ti]p/PF2

F.(v) = F. +h (9)'

2 i KHI GH

[N

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

pressure. Similarly, if the atmosphere is of low. fluorine activity,



P

S : ~Q-

o + o - N o IS V) '
0=1/2F, +vi+e” , K =n [VF]PFZ' (10)

where n is the free electron concentration. To maintain electrical

neutrality the following equation must be observed,
p+ (V=] = n+ [F]] : 1)
F | i :

For significant ionic transference this equation must reduce to

g range which includes the composition of exact
2

stoichiometry. In the ionic conductivity range it can be shown

;/zand p(xP%/Z, and the ionic defect concentrations are
2 « : .

independent of PF

[v;-];= [F;] in a P

that na P

under the above conditions. Since conductivity is
) ) .

+ .
- directly porportional to the V_~ concentration this leads to the useful

F

conclusion that O (ionic conductivity) is P independent, and ©

0

, and o‘P (hole

ion F

: . , -2
" (excess electron cOnductivity)'is proportional to PFl/2

: 2
1/2 »
F , all at constant temperature.
‘ 2 '
On the other hand, at constant PF , all conductivities exhibit an

2

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

.conductivity) is proportional to P

Arrhenius-type equatiohs describing each mode of conductivity,
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C.=0, +0_+o0 12
T ion &3] e - (12)

o ) . ‘ . .
where 0 's are proportionality constants and Q's are activation energies,

all of which are independent of temperature and PF . To arrive
2

at the condition of ¢, >.99 we equate U, to 1000 _ and 1000 _.
ion ion . @ >
Upon doing so the following equations now define the ionic conduction

domain limits’

- o
+
_ Qion Q@ 1 (Jion
log P -2 = =+ 2 log ——
F2 2.3R T 100‘0
‘%
o
Q. -1Q .
2 : 1000

Q@

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

Fy

ionic conduction domain boundaries. Recent studies by Egan have shown

that tion ~ 0.991 at 1000°Cz.O A thermodynamic treatment due to Wagner

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

2

of Ca is dissolved in CaF2 due to the following mechanism,

X_ N :
Ca(v) + 2F =CaF, + 2e (14)
where ¥~ is a fluoride ion on a regular ion site and e; is an
electron substituted for a fluoride ion. By applying the law of mass .

F is pfoportional to the square root of the

. : X
action, the number of e
activity of Ca. 1In addition, excess electrons can be formed by the

following reaction,



The mobility of e’

F is related to the mobility of the excess electrons

by,

n TR
( eF)( eF) = ny_. - : (16)

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

calculate the transference number of electrons, tP’ from
7

e e 1)y
: = + 0+ = = — - a’
to 9% Cson * %0 * % = %/%0n o, Ca

(17)

if~q; + 0@ << Oion' Utilizing equation (17) with concentration and

‘mobility data of Urezs, Wagnef determined that t. < 0.0l when the

> at 600°C and a_ < 6x10°

, .. .
Cca at 840°C. Using

activity of Ca < 1x10°

AGF data for CaF. it can be shown the lower ionic conduction domain

2
= -58.6 . o ~-43
boundary corresponds to PF = 10 ° atm at 600°C and PF =10
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

study.zg_31 The lower boundary conservatively estimated by Wagner

would be near the Mgl, trajectory. But recent studies by Patterson

2

24 , o
and Skelton have produced stable and accurate (as compared to

calorimetric data) emf's for the Ca-CaF., electrode which indicates that

2
the lower domain boundary lies below this line. Patterson27

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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, S 24 -
between Ca and F ions and also the extreme forbidden gap for Can.

In view of the above discussion it is evident that CaF2 provides

a larger ionic conduction domain than the other common solid

electrolytes. The major drawback of using CaF_ appears to be its

2
reactivity; ‘Urezs showed CaFivconductivityvchanged when annealed
in a oxygen atmosphere. Also, several investigators reported
electrolyte-electrode reactions.
2. ¢Sz

Calcia stabilized zirconia is of the defect fluorite structure
and conduqts doubly charged oxygen ions via a vacanéy mechanism. This
oxygen vacancy defect density occuring in zironia has been found to
increase greatly if divalent Ca is'ad&ed in solid solution with
tetravalent zirconia, up to a dopant level of 15 mole% Ca. Aé
a result of this defect predominance fhe ionic conductivity and
working'Pb' range (tion > 0.99) is enhanced. Ip—depth
presentatiins of the theory of conduction of solid oxide electrolytes
can be found in the literature}32_36 |

Shown in Fig. 2 are conservative and liberal lower oxygen
partial preésure limits to the ionic conduction domain of CSZ as

38, 39
a

derived from the data of Schmalzreid37 and Patterson nd

Tretyakov.ao ‘The conservative limit37 places the GéZOE-Ga—O?

equilibrium outside the electrolytic domain. The more recent and
: .. 38-40 _ JUTT o .
liberal limit places the most stable equilibrium of interest

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

a workable electrolyte with Ga + Ga203 electrodes can be

verified by a determination of the Gibbs free énergy of forming
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GaZO and a comparisbn 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,

radicactivity, etc.).

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

. . : . . , . . 2,3,15,41
the various oxides of the materials investigated in these studies. *7°7 7’

It can be concluded by inspection of Fig. 2 that Ga203 is the most
stable oxide in the temperature range studied. Therefore, coexistence

electrodes must contain Ga,C, and a metal alloy if gallium is a

273

component of the alldy.
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~of a few keV is fg = 0.9 for clean titanium surfaces.

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

We will illustrate the effect of the thermal component, I by means of a numeri-
13 3

“ cal exainple. For 10 keV deuterium v = 108cm/sec. Assummg n=2X10 )

R =20 cm, G =1, f, = 0.9 and taking <o v>;_ = 3.6 X 10 "8, <ovs;; =2x10 8, and
-8

h<av> = 14 X 10 for both the energetic neutral beam and thermal neutrals (i.e.,

average ov values for thermal neutrals are determmed by the velocity distribution of

" the contained plasma) ‘we find

R . 1 L
nv . I, .0 21
—:r— a 0.33 T 0.71 Z novoApfx-

| = Negle_cting charge exchange with the background gas

) I
I o 0.71).,
3 0‘33<1 T m)

- Obviously it is necessary that

. .Il‘l < 351 = ous.

- If I is the current requxred to sustain the plasma when I =0, then the re-
qulred values of I for cases where I /I 0.1, 0.2, and 0.3 are I = 1,27 I Yy 1,75 ¥ and
2.8 I -respectively, - The rapld escaIatlon of the required neutral beam current with -
I, /I emphamzes the importance of suppressing the thermal component.

_The consequence of alterations of the angular d15tr1but1on in the contained
plasma by .charge exchange with the ‘beam needs further evaluation as the amphﬁcatmn

~factor in-the ‘B-C scahng law could be adversely affected.



(3.110) ' | 2XIIB Major Pr'oject

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 tQ-des'cribe the
2XIIB Major Project, which is defined as the new Magnet and Vacuum System. Future
major project proposais may or may not contain this level of physics detail.

(3.120) ENGINEERING ASPECTS OF 2XIIB MAJOR PROJECT

Engineering Descripﬁon of 2XIIB -

The 2XIIB modification is fundamentally the installation of a new p-ulsed magnet
system into the existing 2XII system (which is described in Ap'pehd_ix G). There are
two subsystems in the 2XIIB proposal. The first is‘,the magnet subsystem, and the
second is the vacuum chamber subsystem. f , ,

The magnet subsystem which will-convert 2XII into 2XIIB is composed of four
" parts, They will be described in the time sequence of operation during the experiment.

'First are the dc 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 corhpression chamber, TWo'neW dc magnets \.Nill,be needed
due to dimensional changes in the pulsed magnet that were made to accomm_odéte'
intense neutral injection. ' S |

. The pulsed magnet as shown in Fig. 3 comprises the other three parts of the
magnet subsystem. The second magnet to operate is the bari‘ief (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 com-
pression chamber part of the plasrria refléctéd by the-barrier.mag'net.- The compres-’
sion magnet then compresse's the trapped plasma. At the time of maximum current
the compression magnef is short circuited so that the field decays with the character-

" istic L /R 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 i‘s a pyroc'éram chamber which is in-
side of the magnet subsystem, Its function is to provide a clean vacuum environment
for the pllasma by isolating the plasma from the magnet and surrounding structures,

-16-
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LIST OF FIGURES
Gibbs frée energies of forming.the metal fluorides of
interest on a molar F2 basis are compafed to the lower
fluorine partial pressure limit for ionic conduction in Can.
Qibbs free energies for formation on a molar O2 basis are

compared to the lower oxygen partial pressure limit for ionic

conductivity of CSZ.
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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 qfcompoundsfor electroluminescent and
microwave devices. Gallium is also an importanf 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 usea to achieve high electro-
luminescence efficiency in Zn-doped GaP light-emitting diédes. N
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 B-Ga by the reaction

203
2Ga(R) + g 0,(g) = B-Ga,0,(c) 1)

“has been estimated by Coughlin5 and measured using solid-state
electrochemiéal methods by Klinedinst and Stevenson6 and Smith and
Chatterji.7 Pankratz and Kelley determined the high temperature
heat content of B—G3203 by calo:imetric methods.8 More recently

Millsgmeasured the enthalpy of formation of B-Ga by drop

0
273
calorimetry. Unfortunately, the Gibbs free energies of formation
as determined in the above studies show marked discrepancies,

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

of formation. 1In this study the Gibbs free energy of formation of
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B—Gazo3

cell under microcomputer control.

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

B. Experimental

1. The Experimental Cell

i

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 O-ring to a water-cooled,
brass ceil—head. Three 1/8-inch Cajon through—bore.fittings were
located on thé cell head symetrically around a 1/4-inch Cajoﬁ
through-bore fitting. The 1/8-inch thermdcouples and lead wires
in ceramic sheaths were passed through the 1/8-inch fittings. The
larger, éentered fittiﬁg 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 plaéement was such‘that the gas had flow downward to the
experimental cell, then through an alﬁmina pushrod. Three spring-
loaded tungsten wires provided support for a gréphite chamber
containing liquid gallium and B—G3203 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 whiéh the CSZ tube was inserted into
the galliuﬁ electrode. Powdered graphite was added to seal the CSZ
tube to the graphite 1id. 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 wasifurnished by an-integrating, temperatﬁre—régulated,
power supply designed and built at the Lawrence Bérkeley Laboratory.
Temperature uniformity and stability was ﬁeld 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. TypejK thermocouples
(0.0QO inch Pt - Pt 10% Rh) were calibrated in the cell under
vacuum againét a thermocouple calibrated at the National Bureau

of Standards. The calibration was performed with the standard
thermocouplé occupying the position normally that of ﬁhe electrode,
while the unknown thermocouple was placed in their normal operating
positioné. - Thermocouple emf's were amplified using a x100
thermocouple amplifier calibrated with a Leeds and Northrup Type
K-3 potentiometer facility.

Cell emf's were measured with a Keithley 640 electrémeter.
High-isolation triaxial cable used to connect thé experimental cell
to the ihput head of the electrometer. The inner conductor of the
triaxial cable was connectéd to the positive lead wire of the cell.
The outer conductor was driven by the unity-gain feédback 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,

99.99997 pure, obtained from Qominco 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—GaZO3

by X-ray diffraction analysis.

and to show no detectable second phases

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. Specfroscopic-grade graphite was employed
in the electrode compartment containing the 1iquid metal and a
small amouﬁt of the oxide. Platinum lead wires Qere attached to
the graphite compartment and to a platinum electrode made from
Englehard unfluxed platinum paster(No. 6926) inside the CSZ tube end.

The CO—CO2 refergnce electrode gas mixture wasvobtéined from
Matheson Gas Products. Chemical analysis showed the mixXture to

contain (25.29 + 0.02) percent CO, and (2.45 * 0.02) percent CO

2
in high-purity afgon.

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
the purge flow rate adjusted to 10 cm3/min.

Reagent dibugyl 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. The system had the capability of setting the cell operation
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temperature and monitoring cell emfs and thermocouple outputs on
a bredetermined time base until equilibriuﬁ 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 experimentstthe cell compartments were
leak-checked using a high wvacuum system, then pﬁfged with high
purity argon. The cell temperatqre 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'recdrded at each
teﬁperatufe until equilibrium was reached and confirmed. Reference
gas énd 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 ﬁetal 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 B-—Ga203 can be represented schematically

as

Pt|c|ca(n), Ga203(C)||CSZ[|CO, C02[Pt. | (2)

The equilibrium partial pressures of oxygen in the two electrodes

are related to the cell potential, E, by the Nernst equation:
E = (RT/4F) n {P(0,,C0 + COZ)/P(OZ,Ga(SL)+8—Ga203)} (3)

In this equation, P(0,, CO + C02) indicates the oxygen fugacity

2>
of the CO +CO2 gas mixture, P(OQ’ Ga(®) + R- Ga203(c)) represents
the Ga + Ga203 mixture, R is the gas constant, T is the thermodynamic

temperature and F is the Faraday constant.

.The measured céll emf.differs from the equilibrium cell potential
. by the thermal emf generated by the Pt - C couple. This thermal
emf was méasured by Chatterji and SmithlO and found to vary nearly
iinearly with temperature in the_range investigated. The measured
cell vbltage E(m) was corrected by the following equation for the

equilibrium cell voltage,

E=(E, /mV) - 3.7 + .007(T/K)mV. (4)

“(m)
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The Gibbs free energy of formation of B-Ga,0, is related
to the oxygen partial pressure over the Ga + Gazo3 mixture by the
equilibrium constant for the formation reaction:

- _ - 2 3 3/2
Kf(B 63203).— a(B G3203)/a(Ga) P(Oz, B G3203-+Ga)

or

Re( -Gay0,) = exp {-AG)(B-Ga,0,)/RT | (5)

Equations 3 and 5 allow one to calculate AG?(B—Ga 03) from the

2

measured temperature and experimental cell voltage:
o
AGf(&-GaZQ3) = 1,5 RT in P(OZ,CO + C02) - 6FE. (6)

Here, unit activities for Ga(f) and B_GaZOB(C) in the mixture were
assumed. .

The reference oxygen partial pressure was established by the

equilibrium reaction,

co + % o2 = 002 : : 7

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

AG(7), by:



P(CO )) ' '
exp {2AC<7)/RF} : (8)

P(O?_',CO + COZ) = (‘I‘,—(Ea-

where AG(7) -68,270 - 0.18T &n T - 0.34 10 T2 + 0.87 10 /T +
23.28T, calth mol—l was taken from the equations given by wicks and
Blockll for the free energies of formation of CO end CO.. The

2

ratio of the partial pressure of CO2

in the primdry standafd'gas was 10.322 + .092.

to the partial pressure of CO

Table 1 shows the measured open-cell potentials, partial
pressures of oxygen in the reference gas mixture, the calculated
equ111br1um part1al pressures of oxygen in the Ga, (- cdzol mixture,

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

BeGaZOB(c) over the experimental temperature.

D. Discussion
The data obtained in this study were compared to the data reported
from previous studies as shown in Fig. 4. This figure shows the

, o
experimental values of AG»(B—Ca ) plotLed agalnst Lemperaturc,

273
with the least-squares straight line drawn through the data points
for each study. Also shown is the estimated Gibbs free energy of
formation of Coughlin,5 the calorimetric results of.Pankratz and
'Kelley8 and the enmf measurements of Smith and Ch3tterji,7 and of
Klinedinst and Stevenson; ‘

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

present study resulted in the following expression for AG?(B—Ga203):
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1

e (B—G3203(c)) = (-265,309+152) + (82.4710.16)(T/K)calt mol ., (95

£ h

-

The uncertainties given in this expression are those computed from
the standard deviations. The constant term appearing in Eq. (9)
corresponds to the staﬁdard 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 AG;(B"Ga203) 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
the results Qith those obtained from other emf measurements, however,-
one finds an apparenthdiscrepancy 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). .Qng the other ﬁand, the absolute valueé of AG?(B—GaZOB)
show relatively good agreement but differ markealy in the temperature
dependence as shown in Fig. 4.

Because of differences in the results of this study as compared
to resdlts of pfevious emf studies and also of the availability of
good calorimetric data, a "'third lgw" calculation was carried out.
The results of this calculation afe shown in Fig. 5. The values
o for the B-Ga. 0. formation reaction wés calculated

£,298.15 2°3

from the following equation:

of AH
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Table 2. Comparison of Reported Standard Enthalpy and Entropy of

Formation of B-ga
. Ga203q

AH° kcalth : Asb kcalth
molml : ‘ mol-_.ll(_1
-252.4 .07022
-252.5 : .0711°
-259.34 .07811°€
-265.31 .082474

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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Ace A@EC - ®® )

e _ _ _
BHe 598.15 = DG 7 T ~ H98.15

(10)

(o] (o] (o]
+ T(%Sf,298.15 + Ay - S298.15)) :

where AG?'T is the experimental value of the Gibbs free energy of
b . .
' ; o o
formation of B—Ga203. The.values of HT - H298.
o o

| : . 11
T~ 5298.15 for 02(8) were taken from Wicks and Block, that

for Ga(2) from Hultgren,12 and that for B-G3203(c) from Mills.

15 and

S
9

o ° .
A value for Asf,298.15 of ~72.87 cal/mole°K was determined from the

data on SO for 0, taken from Kelleyl3 and on Ga and B—Ga203

298.15 2
from Adams, Johnston and Kerr.14 The calculated results for

15

determined by direct

A are compared to the data of Mah,

Hy08.15
combustion caiorimetry, and to the value of Shchukarev, Semenov
and Rat'kovskii16 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
, ;98_15 of -261.9 keal mo1l ™l

Assuming all calorimetric data to be correct, the emf results

experimental value for AH

o
298.15

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

would be expected to give calculated AH values which fall
determined result. As seen in Fig. 4, the results of Klinedinst
and Stevenson6 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

~ for the thermal emf” developed by the W - Pt junction on the metal-metal
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oxide electrode. Chatterjivand Smith10 measured this potential
and found.it sizeable (i.e., 15.6 mV at 1000°K). 'Adding these
corrections to the data of Klinedinst and Stévenson.would have
the effect of flattening tﬁe calculated AHZ98.15 values but would
‘also raise them (i.e., 1.515 kKcal/mole at 873°K and 3.541 kcal/mole
at 1273°K for the two-phase mixturé).

Also shown in Fig.bd are the emf results of Sﬁith and Chatterji.7
The actual data were not available for this calculétion. Instead,
the fitted.linear equation was used. The use of this equation gave
nearly temperature-independent resulté, buﬁ shifted to approximately
1.75 kcal above the experimental value. Smith gnd Chatterji
reported an error range of 0.8 kcal/molg with no apparent temperature
dependence frbm a similar third-law calculation on their data.

The calculated results of this invéstigation gave the value
of BHygq 15

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

reported to within the experimental error for all data

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
Millsg'agreed to within 17 of that of Pankratz and Kelley.g' The
most likely source of efror is in the specific heat of gallium,

“for ﬁhich a constant heat capacity was assumed abovg 700°K.

A potential source of error in the present study was electronic

conduction in the CSZ electrolyte. Shown in Fig. 2 are the
cohservative and liberél lowér oxygen partial pressure limits to

the electrolytic domain of CSZ as derived from the data of
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Schmalzreid17 and Patterson, Bogden and Rapp,18 along with the free
energies of formation of Ga203 and other oxidés.19 The conservative
limit places.the GaéO3 - Ga - 02 équilibrium outside the electrolytic
domain. The moré recent and liberal limit places the most stable
equilibrium of interest well ﬁithin 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 conduétion
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
Stevenson.

Regardlesé of the error source, the direct measurement of
AG?(B—Ga§O3) | performed in this study showed much better consistency

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

when compared with "third law'" calculations.
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IV. SOLID-STATE ELECTROCHEMICAL STUDY OF THE FREE
ENERGY OF FORMATION OF INDIUM SESQUIOXIDE

A. Introduction

Indium sesquioxide is an n-type semiconductor which has been
used as a thick film resistor. A review of its properties has been
. o1 , . . .
given by de Wit. For tue processing of In203 by chemical reactions
involving oxidation, accurate information on the thermodynamic

properties of In is important.

293

The standard Gibbs free enefgy of fdrming In203 by the reaction

21a(8) + —% 0,(v) = In,0,(c) . (1)

has been measured using electrochemical methods by. a number of
S 2-5 , : ,
authors. The Gibbs free energy of formation has also becn
calculated from the equilibrium partial pressures of water and
. R ) 6’7 B . .
hydrogen over a mixture of In and In203. Other studies on
In703 from which thermodynamic data can be derived include
. . . 8,9 . . .10 N .

vaporization studies, a thermogravimetric analysis and colorimetric
combustion experiments.ll-12

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. hie 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 In203.

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

study and on other available data. Also based on results of this
study, an alternative explanafion of the recent thermogravimetric
data of de Witlo 1s presented.

#

B. Experimental

273

were used in the experimental cell. The coexistence electrode was

An In+In, 0, coexistence electrode and a C0+CO2 gas electrode

prepared from 99.9997 pure indium poﬁder (Orion Chemical Co.) and
99.999% pﬁre indium sesquioxide powder (Alfa Products).

X~-ray diffraction analysis showed the oxide powder to be pure In203.
Measured aﬁounts of metal and oxide powders in the weight ratio of
10:1 were thoroughly mixed and placed in a 1 in 0.D. tube of graphite
(spectrogréphic grade) closed at one end. The graphite tube was
fitted with a screw cap with a central hole through which a 0.250

in 0.D., closed-end calcia-stabilized zirconia (CSZ) tube containing
the gas reference electrode and a platinum lead wire were inserted
into the coexistence electrode. The CSZ tube (Zirconia Corporation
of America) had a nominal coposition of CaO.lSZrO.8501.8S'

The closed end of the tube was coated inside with unfluxed platinum
paste (Englehard No. 6926) to which a spiral platihum lead wire

was attached. The CO+CO, reference gas mixture (Matheson Gas Products)
was prepared from high purityvargon. Chemical analysis showed the

gas mixture to contain (25.29 * 0.02) percent CO, and (2.45 * 0.02)

2

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 0.D., closed-
end alumina tube sealed with a viton O-ring to a water-cooled brass
cell head containing Cajon seals to alumina tubes supporting electrode
leads and Pt -Pt+10% Rh thermocouples calibrated to an NBS-reference
thermoéoUple. The coexistence electrode compartment was purged with
argon‘purified by paésing‘it over titanium sponge heated to
850°C. Thé experimental cell has been described in detail elsewhere.13

The cell.was placed in a Mhrshall resistanceehéated furnace and
shielded from rf interference from the triac-controlled temperature
regulator by a grounded platinum shield placed setween the 2 in
alumina tube and the furnace winding. Temperaturesvcoqld be
maintained to within #0.5 K.

Cell emf was measured with a Keithley 640 electrometer which
was connecfed to the cell leads with a triaxial cable containing a
driven guard to reduce leakage éurrents. 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
JIX)Khr-l to the operating temperature, monitor the cell temperature
and emf and print the data on a teletype, test for equilibrium,
and repeat tﬁe 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

Pt|C|In, In203|| cszl co, co, |Pe. (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.

E = 4F L oo {p€0,, CO+C0,)/p(0,, In+In,0,)} R &)
where R is the gas constant, T the absolute temperature, F is the
Faraday constant, p(02,C0+C02) the oxygen partial pressure over the
CO+CO2 mixture and p(02, IntIn

electrode,

203) that over the coexistence

The Gibbs free energy of forming In203 is related to the cell emf
through the equilibrium constant of reaction Eq. (1). Assuming unity

activities for In(2) and In203(c), AG (1 , ¢, T) is given by:

n,04

o _ ' 2 o
AGf(In203’ c, T) = 1.5 RT(pCoz/pCO) +3AGref—6FE. (4)

The ratio of partial pressures of the reference gas components,
(pco /pco), was determined by chemical analysis to be (10.322 *
0-092)- The term AGref in Eq. (4) is the Gibbs free energy of reaction

for the reference gas eduilibrium,
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cCO+ -0, =C0 (5)

2 72 2

and was calculated from the data of Wicks and Blo‘ck.14 The measured
cell potential differs from the potential generated by the In203
‘formation‘reaction by the magnitude of the Pt-C thermal emf. The
potential, determined elsewhere as a function of t;emperature,1
was used to correct the measured emf for this contribution.

‘Listed in Table 1 are the temperatures of measuiement, recorded
cell emf, corrected cell emf, the partial pressures of oxygen in
the reference and measured electrodes,respectively, and the Gibbs
enefgy of forming In203 as calculated from Eq. (4).

A linear least squares regression analysis of the AG?(In203, c, T)

data shown in Table 2 gave the following equation:

AG?(InZOB,c,T) = -(223.16+0.14)+ (0.07947+0.00012) (T/K) (6)

where AG?(In203,c,T) has the units of kcalthmol_l. .The constant
term represents the standard enthalpy change for the formation
reaction while the temperafure coefficient is that of the
standard entropy change. The error limits are those of the standard
deviation of the data for the least—squareé 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. Summary of experimental and derived data (calt

h

= 4,184 J; atm =

101.325 k Pa)

T,K Emf | Emf log, ;p(0,,C0+CO,), loglop(02,1n+1n203),—AG:(In203,c,T)

Measured, mV ;Corrected, mV atm atm kcalthmol_;
950.8 128.9 131.9 -19.82 ~22.61 147.58
953.6  129.0 132.0 -19.73 -22.52 147.38
986.1 128.4 131.6 ~18.71 -21.40 144.83
988.2 128.2 131.4 -18.64 -21.32 144.63
1021.6  127.5 131.0 -17.67 ~20.25 142.00
 1026.0 127.1 130.6 -17.54 -20.11 141.60
1041.8 126.8 130.4 -17.11 -19.63 140. 36
1059.0 126.6 130.3 -16.65 -19.13 139.02
| 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

—Lf]—

¢ o0
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0
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D. Discussion

The calculated values of AG?kInzﬂé,c,T) from this study are
plotted as a function of temperature in Fig. 2 and compared to data
from the emf studies of Klinedinst and Stevénson5 (using a similar
cell design), of Schaefer2 (using a Cu-Cu20 reference electrode),
of Newns and Pelmore4 (using avNi—NiO reference electrode), and
of Chatterji and Vest3 (also using a Ni-NiO réference electrode).
Also plotted in Fig. 1 are the values measured by Hochgeshwender
and Ingraham employing a flowing gas equilibrating technique.

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 defived
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 thié
calculation‘are shown in Fig. 3. The values of.AHg(In203,c,298.15)
were calculated from the equation,

o ‘ _ o _ 0_ O
AHE (In,0,,¢,298.15) = AG(Iny0.,¢,T) -A. (Hy Hogg.15) +

(7N
[o] [s) (o] .
T[Asf, 298.15 - Af(sT-szgs_ls)] X



Table 2. Comparison of the standard enthalpy and entropy of the

reaction, 2In() + 3/2 Oz(g) = In203(c) from different
sources. - _ '
AR® * As®
-1 ’ : -1 -1 _ Reference
kcalchmol kcalthmol K

-218.78 7 0.07534 Schaefer?
-222.7 ~ o.0781  Newns”
~215.55 | 0.07263 Chatterji-
~218.7 © 0.0756 Klinedinst>

-223.16 0.07947 this work
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o .o o .0 .
Values Of,ST"8298.15 and HT'H298.15 for diatomic ogygen were taken

from Wicks and Block,14 for liquid indium from the selected values
of Hultgren',16 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,

3

cp(In203,c,T) = 29.36 + 7.0x10° T—7.66><105/T2 (7)

The value of -73.5 e.u. was assigned to AS?, 298.15 as suggested by

Hart.18 These values were combined according to the stoichiometry

0_g0
T "298.15

c,T) data to determine the

of reaction Eq. (1) to determine the values of Af(S ) and used

in conjunc;ion with the measured AG?(In203,
enthalpy of fqrmation at 298.15 K. The calculated AH?(In203,c,298.15)
reéults are compared to the value of (-221,27%0.40) kcalthmol—l

as determined by Holley, Huber and Meierkord12 by combustion

calorimetry.

Aé shown in Fig. 3, the results of this study exhibit the most
temperature-independent values of AH;(InZOB,c, 298.15) of all the emf
studies, with‘all calculated values falling within the experimental
error rangé of the calorimetric results. The values of AH?(In203,c,298.15)
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

func;ions chosen in the calculation.
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The values of 8398.15 for In19 and 029 have been very well
determined and stbichiometrically combine to give 101.31 entropy
units. Becker and Roth11 gstimated the entropy of In203 at 298.15°K
to be 27.0%2.5 e.u., while Stubbs, Schufle and Thompson’

CAICUlated.é value of 30.1 e.u. from their equilibrium studies.

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

to -71.21 e.u. for AS?(In203,c, 298.15). Another alternative

" calculation of AH?(InZOB,c,298.15) is based on the assumption that
cp(In203,é,T)is qual to cp(B—Ga203,c,T). Glassner20 gives coefficients
for a lineﬁr temperature-~dependent expression for cp(In203,c,T) and
estimated‘enthalpy and entropy functions for the In203 formation
reaction. ﬁIn 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 léw calculation.‘ In
all cases (except with the yore negative values of AS?(InZOB,c,298.15)
and with oﬁher values as in the original calculation) the use of the
new specific'heat functions had the deleterious effect of raising the
mean value of the calculated AH;(In203,c,298.15).we11 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 studiss using the solid-state electrochemical cell
method.

An important side.reaction tovconsider at high temperatures is

the decomposition of In203(c) to form In20(v). The existence of

InZO(c) above 1085K has been suggested by Klinedinst and Stevenson5
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to explain a discontinuity in the temperature dependence of the measured
oxygen activity of a coexistence electrode containing In(%) and
indium oxides formed by electrochemical titration. No such discontinuity
was found in the present étudy for a coexistence electrode containing
In() an@ In203(c). It is possible, therefore, that In20(c) is
produced by the titration of oxygen ions into In(2) above 1085 K,

"It is of interest to calculate the partial pressure of Inzo(v)
that would exist in the In({) + In20(c) electrode if equilibrium

conditions prevailed. For the reaction,

4/3 In(L) +-§ Iny0,(c) * In,y0(c) 1 (8)

the Gibbs free energy change is found by subtracting-% AG?(InZOB,c,T),
obtained in this study, from that for In20(c) suggested by Klinedinst

and Stevenson{5 The result is

AG(8) = 20.286 — .01959 (T/K),-kcalthmol—l. 9)

The standard free energy change is zero for this reaction at 1097 K.
Therefore above this temperature solid In20 could form. The In20(c)
vaporizatioh free energy can now be found by combining the formation

energies of the two species,5 for the reaction,

In,0(c) = In,0(v) (10)

The result is
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(4G(10) = 31.0 - 0.177 (T/K), keal mol™" (11)
Assuming ideal conditions, the pressure of In20(v) over solid In20
is - then given by

log, o {p(In,0/atn} = -6949/T + 3.87 - (12)

which gives a value of 2,75 mmHg at 1100 K. If on the other hand
In203(c) is present, the oxygen partial pressure is found from

the equilibrium reaction,

| In,0,(c) = 2In(2) + 3/2 0,(v) (13)
Also the reaction
. ] .
2In(R) + 3 02 = In20(v) | , (14)

is a source of In,0 in the gas phase. Combining the last two reactiohs,

2

one obtains

1oglo{p(02)/atm} = -32,513/T + 11.58 (15)
log,{p(In,0)/atm} = -11,405/T + 7.93. (16)

These expressions also give a value of 2,93 mm Hg for the partial

pressure of InZO(v) at 1100 K. Shchukarev, Semenov and Ratkovskii(8)

¢
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found the. pressure of In20(v) over a mixture of In(R) + In203 to be
0.631 mm Hg af 1101 K by mass spectrometry. Shown in Fig. 4
are the partial pressures of InzO(v) established by a direct formation
‘reaction 'in the presence of In203(c) 9r by vaporization of Iﬁzd(c).
The mass spectrometer data is not sufficient for one.to discern
which mechanism is controlling, although the formation of In20(c)
after vacpum sublimation of the In203(c)'+ In(2) mixture Hés been
réported.8

Also‘of‘importance to the present study is the‘eduilibrium

pressure of”IﬁZO(v) over In203(c) produced by the reaction

In203(c) = In20(c) + OZ(Q) a7n

This reaction has a free energy change given by

AG(17) = 169.16 - .017157 (T/K), kcal'thmol-l. (18)

Combined with the free energy of vaporization for solid In20 one

finds _
1oglb{p(1n20)/5tm}' = -43,918/T + 19.51 - logld{p(Oé)/atm}. (19)
.This expreésion is somewhat differeﬁt from that given by Vaﬁ DillenZl 
which is |
1og16{p(In20)/atm} = 42,189/T + 17.7 - 1og'lv°{p(02)/atm}. | (20)

The formation of In20(c),as a reaction product during In203(c)

' decomposition is suggested by the thermogravimetric studiesof de-Witth
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who found a small (1 ug/min) linear weight loss of In,0, over the
temperature range from 1173 to 1473 K, De Wit attributed this
result to a defect reaction involving either the formation of oxygen
vacancies or indium interstials: in In203(c), however, rather than
to an InZO(c)‘surface reaction product. in our study of the
In(g) + In203(c) coexistence electrode, no discontinuities in cell
emf with temperature were observed, in spite of some vaporization of
In(2). Therefore, we conclude that In20(c) could be produced by
a rapid diésociative decomposition reaction from In203(c) above
1173 K, but that InZO(c) is not present in the In(&) + In203(c)
coexistepce eléctrode. 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 fofmation of In203 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
values of AH(In,0,,c,298.15) of all the emf studies of the
'In203(c) formation reaction, and in close agreement with calorimetric
data. No evidence was found for the formation df InZO(c) over

In(2) + In (¢) coexistence electrodes.

203
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V. SOLID-STATE ELECTROCHEMICAL STUDY OF Ga-Sb.LIQUID ALLOYS

A. Introduction

Gallium and antimony combine to form a single intefmétallic
compound, gallium antimonide (G;Sb) with the sﬁhalérite structure.
This compond is of current practical interest fbr its semiconductiné
properties, especially in application to Gunn effeét diodes.l

The thermodynamics of the gallium - antimony system at and
above the melting:temperature of GaSb, has received considerable
attention. Much recent consideration has been given to solution models
for the prediction of thermodynamic data from 1iqgidus temperatures.,
Such indirect methods, however,. are sghsitive to errors in
available liquidus data. For example, the melting point of GaSb,
Tm, as determined by different studies has been reportéd to be

L 12 999 7 98y, 14 985, 25 65 13 993 9 ;14 99810

975
degrees Kelvin. The melting point as measured by different
investigatofs shows marked differences though the generally accepted

15, 16 Compiled in Table 1 is a list of the

value is 985 K.
experimentally determined enthalpy of fusion of Gng,'AHE(GaSb),
and entropy of fusion, ASE(GaSb), calculated assuming the melting

point is 985 K. As can be seen, the large range of 2.0 kcalt g-atomul

h
exists for the reported AH;(GaSb).
The Ga-Sb phase diagram has been determined by a number of

75 145 18 .11 in generally excellent agreement,

investigators
though shifted somewhat below the accepted melting point.
Enthalpy of mixing data for liquid alloys have been measured

by Predel and Stein20 and Yazawa, Kawashima and Itagaki21 who

found a maximum in this quantity of ~258 and -204 calthg—atom_l,
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Table 1. Comparison of enthalpy and entropy of fusion of GaSb,
" as reported by different investigators. (calth = 4.184J)

Ang(caSb) Asg(caSb)
-1 ~1 -1 . Reference
kcalthg—atom calthg—atom -K

7.78 (¢ .1) 7.90 (¢ .11) : 2
7.9 o 8.0 3
6.0 (x .5) 6.1 4
7.3 (= .3) . 7.4 , 5
7.5 (£ .3) 7.6 v .8
8.0 (¢ .8) v 8.1 17

7.0 (£ .3) 7.1 _ ‘ ‘19
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.

respectively, at an equimolar composition. Actiyities in thg liquid
phase have been measured with solid state electrochemical tééhniques.
22-24 Alllof 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 neér the melting point
of GaSb.20 On the other hand, vapor pressure stﬁdies25 have
shown a moderately negative derivation from ideality. Thus, the
thermodynamic properties of the Ga-Sb- system at the above the melting
temperature of GaSb are not well defined.

_In this study, component activities in the liquid phase of
the Ga-Sb system were measured with a high temperature galvanic cell
employing.a calcia-stabilized zirconia solid eiectrblyte and gaseous

reference electrode.

B. Experimental

1. ggterials

The alloy coexistence electrodes used in this study were prepared
from high purity materials. Semiconductor-grade elemental gallium
and antimony were obtained ffom Cominco American. Powdered Ga203
of 99.999% purity was obtained from Alfa Producté. The materials
were allowed to contact only hiéh—purity alumina during the mixing
process. High purity graphite was used in the preparation of the
containers for the alloy coexistence electrode. Calcia-stabilized
zirconia tubés.having a nominal composition of CaO.lSZr0.8501.85

were obtained from Zircoa Corporation of America. The high'
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temperature part 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, Agﬁaratué

The basic experimental cell consisted of a 2 inch-diameter closed-
end alumina tube 18 inch in length secured by a Viton O-ring to the
brass cell head. This envelope contained the electrodes as shown V

in Fig. 1. The Ga-Sb alloy and a small amount of B-Ga,0, were placed

3
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—thfough Cajon connectoré on the cell head for thermocouples
were placed syme;rically around a 1/4 inch central Cajon fitting
containing a calcia-stabilized zirconia tube. The thermocouples used
were type K'(.OZO inch Pt, Pt 10% Rh) which were‘calibrated in
separate experiments within the cell against an NBS~tracable calibrated
thermocouple. | |

In-this investigation argoﬁ gas was used as the inert gas
blanket. High purity, tank argon was further purifiéd 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 ﬁeated with a Marshall resistance heated furnace
(20 inches in length with a 2 1/2 inch bore). Exc¢ellent temperature

control was furnished by an integrating, triac—controlled regulating

power supply designed and built at Lawrence Berkeley Laboratory.
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Cell‘emfe'were measured with a Keithley 640 electrometer
accompanied with an adaptor input head. A guarded cable connected
the cell to_the electrometer.inppt head where cennection was made
to a triaxial connector. | |

Data acquisitign Qas automated with an Intel SOOB—based
microcomputer. The eystem had the capability of setting the cell
operation'temberature and monitoring cell emfs ana thermocouple
outputs on a predetermined time base, thus allowing continuous cell
operation, The precision of recorded data was 0.017.

C. PROCEDURE

The general experimental procedure was to assemble the desired
electrede arrangement and connect it to the peripheral apparatus.
The cell was then successively evacuated (approximately 10-'5 torr)
and filled with afgon, and the process repeated three ;imes. The
absence of leaks was checked by sealing the cell under vacuum or
under an excess pressﬁre and monitoring the cell pressure. With the
use of a ramp set-point controller, the cell temperature was then
raised to the highest operatiﬁg 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 and the cell disassembled. The electrode

slowly lowered at 100 K hr
material was then examined by x-ray diffraction.analysis to confirm
the absence of side reaction products,
D. Results
The actiQity of Ga in the liquid alloys of ,Ga~Sb was measuréd

electrochemically in a solid-state galvanic cell which can be

represented schematically as

Pt|c|Ga(®),Sb(L), B—Ga203(c)|lcszllco,Cozlpt; (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) fin {a(Oz,ref)/a(Oz,Ga—Sb)} (2

Here a(OZ,ref) is the oxygen activity in the refergnce’electrode while
a(OZ,Ga—Sb) is the oxygen activity in the alloy electrode, T is the
thermodynémic temperature, R is the gas constant and F is the
Faraday consﬁant.

The referepce.oxygen activity was calculated for the equilibrium
reaction |

co +'l 0, = CO

5 0, 9 (3)

and therefore the oxygen activity is given by
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p(co.) %

a(0,,ref) = [‘}?ZE%T) exp{24G(3)/RT} | (4)

The free energy change for the reference gas reaction is

AG(3) = -68,270 0.18T gn T -0.34x10™ 312 + 0.87X10°/T

(%)

-1
+ 23,28 T, calthmol

from the equations of Wicks and Block.26 The ratio p(COz)/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 B-G8203 by the reaction,

2Ga(R) + 3/2 OZ(V) = B~Ga203(c) (6)
from which it follows that the oxygen activity in the alloy is

n a(Oz,Ga—Sb) = 20G(6)/3RT - (4/3) fn a(Ga) (7)

The free energy change of reaction (6) was taken as AG(6) =

(-265309+152)+(82.47+0.16) T, calthmol‘.l.z8 Combining Eq. (2), (4)
and (7), one finally obtains an expression for the gallium activity

in the liquid alloy,

RT %n a(Ga) = 3FE -1.5 RT £n {(P(COZ)/p(CO)} - 1.5 AG(3) + 0.5 AG(6).

(8)
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‘The measured'cell emf had to be corrected for the thermal emf gen-
erated by fhe,Pt—C couple, which has been reported by Chatterji

and Smith.27 Figure 2 shows ﬁhe corrected equilibrium cell
potentials as a function of temperature. A linear least squares
analysis w§3‘applied to the data, the results of'thch 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

5 - dE
AHGa = nF(T T " E). (9

Then, the relative partial molar enthalpy of SB'was obtained by

graphical integration with the relation,

J——— A . o (10)

The relative partial molar entropy of Ga was determined by

dE

ASGa = nF T’ (11)
and the reiative partial molar entropy.of Sb calculated from
ASg, = (AHg, - RT %n ag, )/T : - (12)
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Table 2. Emf of the experimental cell for different Ga-Sb system.

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

xGa a : —bx103
‘0.0390 413.41 * 2.41 125.16 + 2,36
0.293 432,03 £ 0.86 69.57 + 0.83
0.500 438.82 +1.51 52.64 + 1.45
0.639 439.18 £ 1.26 42,60 + 1.22
t 0.41

0.833 447.44 £ 0.44 42.03




Table 3. Summary of thermodynamic data for

Ga-Sb alloys derived from emf measurements.

(calth = 4,184J)
a a AHGa AHSb AHmixing AsGa ASSb Asmixing AGmixiqg;
XGa Ga Sb
cal  mol al mol~1 al mol-1 cal  m 1—1 1 mol.-1 cal mol-‘l al mol.l
th “8tth “2teh th™ “@th th “8ten
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 0.231 -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

_ZL_
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Also listed in Table 3 are the integral values of the enthalpy,
entropyvand.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, x, , obtained from this study. For

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

at 988 K, and those of Gerasimenko et al.z.4 at.a3temperature of

1023 K; ‘These investigators did not rebort an emf.temperature
derivative, Also shown aretﬂm&calculatédvactiviéies of Yazawa

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

heat of mixipg data at a température of 1003 K. Not depicted are
recent resuits by Pong;22 determined also with a solid oxygen-
conducting electrolyte but wiﬁh a Ga203(c) reference electrode. Pong’
found that the activity versus compositidn 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.5 by Predel and

Stein20 gave a value of -258 cal g—at:om'-l for AH The

mixing’
calculated_activities Qf Predel and Stein20 show a positive deviation
from ideality while the vapor pressure studies of Hsi~Hsiung et al.,25
agree Verf 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 ariseﬁ from problems in the experimenta1 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



~74=

gallium has known valences of both + 3 and + 1 and therefore the value
of n is indetefminent. . A value for n less than 3 would raise the
measured activities, but thg 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 exotherm{cally and nearly
randomly (with an excess entropy of mixing of only 0.08 calthg-atom—1
for the stoichiometric liquid), indicating that the liquid alloys
aré nearly regular in nature. Also show in Fig. 3 are the entropy
of mixing determined calorimetrically by,Predel'and Stein20 and
Yazawa, et al.2l The latter results are more endothermic by about
a faqtor.Of 2, and should be the more accurate due to their
reproducibility and to the reliability of the eﬁpérimental technique.

It should be noted that the temperature dependénce of the

) illustrated in Eq. (8)

activity (used to‘calgulate AHmixing

involves three other temperature coefficients, those in AG(3),
AG(G) and the thermal emf correction. Adding the experimental errors
of the above to those found from the emf fit results in sufficiehtly

large error in the partial molar enthalpies that measured AH . .
, mixing

here agree well with that obtained from calorimetric studies.

Shown also in Fig. 4 is AS obtained from the calorimetric value

mixing

of AH ., in conjunction with AG measﬁred here. This
mix mixing

method gives a significant positive excess entropy of mixing.
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A pair potential analysis was applied to these results. This
analysis indicated a preference for Ga-Sb pairing which is consistent
with the negative total enthalpy for the alloy. The pairing, though

not extensive because of the small values of AH , would

mixing
produce a negative contribution to the excess entropy. This
contribution is probably offset by a positive exéeSs volume (as
" has been foqnd for the relatéd In—Sb29 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, O, was calculated based on a lattice theory discussed by

_Averbach.30 This parameter is defined as

oa=1-~-P —Sb/{ZNox X, } (13)

Ga Ga  Sb

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

Ga~Sb

Z is the number of nearest neighbors, N0 is the number of lattice
sites and x is the mole fraction of gallium‘or antimbny. Through
statistiéal'methods Averbach shows that the excess entropy can be’
approximaﬁed by

E N |
o +
Smixing ' ol by [x fnx, +xg fnxg,

. (14)

- 'ég'f z N XcaXgp (1-)8(T) ]
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'

and the enthalpy of mixing by

Hmixi_ng_ = ZN x, x, (1-0) [+ 3j(x)] (;5)
where k is the Boltzman.constant. The quantities uy + j(x) and g(T)

. are defined in terms of the quasichemical interchange ehergy, 2, and

R=2ZN [u+3( +8m] ' (16)

thus allowing the interchange energy to have a composition and
temperatufe dependence. The authors are aware tﬁat fhe quasichemical
solution theory is not directly applicable here beéau§e a positive
excess eﬁﬁropy cannot be predicted, but the theory gives some insight
into the relative_amount of ordering in this syétem. Finally, ©
can be expanded in terms of the mole fraction and the interchange

energy, and truncated after the first terms to give

2x, %k [ U+ 3(0) + g(D] an

kT

xGabe

o

If the excess entropy and enthalpy are known, then Egs. (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) = &1, (18
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Figure 5 shows the calculate&.short—range order parameter, a,
as a function of the antimony mole fraction, Listed in Table 4 is
the calculated value éf o, the térms NO[U +'j(x)] and Nog and the
reduced interaction energy, Q/ZRf, for the five compositions studied.
In these calculations the heat of mixing of Predel and Stein2
was used ﬁith the excess entropy obtained using our free energy
data. A value of 6 was used for Z which is substantiated by
X-ray measurements on In—-Sb30 which showed that the number of

nearest neighbors was 5.7. The temperature of calculation was

1003 K.
The values of o listed can be used to predict values of AH . .
. mixing
ASE. when used in Eqs (14) and (15). It is observed that
mixing

the effect of the temperature dependent term, g(T), is nearly twice that
of the term o+ jx), 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 température of the Ga-Sb
system as wgll as diréct determinations from other sources can be
checked for consistency with the following two expressions for the
liquidus temperature derived elsewhere !

2AH§(GaSb)+AﬁGa(x)+Aﬁsb(g)

Tl - c s s = . = - 19
2ASf(GaSb)+R Rnfgca(Tm)aSb(Tu)}+ASGa(x)+ASSb(x)

and
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Table 4. Short-range order paramecter and quasichemical interchange
energies. (calth = 4,.184J).

N [+ ()] N, (8]
X Q : : Q/ZRT
Ga -1 -1,-1
cal  -mol cal , »mol “K
th . th

0.039  -0.0162  -140.4 =291 -0.216
0.293  -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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Q “ henl _ A— .
~ ZAHf(GaSb) AHGa(x) HSb(x)

T, = = (20)
- AS - AS

2ASf(GaSb) ASGa(x) SSb(x)
where AH;(GaSb) and AS?(GaSb) are the standard enthalpy and
entropy of forming solid GaSb from the pure liquid elements, T2 is

' . s s , e
the liquidus temperature and as, (Tm) and aSb(Tm) are the activities
of gallium and antimony in solid GaSb 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 dependence of the partial molar
quantities and formation enthalpy and entropy is neglected. The
liquidus temperature for the Sb-rich region then becomes

ME(sb) + AR
T = f Sb

=— — 21
ASf(Sb) + ASSb '
Tables 5 and 6 show the liquidus temperature calculated from either
Eqs. (18), (19) or (20) fdr the five alloy compositions studied here.
In these calcﬁlations.the partial molar enthalpies of Predel and
Stein20 were used while partial molar entropies were obtained
from our experimental results. The fusion data iisted in Table 1
was used in Eq. (18).
The free energy of formation of Gng has been previously
measured with emf methods by two other investigators.32’ 33

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.

Reference Source of Data for

_08_

Method Xg, = 0.293  x, = 0.500 x. =0.639 X, _ , g3 H (GaSb)/ H(GaSb)
Equation’ (18) 949.3 o6 971.4 © 906.2 2
" 952.5 988.8 974.4 909.8 | 3
" | 937.6 985.1 966.1 §82.9 A
" 948.6 987.8 972.2 902.7 | | 5
" 950.0 988.2 973.0 905.2 8
" i 953.1 ' '988.9 974.7 910.9 17
" | 946.4 987.3 : 971.0 898.8 '. ' 19
Equation (19) 982.9  1019.2 10049 940.3 32
; | . 974.0 1011.5 996.6 930.0 . 33
Experimental 952.8 935.0 970.7 895.2 14
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Table 6. Comparison of liquidus temperatures (T/K) of an antimony-
rich Ga-Sb alloy. '

Xca Tg’ Equation (20)° TQ, Ideal TQ, Experimental

0.039 889.8 897.2 890.7
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enthalpy of fusion value of 4750 calthmol_1 and a melting temperature
of 964 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 reduired a small
linear corfection to bring their data into agréément with the
accepted melting point of GaSh,

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,prédicted by our activity data and tHe enthalpy data of
Predel and Stein,20 along witﬁ accepted data for the heat of
fusion. The results obtained here show that value of AH;(GaSb)
obtained by‘Schottky and BeV’er4 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 TZ is performed with the
literature data for the GaSb formation reaction the liquidus temperatures
predicted ére much to high, however. Owing to the‘good consistency

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

values assigned in previous studies to the enthalpy and entropy éf

the GaSb formation reaction. Table 6 shows the liquidus temperature
calculated for an antiﬁony—rich'Ga—Sb liquid allo&Q The accepted
temperature is in exbéllent agreement with that derived from our
experimentalvvalue, whereas an ideal solution médel gives a large
difféfence between the accepted and calculated liquidus temperature.

This result also supports the consistency and accuracy of the present

results.
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F. Conclusion

Previoﬁs‘studies on the Ga-Sb system have concluded that the
liquid alloys are either idealA’ 14 or régularzof'zl solutions,
while direct free energy determigations have indicated that the solutions
are highly non-ideal, showing strong negative deﬁiations from idéality.
The results of this study have shown the‘Ga—Sbvsysteﬁ tovdeviate
negatiyely, but moderately so, from Raoults' law with a significantly
positivé excess entropy of mixing. Other thermodynamic data for
the Ga—Sb.syétem wvere 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 with the other data.
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VI. THE SOLUBILITY AND DIFFUSIVITY OF OXYGEN'IN LIQUID INDIUM

| A, Introduction
As a continued study of thé properties of the Group III elements,

the compounds formed with CroupJV materials, and their relationship with
" oxygen, the solubility and diffusi?ity of éxygen in liquid indium was
determinéd. The Group III element Al has received considerable
attention with respect to its relation with oxygen as a result

ubf the‘important ceramic applications. Foster and Scardefieldl

have measured the solubllity of oxygen in liquid gallium over the
temperature range from 900 to 1200C by a gravimetric method while

the diffusivity of atomic oxygen in gallium has been determined

by Klinedinst and Stevenson4 wifh galvanostatic ﬁethods. To our
knowledge no measurement of the solubiiity of oxygen in liquid

indium has been performed while the only diffusivity determination is
that of Klinedinst and Ste§é’nson.4

A solid state coulometric titration technique was first

introduced by C. Wagner5 to study the dependence of the silver activity
on the Ag/S rétio in silver sulfidé. Several other investigators

have employed solid oxide electrolytes to determine oxygen solubilities
and diffusivities in liquid met:als.6—ll An oxygen ion conducting
solid electrolyte has been used in this study td measure the oxygen
diffusivify and soluﬁility in liquid indium at a temperature of
908 K. Thevsoluﬁility was determined by coulometrically changing
the dissolved oxygen content and meaéuring 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. Experimental

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 ecm. 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 equipme;t,

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

The eigctrochemical cell utilized in this study is the concentration
cell, |

WlIn(g)ﬂ oxide i In(z),In203IW,' (1)
electrolyte

where calecia-stabilized zirconia was the solid eléctrolyte. If the
oxygen concentration in the liquid indium electrode‘is less than the
saturation concentration, theﬁ. oxygen will diffuse through the solid
oxide electrolyte ~ as doubly negative ions - to the indium electrode
from the In(R) +In,0 buffered electrode, whose oxygen activity is

2°3

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



00uv0440031 3

~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
0
= RT ., _ 2
£ = 4F 1n oo s (2)
0
2 -

where P02 aéd.Pg: are the oxygen partial pressures in the In(2) and
In(%)+1n20 velectrodés,_respecfiyely. Since the dependence of the
equilibrium o#ygen partial pressure is known, the méasurement of the
cell voltage is sufficient to determine the oxygen partial bressure

in the liquid indium. The resulting partial pressure is
. _ p€q 4Fc
P, ~P02 exp (iir) . : (3)

When the indium is undersaturated in oxygen, then € is é negative
quantity. On the other hand, when the liquid indium becomes saturated
in oxygen, thén the cell voltage becomes zero.

The partial pressure of diatomic oxygép in liquid indium can be
established by considering the reaction for the diésdlutionyéf oxygen

in liquid indium which is,

o2 > g[O]In . . “(4)
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For this reaction, the equilibrium constant at one atmosphere total

pressure and the temperature of interest is

2

a
(ol
K= —2 _ v (5)

P

)

where a[O] is the activity of dissolved oxygen in liduid indium.
In :
Combining Eqs. (3) and (5) results in the following expression

-for the dissolved oxygen activity,

R = A N
_ [0]In = afK P02 exp(RT ) (6)

Finally, the activity of oxygen can be expressed in terms of an
activity coefficient, Yo’ and the oxygen mole fraction, x> to .
give

; VK of PEY  owe -
X = —Y—o 0, eXP(*RF) o (7)

Provided the term vK /Yo is known, the cell voltage is sufficient for
determining the oxygen mole fraction in the indium eélectrode.
_'Thesterm,/i/yo, can be determined as a function of oxygen
content as follows. By applying a constant current for a known
amount of time the composition of the indium electrbde can be changed

by an amount

An _=-9“- } (8)
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where Q is the total charge passed. Assuming the humber of moles
titfated is small in'comparison to the initial number moles of [O]In

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

X _ Q 1 ,
Y| | 9)

2Fn16~£ga e T
| 2 PRT T¥PVRT

Here, eland 82 represents the equilibrium cell voltage before and

after the titration is performed and n is the number of moles

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

¢E7Yo can be determined as a function of concentration in cell (1)

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

~"0,10,2 _ _Qq

*0,1 ~ ¥o,2 g 2Fn__ (10)
From Eq. (7) we find
x /X = -—-—J-—YO 2 - exp [E(E -£ )] | | . (ll)
0,1"70,2 YO 1 RT 1 2 .
b
Combining Eqs. (10) and (11) we obtain
Y :
0,1 2
1 -2 explin (e,me )] = —3—— (12)

2Fn xv

Y
VO’Z In 0,1
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Assuming Henry's law is valid and letting state 1 represent the

saturation condition Eq. (12) reduces to

J—_ 13) -

oo 12
1 -"exp [RT €2] sat

2FnInx

2F

Therefore a plot of exp( €,.) versus Q@ (or It ) should yield a

RT "2
straight 1ine of slope —1/(2FnInksat) thus allowing the calculation
of a saturation solubility.
D. Results

Electrochemical titrations were perfofmed on'the electrochemical
cell (1). Listed in Table 1 are the equilibrium cell potentials
measured before and after the titrétion of this cell operating at
a temperature of 908 K. 1In each titration a constant current df
50 YA was ﬁut across the cell for a period of 30 min. Also given

in Table 1 is the term VEVYO, which was caluclated from Eq. (9).

The value of qu was calculated from the Gibbs free energy of the
2

reaction

3 ~
21n(2)+ E-Oz(v) = In203(c) (14)

The reference oxygen partial pressure is thus given by

eq _ . Ac°14)
P02 - ST : , (1?)

where AG®(14) was taken from Chapter IV as



Table 1, Titration of oxygen into liquid indium results.

Equilibrum emf (mV) Charge transferred into : Equiljbrium emf (mV) %g XlO—9

before‘titration indium_Electrode (Coulombs),k | after titration : °
~ 0.99 +0.045 - 0.17 1.60
- 0.32 ~0.045 - 1.04 1.82

. ~52.64 -0.09 -55.94 3.13
~55.94 -0.09 ~60.44 2.53
~60.44 -0.09 -62.55 5.88
-62.55 -0.09 ~64,80 5.83
~64.80 ~0.09 © -67.92 4.51

 -67.92 -0.09 ~72.12 3.67
-72,12 -0.09 -75.42 5.15
-75,42 -0.09 -79.23 4.88.
-79,23 -0.09 -81.64 8.36
-81.64 ~0.09 -85.30 5.95
-85.30 -0.09 -89.50 5.73

-.66_

00

O

£ 00

|

-
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1

2 ' -
T, kcalthmolu . (16)

AGC(14) = 223.16 + 7.947x10"

Shown.in Fig. 2 is a typical response of the cell voltage to the
applied éufrent 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 Vk/YO
is nearly constant with respect to . the dissolved oxygen content.
Each titration resulted in oxygen mole fraction changes of

= 5x10p5. The fact that this term is constant implies that

X
th£01x§gen 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 oxXygen content is
far from the saturation value. Using a mean value of 5xlO9 for
/E/yo allows the solubility of oxygen in liquid indium at_908 K

to be calculated from

YK PO
%0]. * — 2. 5.a0° By . (17)
In Yo 2 i

The solubility of oxygen in indium at saturation was found to

be X1, = l.2x10_3, which was calculated using a value of /E]YO =
In

l.6><'109 since this was found when the cell voltage was nearest to
zero or saturation. Unfortunately these measurements were
performed at only one ﬁemperature-thus not permitting the
temperature dependence of /E7Yo to be found. It is possible to
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
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: ‘ Creny 2
AG°(4) = 4FE -RT gn [légl} -~ 2RT &n £ . ' (18)
. Peq I . (o]
. 02

Here, the oxygen standard state is taken as 1‘gtm and the oxygen
activity is given by the préduct of an activity cogfficient, fo’
and the weight percent of dissolved oxygen, [%Z 0]. In the limit
‘that the oxygen weight percent goes to‘zero the oxygen activity
coefficient goeé to unity thus eliminating the last term in Eq.
(18):

AG°(4) = 1limit WFE-RT &n[-

2
% 0]
[%z 01> 0 ped 1 - (19)

%,

Thus by plotting the bracketed term in the above equation versus the
oxygen content, [7% 0], AG°(4) can be found by extrapolation. The
oﬁygen weiéht percent can be measured from the total titration current
provided thé titration was started at the onset'ofbséturation
(approach to zero cell voltage) and the saturation solubility is
‘known. On the other hand, if Henry's law is aQSumed to hold at
very small mole fraction tﬁe resﬁlting plot will be horizontal{at

the value of AGO(4) given by \

°4y = /K. M.W. (0)
AG‘(4) = ?RT 2n [:; M.W(InJ _ (20)

where M.W.(0) 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.
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Using an average value of /EYYO = 5.056><109 (obtained by averaging

-all data except the first two listings of Table 1) results in
AG0(4) = (73,5%2.4) kcalthmol—l; For more concentrated solutions the
oxygen activity coeffecient will deviate from ﬁnity and can be
calculated by using Eq. (18), Wheﬁ the vaiue of_K determined is
combined with the average /E/YO’YO is found to be 0.138.

Shown in‘Fig; 3 is a plot of exp(%%%) vs thevdifferential 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 interceﬁt of unity. Good linearity was found in the leés concentrated
solutions with non-linearity at higheerxygen content. Thus either the
Henry's law constant varies with [%Z 0], or the firs; three titrétions
were in error. Assuming the latter to be true yields a saturation

3

sat . 3.3x10 . The x-axis in Fig. 3 is arbitrary

solubility of xo
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 thé results of
the tit;ationg performed near saturation suggests that the data of the
early titrations are in érror. The‘value of xzat found agrees
weil with that foﬁnd‘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
experimeet charge~carrying oxygen ions are transferred across the
s0lid electrolyte with oxidation occuring at the positive cell
electrode and feduction 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 féACtion rate is
~controlled by the adsorption or desorption of neutfal oxygen
atoms then the electrical potential is nearly independent of timez”
and in contradiction with our results. An assessment of other
mechanisms indicates that the rate-limiting stép is the diffusion
of oxygen in liquid indium.s’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, € is given by
_RT eqy
e-e + IR ZF 0 {Po /P *} | (21)

2 U

where Eo is‘the equilibrium cell voltage before the titration and
| Ro is the ionic electroiyte resistance.

The solution of the diffusion equation for one dimensional
oxygen diffusioﬁ out of a semi-infinite indium épecimen with tﬁe

initial condition
= > =
X =% (t)) 220, t=0

and the boundary conditions

Xo = Xo(to) for z = o, t>0
9% (z,t) Vv

(o] In
0 = —8 t >
5 2FAD ot t >0

z=0 o
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and evaluated at the electrode - electrolyte interface, z = 0, is

given by
VInItl/z
x (&) =x (t) - ——5—5775 . (22)
[o] [o] o FA"l/zD 1[2
o
Here, VIn is the indium molar volume, A the intérfacial surface area

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

combined to give

, , Y, VInItl/Z
€(t) + IR ~e = RT/2F &n {———= (x (t ) - —=——5)1} . (23)
o o Vg ped o o FATT1/2D 1/2
02 o
/K PJ
0, 2F . 1/2
Therefore a plot of exp[s= (e(t) +IR - )] versus -It~
: Yo , RT o o

o
l/_D 1/2
o

should yield a straight line of slope VIn/FAv - and intercept

xo(td). | |
Figure 4 shows such a plot from which an oxygen diffusivity of

2.2><10_6 cm2 sec-1 was determined. This value i§ in good agreement

with the value of Klinedinst and Stevenson(a) of (7.6%4.7) 107/

who used the potentiostatic method withicylindricai geometry. The

extrapolated value of xo(to) was-l.05X10—3. The’errors involved

in these results . include those associated with the measured emf,

the determined /EYYO, and RB,-the fagt that the electrode was not a

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

F. Conclusion

The results presented show that oxygen follows Henry's law wﬁen'
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dissolved in liquid‘indium at 1ow'concentrationé;,"At concentrations
more near téisaturation it coqld not be shdwn»;hac the sn]ution is
Henrian ininatute. ‘Further work oﬁ this éystgm sh0ﬁ1d involve both
'galvahostatic and potentiostatic measurémen;é'aﬁ several tempcfaturcs.
-Theupreférted geometry should be cyclindrical Eecause 6E ease qf
.electrode'seﬁaration and because an independent measurement of the
diffusion éoefficient'can then be made which does not réquire

SOIUbility.data.
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Fig. 1. Schematic of the experimental cell.
Fig. 2. Cell emf during the titration and final transient for
typical galvaﬁostatié éxperiﬁent.
Fig. 3. Plot of data from coulometric titration experiment.

Fig. 4. Plot of data from typical galvanostatic experiment.



-108~

jwwms -

csZ
«——ALUMINA

NANANNNNRNNN
AN ANNNRNNNNY
XN

In LIQUID

In + |n203

SIS KK

Fig. 1,

XBL 757-6796



0 0 3 O }é 4 iﬁ,Cj S 2 0

-109-

-0.2 1 T ' ! |
-0.18}-
o6l 7 Initial Transient
014 A . ]
| Near Parabolic
-0.12 Kinetics ) ]
€ -0.10F )
(¢b)
~0.08} i
-0.06} = ‘ |
’ Final Transient
-0.04 |
-002 ' i
0 | J‘ | 1 L

XBL 757-6795



-110-

l L N

6 8 10
[t (ampere-sec)/0.9 x 107

Fig. 3.

|12

14

XBL 657-6798



00 w0 4400321

S -111-

| | ] !

| ] | 1
86} ' —
o I=50pa
Q 82t T =908 K ~
= Slope = 0.67
w781
|c> |
S T4
+
W
up— (O
N
< 66|
a® gl
SN
5&3 | 1 _ | | | | 1 |
32 36 40 44 48 52 56 60 64 68

-1112 x 109 (ampere«sec

Fig. 4.

l/2)

XBL 757-6797



~-112-

VILI. SOLID-STATE GALVANIC CELLS CONDUCTIVE TO FLUORINE

A. Introduction

Thermodynamic and kinetic measurements with the use of a Cal,
solid electrolyte greatly enhance the range of applicability of
galvanic cell measurehents to Group III and V sehiconducting compounds;
Only two thermodynamic studies of III-V compounds employing Canas the
solid electrolyte are kpown. = Samokhaval®and Vetcher22 measured the
free energy éf formation of so;id AlSb from 718 to 896°K in the.
following galvanic cell,

MolgraphicélAl,CaAlF

,CaF2|lCanllAle,Sb,CaAlF ,CaFZIgraphiteIMo.'(l)

5 5

was used to prevent the

The equilibrium mixture of Al, CaAlFS, CéF2

reaction,

2A1 + AlF3 = 3A1F. . (2)

The free energy of formation determined was found to be in
good agreement with data taken on a molten salt galvanic cell. 1In,

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

Ale,Sb,CaAlFS, ,CaF2 (3)

CaFZICaFZI|Al,Ga|Sb,Sb,CaAlF5

at 850K. The overall cell reaction was
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A1Sb = A1Sb(in solid solution). (4)

Strong negative deviations from ideality were found in the AlSb
activity in the solid solution.

A discussion of the possible applications of CaF is given

2

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

-designed to determine theé Gibbs free energy of formation for the

i

fluorides of Al, In .and Ga along with that of solid GaSb. As a
test for the experimental apparatus a well known galvanic cell was

first studied.

B. The Gibbs Free Energy of the Reaction Mg +.NiF2 > Mng + Ni

1. Introduction

In order to test the reliability of the CaF,_, solid electrolyte

2
galvanic cell a well defined cell arrangement was first investigated.

The cell employed consisted of two coexistence electrodes and had

the following configuration:

TaIMg,MgFZHCaFZHNi,NiFZ Ni o, (5)

with the cell reacting as follows:

Mg + 2F - MgF2 + 28“ © (left) . (6)
NiF, + 2e" + Ni + 2F (right) (7)
Mg + NiF., - MgF_ + Ni (overall) (8)

2 2
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The Gibbs free energy of the above overall reaction is given by

AG° = -nFE. (9)

where E is the measured cell potential, F the Faradéy constant and n
the number of equivalents.

This elect%ode arrangement is particularly suited as a test
cell for several reasons. The displacement reaction has a well

known Gibbs free energy change, with experimental data

8,9, 13-17 1, 3, 5, 18

from both calorimetric and galvanic methods.

The use of the Mg and MpF, coexistence electrode is a good test of

2

the performance of the CaF, single crystal due to the very reducing

2
nature of this element. Furthermore, since Mg is a relatively volatile
metal (vapor pressure of 10—3 atm at 857 K), electrode

containment devices are thoroughly verified.

2. Experimental

A general description of the expérimental apparatus, procedures
and materials can be found in Appendices T and 1I. Three different
cell arrangements were tested and, are depicted in Fig. 1. The
first half electrode was prepared by mixing powdered Mg and Mng
in a 2:1 volume ratio. Can, still in the powdered form, was then
placed on thé ﬁop of the metal-metal fluoride in a Ta crucible and

pressed at 20 tons/in2 forming a CaF, cap that extended a few

2

millimeters above the Ta surface. The second half cell was prepared
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by first_pressing a pellet of the metal-metal flgaride of
appfoximately 3/8" diameter.followed by pressing CaF2 on all sides
(with the bottom excepted) .thus forming a‘more comblete seal.

The third arrangement cqnsisted df placing the powdéred electrode
material into a spiked top Ta crucible with gravity fofming the
electrolyte~electrode interface. A photogfaph of this cell is

shown in Fig. 2. The Ta‘crucible edge was sealed to the single
~crystal by‘the force of the spring loaded pushrod. As a furthér step
quartz wool was placed around the outside periheter of the crucible.
The CaF, single cryétal used here haa a larger diameter

2

(1 in x.2 mm versus 1/2 in. x 2 mm). The Ni-NiF_, electrode was prepared

2
in the same manner as the Mg—MgF2 electrode for fun 1. In all cases the
electrodes were electrically insulated by A1203 éups and the lead
wires were made of the same material as the crucible. The six halfcells
were each annealed in vacuum at 600°C for a period of 24 hours to
promote a fas£ approach to equilibrium. All‘ophef experimental
techniques were as discussed in the generél experimental procedure
[Appendix 1],
3. Results

The first electrode deéign failed as a result of a vapor leak °
in the Mg eleétrode. Dﬁring operation bf thg cell;, Mg had coated the
entire cell area. Electrical shorts were found across the ceraniic
insulétors and around the single cfystal.' in conjunction with the
electrical shorting the cell couid ha?é aiso failed as a result 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 subseqﬁent
steady decay in voltage. Potentiostatic titrations were attempted
but did not result in an equilibrium cell poteﬁtial. The
electrode design of the third cell proved to opefate'the most
effectively. Fig. 3 shows the initial cell vol;ages as a function
of time at 820 K. Though this temperature is on the lower end of
the CaF2 electrolyte operating temperature, the lower setting
depressed vapor leakage rates and thus enhanﬁed the cell lifetime.
Equilibrium was induced by titrating the cell with a constant
potential, and observing the emf decay. Such experiments were
carried out ét various voltages for several different time periods
’with the results being reprodﬁcable. This technique is useful

to insure equilibrium by titrating in Both directions and also has
Been’used when an inherent 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. The equilibrium
portidn of the curves had a small decay siope due to either
electrical of fluorine shortAcircuiting. 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 cach‘
run the electrode material was analysed.by X-ray.diffraction,

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 gaivapic cell.'_This data is shown gréphically in Figf 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 CaF2 as a solid electrolyte. A c;osed type of arrangement

would be preferable to the open cell used but tubes made f{rom single

crystal CaF2 are unavailable. Two different cell designs for

3

those electrode compositions were reported in the literature. Both
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_, was used to measure the free energy

2
of formation of the Group III metal fluorides, MIIIF3,'in the follow-
ing cell,
N1|N1,N1F2| lcaF2| IMHI, MIIIF3|C|_Pt: | (6)
here the overall cell reaction is
+ 1F = n T
MIII Nllz M_IIIF3 + Ni. | (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. Voltage
Cell Voltage (mV) Range, °K = At 873°K  Ref.

Calvanic Cell Method
1. E = 2315(#11.9)40.002(*0.014)"T 751-919 2316 1
2. E = 2290(*10) 873.16 2290 3
3. E = 2343 . 873.16 2343 5
4. E = 2407.8-0.0765+ (T) ~ 725-913 2341 18
Calorimetric Methods
5. E = 2432.9-0.5214-T-2.60% | 630~919 - - 2346.6 8,9%

10‘5xT2+2.664x102/T2+ _ : : 13-17

0.06576T &n T | |
Estimated
6. E = 2314-0.247°(T) | 298-923 2098 4
7. E = 2360.4-0.1724-(T) . 298-923 2210 2
8. E = 2311-0.188-(T) 298-923 .2147 7
9. E = 2305-0.102-(T) .500-923 2216 6
* . |

8398 for Ni, FZ’ and Mg from Ref. 15. 5398 for NiF2 from

Ref. 16. . 5298 for MgF, from Ref. 17. c, for Ni, F,, MgF, from
Ref. 13. C_ for NiF, from Ref. 14. Angggmation for ‘NiF, from

formation ¢ \ir  from Ref. 8.

Ref. 9. Al gF,




i
-119-

o

formation, M = 3/2 AG° -3FE (8)

IIIPB formation, NiF2

the free enefgy of forming 3/2 NiF, was taken as -234,750 + 49.5T (:alt
-1 20

h
mol The Group III1 metal fluorides were gallium, indium and
aluminum. Five differeﬂt electrode designs were tried with both
gallium.and aluminum and two with indium.

A cell designed to measure the free energy qf formation for

solid GaSb was also coanstructed and can be schematically represented

as
Ptlclca,GaF3IICaF2||5b, GaSb, caF3[c|Pt | (9)

The overall cell reaction is the formation reaction and the cell emf is

directly relatéd to its Gibbs free energy,

. AGO

formation, GaSb = -3FE- (10)

Two cell arrangements were attempted.

In all the cells operated a stable and reproducable cell
potential could not be obtained, though the emf's obscrved showed the
correct sign and were close to those expected.

2. Experimental

Adeaniption of the general experimental apparatus and procedure
can be found in Appendix I while the materials used are listed in

Appendix II. The possibility of the intermetallic, M___CaF .

11179 2
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forming at the electrode interface was investigatéd by heating an
intimate mixture of the metal fluoride and CaF2 to a temperature
above the highest operating one. The material was then analvzed by
x-ray diffraction and no intermetallic phases were found for either
gallium or indium but one was found for aluminum. Crucible materials
were selected so as not to dissolve the electrode material. 0-12
3. Discussion

Though.S“CCQSSfUl CaF2 cells have already been reported in thov]iterature,
(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 these cells was a vapor deposit short
circuiting the cell around the electrolyte and vapor flourine
transport bétween 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 wobl. A fluorine getter of tantalum was placed near the

electrodes. In another cell an alumina tube was placed around the top electrode

and placed on the CaF, electrolyte thus forcing the inert gas stream

2
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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. IS

It can be.cbncluded that the open cell configuration emp loyed
in these studies is very difficult to operate due in part to the high
vapor pressufes of the materials involved (especially of the metal
fluoridés). In future‘studies it is recommended that a closcd
tyﬁe of cell be used. Here, tne two electrodes should be-

separated completely with separate inert gas purges to each electrode.
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VIII. GENERAL CONCLUSIONS
Solid electrolytes have been used in this study to investigate
some thermédynamic and kinetic properties related to Group III
and V elements. Specifically, Cibbs free energies of forming the
stable 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 consiétent when viewed from a 'third
law' point of view. The thermodynamics of tbe 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 been studied electrochemically. The sélid electrolyte CaF2 |
was explored for applications with respect to Group III and V
elements and compounts. Final%y a critical assesment of'the
experimentai apparatus and techniques has been put forth.
With the age of solid state electronics having relatively
recently bgen born; future product developmént will depend in parf
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 wérk 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 pressurg'of Al,0, is out of the conduction

273

range of the common oxide electrolytes while the large vapor pressures
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of P and As 1limit their applicability. This leaves the alloys
obtained from the elements Ga, In and Sb. The Ga-In melt has

received.attention with a solid oxide‘electrolyte 2 witﬁ gdod"
consistency found in the measured gallium activity. The thermodynémics
of In-Sb has received the mosﬁ attention in the literature,
though ' a1l emf measurements have been taken wifh a liqﬁid electrolyte
and only one measurement with the liquid alloys. Therevexist an
approximately 25 kcalthmol _ difference between the Gibbs
free'energy of formation of the two oxides thus making an oxide
investigation feasible, Thé third system, Ga-Sb, has been feported
on previously in thg 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 aétivities in the
increasingly important ﬁernary system In-Ga~Sb.

The second solid electrolyte considered was CaF2. The use of
CaF2 has thrge distinct advantages: 1). Alf3 ié now included in the
range of applicability 2) vMuch lower.témperatﬁre can be employed
3) Good response enables data to be taken also on the solid
compounds and solutions. Thus measurements of the'freé energy of

formation of the solid compounds MiIISb’ where M represents

11T

a Group III element, can be measured by the following cell,
MpppSP(e)s MypqFys SHICaFy||Mypys MpyrFy )

Here the overall cell reécfion,is the formation reaction. This cell

can be carried above the liquidus line and MIII activities measured.
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By determining the point at which the emf.changes slope the liquidus
tempgrature’éan also be defined for regiéns. in the Sb rich portion
of the phase diagram. Since the emf of cell (1) is a measure of the
MIII activity, this arrangement can also be usedrto measure the
homogenity gap for the line compound MIIISb' If a known weight of
MIIISb (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 cqnstant (though at
much different values). The amount of current passed is a measure
of the width of the homogenity gap,

“titrated %%' | ' )
where I is the constant current passed, t is the time required to go
between the constant values of emf, ﬁ'is the number of equivalents,

- f f
F the Faraday constant and D trated is the number of moles g

gallium titrated, The gap, in mole fraction of gallium, is

. (4] o
_cinitial final__"6a _ __ "ca ¥ "titrated 3
gap Ga - Ga n +n ©° '
' 5b " Ga

(o]
+n
fGa “titrated | Sb

) L
<< i
Assuming N rated nGa+nSb equations‘Z and 3 give
Ax = | )

= - 5 -
gap  NF(ng 4ng )
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Sb) are all measurable quantities. The only

where I, t aﬁd (nga+n

way to fix the location of the gap is by titrating from the pure

Sb phase with a large excess of GaF_ present (at least equal molar

3
with respect to Sb). This approach is prohibiﬁed-by the time involved.
As an example, if 0.05 moles of GaSb afe initially present and a cqnstaht
current of 0.1 ma is paésed for 100 sec a gap of 1.04 x 10_6
in mole fraction would be detectedf.

It is possible to measure the free energy of formation of the

metal fluorides with the following cell.

M M

IIT’ IIIF3IhaF2“reference elec;rode (5)

The reference electrode should be thermodynamically”defined and could
be either solid (Ni, Nin) 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

N/I\IISb,SbICaFZISb M/I\I‘ Hlsb N’I\u 3 (6)

where M?II 3 is -the most stable fluoride. In particular the

ternary III-V solid solutions are receivng attention in heterojunction

, ‘ . . , b-6
laser diode applications and as Gunn-effect device material,

Finally the diffusion of fluorine in MIII metals can. bé studied.

Consider the following cell arrangement:
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Ni,NiFZIICaFZIIGa[+F dissolved]] (7)
[+X l<X=L

If a constant poténtial 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 fluorine
ions. These ions will ionically conduct through the CaF2 electrolyte

and upon reaching the Ni electrode will react to form NiF

2 thus
liberating electrons.
+2e »2F (ri
2 Fdissolved e *2F (right) (8)
2 ¥ + 2Ni SNiF, + 2¢” (lefd 9

Initially, an equilibrium of fluorine ions is established such

that:

u(

=1 (F . + nlE :
) l(breference electrodc) _ (10)

F
dissolved
if the emf is taken from the Ca side to the Ni electrode. The
chemical potential is relatedto the activity by, ., = RT %n ai,
. L .

thus

ap ‘ = exp[%%] + ag (11)
dissolved Ni
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The activity of fluorine in the nickel electrode can be determined

ACx

from the wgll known free energy of forming N1F2,baF = exp[}ﬁ{] _ (12)
where AG* is determined from the following reactions:
Ni+F, NiF, G, , (13)
- 5 A .
2F » r2 G2 ‘ (14)
' Ni+2F NiF, AG* (15)

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 sufficient). The applicable equation is Ficks
ac . 3% ' '
second law (§¥ = 0-5—5) with a solution, for the linear geometry of

our current cell design, given by

. < :
C =(C sprerf =] (16)
°r 2/
(D_-)t
F
where CO,Fé.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 givén by Ficks first law and results

in.
(D7) (Copm) v
= LRGN : v ‘ (17

"(DF—)t

3
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The above splutioé assumes the initial uniformly concentraﬁed Ga
‘electrode is of infinite length. Due to the finite thickness of
théielectrode the above solution is an approximation.,'fhis problem
can be circumvented by two methods. First of all the cell data at
large times can bé.neglectedf ‘A second possibility would be to

form a cell of the following design,

Ni,NinlICanllGa(Fluorine-dissOlved)l[CanllNi,NF

9 (18)
-'|  a . ' |+x=L
With the use of this cell a constant fluorine solubility (the
equilibrium one) would be maintained at the x=L interface. 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,
F(Dp-XC, o) () FCo,p7)
i = |oFj| = -oF "o —— (19)

/ﬁ(DF-)t o Vit

. 1 v ’
Therefore if we plot |i| vs. j&' we should obtain a straight line of
F(Can'.') _ it

slope ——- /TBF-).
. it .

The current density is found by measuring the current across the
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 with the cell and measuring its voltage drop. “The
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inifial'concentration of fluérine can bc calculated.from observing
the initial cell emf.

By employing cell type (18) and applying a constant voltage flor
an extended period of time differeqt than that of the equilibrium
one, é”fesultinngo,F— different than that of the equilibrium Vaidc
. can be obtained,‘thus allowing one to study the affects of
~ concentration on the diffusion coefficient. At time t = 0, phe
potential acioss the left cell is Fhanged such that fluorine is
.titratedIOUt of the Ga Qlectrode while the right celi is
maiﬁtaiﬁed.aﬁ'constént potential to ensure Ehe infinite source of
fluorine. -

By using the dual cell arrangement we could apply a different
potential to each cell and develop a steady-state.pfofile.
Measuring the steady state current and assuming the cuffent is .
limited by the diffusion of fluorine through the Ga({) Qe could
étudy}the'affect of concentration on the diffusion coefficient

In conclusion the solid CaF electrolyté is a much better

2
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
EXPERIMENTAL APPARATUS AND PROCEDURES

A. Introduction

In this study of.some thermochemical properties of Group III and
v elementsiand compounds two differen; electrolytes were employed.
The first type was almost entirely solid state, using a disc of Can
single c;ystal as the solid electrolyte, while the second arrangement
had a tube of calcia stabilized zirconie (CSZ) and used a gas
reference electrode. Though differing in some respects the operatien
and apparatus of the two cell types had many common points. Thus
the communel pertinent aspecﬁs of the cell designs end operation will
be develbped_befofe degressiﬁg into a discuéeion'ef each cell's
individual charac;éristics. In addition, several excellent reviews
 of high temperature operaeion of solid electrolyte galvanic cells
1-5

can be found in the literature.

B. General Apparatus

1. Peripheral Apparatus

Solid state galvanic cells are usually operated either under
a vacuum.or in an inert gas ﬁurge. In this investigation argon
gas was used as the inert gas blanket.. High purity, tank argoh
was further purified by passing it through a column-ef.hindc éA
' molecular'seivc at dry ice-acetone temberature to rcmovc the majority
of water vapor present and then-further purified by flowing over
hot Ti sponge (850°Cj. A further discussion of the purifying

apparatus and its effectiveness can be found in Appendix IIT.
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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 O-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. Thé 1/8 inch bores were
used to pass the thermocouples and lead wires to the atmosphere via
ceramic sheaths. The.larger center ;pening waé“uséd to house the
‘oxygen sensbr. 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 ;hermocouple. The calibration was performed
with thg standard thermocouple occupying the position normally
that of thé electrode, while the unknown thermocouples were placed
in theif normal positions thus accounting for any temperature
differenéés between the thermocouple and- the actual electrode. A
Leeds-ﬁorthrup'Type K-3 potentiometric facility was used to measure
the thermocouple emfs. .Includéd in the brass head wére 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 tubihg wrapped around the‘héad to cool it and insure
proper O-ring operation. The cell was heated with: a Marshall
resistance heated furnace (20 inches 1n.1ength with a 2 1/2 inch
bore). Excellgnt temperature control was furnished.by an integrating;
temperature regulating powef supply designed and built at Lawrence
Berkeley Laboratéry. Temperatgre»uniformity and sﬁability was

required to prevent the generation of thermal emfs across the electrodes
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and to aliow an equilibrium to be reached.

Cell emfs were measured with a Keithley 640 electrometer
accompanied with an adaptor input head. Coaxiél 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'ﬁfiaxial input had a copper pushrod moun#ed to connect
it to the input head's spring loaded contact. The innér 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 the electro-
méter, thus acting as a driven guard. Leakage sources at the input
head were very unlikely since the line was guarded up to the
sapphire insﬁlated 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 micropfocessor. 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 motor,d;i?g. The current source was a
Eiectronic Measurements Model C638 constant cufrent power supply.
All otherveqpipment depicted in Fig. 2 was either as described
éariier or designed and.bﬁilt at Lawfence BerkeleybLaboratory or

the electronic shop.
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For purposes of out-gassing and leak-detection a vacuum system
was connecfed to the cell.. This system consisted of a mechanical
pump in series with a diffusion pump and could Be evacuated to about
1 x 10”5 torr, All electrical leads were sealed,‘after the;application
of a layer of glyptol insulating paint, by melting black wax into
a tapered glaés 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 bellowvvalves except
where fine control was needed in which case Nﬁpro, double pattern,
very fine metering valves were used. The exiting érgon gas purge
was passed consecutively through: dry-ice-acetone cold trap purge

" tube, silicon oil bubbler, and a soap film flowmeter.

C.- Procedure

The geﬂeral experimental procedure was to assemble the desired
electrode arrangement and connect it to tﬁe peripheral apparatus.
The cell waslthen evacuated (approximately 10“5 torr) and back purged
with argon three timés. 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 ﬁrevent thermél shock to the |
electrolytés5'to the highest operating temperatufg and held there
until an equilibrum cell potential was observed. At this point the
control was switched to the digital mic;oprocesser. A; least two
cycles over the temperature range of interest were éompletgd in
order that possible hysteresis effects might be illuminated. 1In 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 eﬁuilibrium voltage was recorded. Temperature and

cell voltage were recorded at 5 minute intervals. Aftér completion

of each run the temperature was slowly lowered and the cell disassembled.
The electréde material was analyzed by x-ray diffraction to confirm the
absence df.side reaction products.

1, Egperimental Precautions

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 conddcting ion around the open type of eleétrode and thus
short-circuiting the celi. Non-inert components in the gas
blanket can also affect the measured cell voltage. Specifically,
and promote hole conducﬁion, though the

2
. . . (6-10)
literature data is in conflict on this possibility. In the

oxygen can'react with CaF

oxide electrolyte systems- the oxygen pressure shéuld 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 1imit 6f a high flow rate cooling affects would be noticed while
at very low flows, 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.



Finally; some other practices that should be'followed include:
a given equilitrium state should be approached from both a
higher‘ané lower temperature - both giving reprodtcable results
(accomplished‘with the cycling). The reversibility of reactions can be
checked by péssing a small amount of current (thus offsetting thé
equilibrium) ahd observing if the cell emf réturﬁS'to the original potential.
The furnace should be properly shielded to prevent.production of
induced currents (a platinum foil cylinder grounged'to the
electrometér was used). Also the temperature gradient across the
cell should be kept to a minimal for obvious'reasoﬁs-u-a 6 inch zone
in which the cell was placed was calibrated to within 1°C throughout
with externai resistors . Good electrode-electrolyte contacts are
essential to‘prevent possible polarization effects;—solid state surfaceé
were lappéd_and polished and gas electrodes had a high surface
area accomplithed with the porous platinum paste? " Finally a check

cell shQuld‘be run to test the reproducibility of the final cell design.

D. Electrode Designs

1. CaF2 Galvanic Cells

Several different electrode designs were used but the basic
.arrangement was prepared as follows. Each cell consisted of a single

crystal CaF disc (12 x 3 mm, 25 x 3 mm, or 25 x 6 mm) sandwiched

2

between two half cells and was constructed by placing a pressed pellet
of electrode material into a metal crucible and then capping with

polycrystalline CaFZ. The CaF

5 cap served two main functions. First
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of ail, composition changes with time due to vaporization were
decreased. Also, vapor phase transport of fluorine, causing a_shbrf
cifcuitihg would be depressed. This cap would not impair cell
operation since the flﬁorineyion mobility is gredter in the poly-
érystalline material dqe to grain boundaries, etc. The crucible
ma;erial selection was governed by the.solubility of the électrode

(11-13)

materials in the various crucible candidates. The inside

édge of the crucible was rounded to preQent cleavage of thevCan_
"cap and thus allow the cap to extend above the crucible levél.
Before filling the crucible;'it was baked out in a‘vacuuﬁvat'a
‘temperéture abové the subsequent operating‘one.b After preparation

‘of the electrode the CaF, cap Qas hand lapped on a quartz plate to

2
enhance contéct. >Finélly thevﬁalf cell was anneéled in a vacuum
of lO-.S mm Hg at a temperature abdve the highest measurement for a
.predétermined»length of time.

Once the half cells were“pfeparéd, they were assembled as
- shown in Fig. 3. The alumina.insulator capS'SérVed to prevent
any éhdrt éircuit’via the metdl'supﬁort (0.00S" Tantaluﬁ sheet)!
Both ;he insulator and the suppqrt'had the sides cutaway in three
sections -to allow good contact between the cell and'iﬁeft gas. Thg
support was held in place by guy wifes coﬁhecting the three arms of
the support to hooks oﬁ.the céll.ﬁead.' The opposing forc¢ waé
,proVidéd By a spring 1oadéd élumina'tube., The lead wires were made
of the same material as tﬁe érucible‘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 eﬁd’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 elect;qde material in predetermined
proportions was loaded in the dry box into body 1 and plate 1 attached.
With the plunger in place, ghe powder was hand pressed while still
in the dry box. Tﬁe powderﬂwas then pressed at 10.to 20 tons/inchz.

The 1/2 inch diameter pellet was pressed out of the die using plate

2 and placed in the crucible. The Can cap was made by employing

die 1 and bddy 2. Die 1 was a éplit collar device mounted with

an aluminum'hahdle to separate it from the press. With this arrangement,

ultrapure CaF, was pressed at 10-20 tons/inch2 such that the surface

2

extended about 2 mm over the crucible level,

2, CSZ Galvanic Cells ‘

'Depicted in Figl 5 1s a schématic of the'celi arrangement used.
- The reference oxygen partiél'pressure was providéd by thg COé—CO
equilibrium and its construction is discussed in Chapter 3. In all
cases the measured electrode consisted of>a pool of the liquid
metals'beiﬂg investigated and a small amount of powder of the most
stable oxide. The electrode materials were contained by a 2 ihch,
closed one end, graphite ‘tube afixed with a screw cap to alléw
additional material to be added. The'centet bore of the cap was
machined to slip over the CSZ tube. When'in place, powdered
gréphite was placed around tﬁe diameter to fgrthe;ﬁséal the

electrdde. Platinum lead wires were used and the qell was suﬁported

and insulated as discussed in conjunction with the Can cells.
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APPENDIX II
A. Materials
‘, Listéd in Table 1 are the chemicais,bthei; source; and the
purity used in' this stgdy. All materials were used as received except
for_thé fluorides which were first dried. Handiing and storage
wa; done in a pqrified'argon filled dry box. A diagram'of the fluoride
drying apparatus.is shown in Fig.'l.. The drying was accomplished

. with hot SF, at high pressure. The fluoride was nlaced on a platinum

: 4
foil in_the bottom of the high pressure vessel and filled witch SFA
~gas. The temperature was brought to 350°C at which point the gas
presshrg waé approximately 50 atm. The material was béked for 3
hours and the process repfeated after purging with dried argon.

The drying vessel was detachable so that material could be removed

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 -Alphg Products 99.999

InF3 (1 I.C.N. 99.5

InF3 (2) ROC/RIC '99.99
CaFZI(i) AlphavProducts' 99.99

AlF3 Orion Chemical Co. 98.5

NiF2 (1) Appache Chemicals 99.5

Mng' Orion Chemical Co. 99.999

ﬁiFé (2) Apache Chemicals from 99.999 Ni
CaF2 (2) Harshaw Chem. Corp. Single Crystal
GaSb (15 Alfa Products 99.99

GasSb (2) Orion Chemical Co. 99.999

GaSb (3) 'ROC/RIC . 99.999 +
" InSb Orion Chemical Co. 99.999
CD—COZ-Ar Matheson Gas Products Primary Standard
In203 ‘Alfa Products Ultrapure

.Ga 0 ~Alfa Products 99.99
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Fig. 1. Schematic of appqratus for drying metal fluorides with hot SF&'
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APPENDIX III.. An Argon Purifier and Its Characterization

A. Introduction

" Many research applicatioﬁs fequire an inér; gas blanket or gas
carriervof extremely high purity, particularly ﬁith respect to
oxygen content. Specifically,” in applications with solid oxide
electrolytes an inert gas blanket having an oxygen partial pressure
as small as‘lo—ao atmbis required. The purifying device coﬁsisted
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
similar to the purifier discussed by Klinedinst;l The results of
Klinedinst exhibit a much higher oxygen contqﬁt‘than would be
expected from équilibrium considerations, which is tﬁought to be a
result of the use of the steel housing for the Ti sponge. Steel
has a highér equilibrium oxygen partial pressure with respect to
its oxide, and any oxide present on the steel can decompose and thus
contaminate the gas exiting from the purifier. Results are presented
for an improved design of a purifier where alumina, A1203, is.used as the
container material and also as the .exhaust liner.. The characterization
was performed with a solid state galvanic cell, usiné calcia
stabilized zirconia as a solid oxide electrolyte ahd a COZ»CO mixture
as a reference elecﬁrode 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 thfough a molecular seive (Linde Aa) 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
initiai 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 hea;ed tok850°C as a peak femperature. The argon
gas line was constrﬁcted_of 1/4 inch stainless steel tubing with
stainless steel Swagelock fittings throughout. vThe-tubing inside
the Ti chip furnace was 1/4 inch -alumina tubing. This design
. eliminated the partial pressure of oxygen over steel at this
eléﬁated temperature. The purified argon was passed into the oxygen

monitoring device.

The oxygen monitoring instrument consisted of an electrochemical
oxygen concentration cell utilizing a slip cast high pﬁrity calcia
stabilized zirconia, Zr0.85Ca0.1501'85, (CSi) 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 0.D., closed end tube that passed
through the cénter bore of the cell head. The electrical contacts
consisted of a layer of porous piatinum. 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 1900 C. Lead wires, also of platinum, were

imbedded in ﬁhe platinum paste before firing; The‘referencev
electrode was a gas mixture of C0, (25.29% * .02%), CO (2.45% * 0.2%)
and the balance Ar., ‘This primary sténdard gas mixture flowed into
the cell'through'a T-joiht located above the céll head and exited

via a_l/8‘inch 0.D. alumina tube that extended nearlf to the
electrode surface, thuéirequiring the reference:gas’tq flow over the
porous platinum. The purified Ar entered the monitor system through
a side bore on fhe cell head. The remaining experimental apparatus
and.procedures wéfe és discussed in Appendix I.

C. Calculations

The monitoring galvanic cell can be represented schematically as

Pt|P(0,,Ar blanket)lcsziP(o,, €0~C0,) [Pt (D)

2)
where P(OZ,CO—COZ) and P(Oz,Ar blanket) are the oxygen partial
pressures in eqdilibriQm with the reference gas mixture and the purified
argon gas blanket, respectively, The equilibrium cell emf is
related to the difference in oxygen pressure at two electrodes by
the expression
P(oz,co+c02) _ - :
Zn --- _ ’ (2)

P (02' Ar blanket)

RT
4F

" For temperatures'in the range of 600 to.1000°C, the oxygen partial

pressure must be lower than 10—3 atm. In order to remain in the ionic

conduction domain for CSZ, the reference oxygen pressure is calculated
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from the equilibrium constant for the reaction

1 ) A
co(v) + > OZ(V) COZ(V) I
at the operating temperature. The equilibrium constants were
obtained from the Gibbs free energy of formatioh of CO and CO2 data
given by Wicks and Block2 as listed in Table 1. A linear
least squares fit of the above data produced the following equation.
A(T) =(~67.43£0.12)+(0.02080,00012)T keal , mol " (3)

This results in the partial pressure of oxygen in the reference

gas is given by
PCO 2

P

pP(0,,C0-CO,) =
2 2 o

exp[246°(1) /RT] : (4)

The CO2 to CO partial pressure ratib was determined by Matheson Gas
Products to be 10.322 (+,092). Combining EQé?T(l) and (3) one obtains
the following éxpression for the partial pressure of oxygen in the

purified Ar stream

20G%(1) - 92.24 E
RT

P(0,, Ar blanket) = (106.54+1.90)exp| 1. (5)

In order to prevent carbon from being deposited on the piatinum

electrodes as a result of the Boudouard equilibrium,3'4
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TABLE 1
o o o -
I.. -AG f,CO ~AG ffCOZ --AGvI
K — 1 . 1 7 -
kcalth mo} kcalthmol KcalthmOl
800 43.70 94.50_ 50.8
900 45.85 94,55 48.70
1000 47,95 94.60 46.65
1100 50.10 94.60 44.50
1200 52.15 94,65 42,50
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‘Table 2. Experimental Results for Ti furnace at..860 C.

Flow Rate: 60 cc/min.

P(02, Ar blanket)

E T

mV K atm
176.0 : 668.6 5.4 x 1077
180.0  740.8 2.7 x 10734
185.9 813.1 1.8 x 10720
190.4 872.0 8.3 x 10728
194.5 912.0 3.2 x 1026
180.0 737.8 1.8 x 10734
185.9 816.6 2.7 x 1039
199.0 970.5 4.1 % 10724

Flow Rate: 12 cc/min..

150.1 733.2 6.2 x 10734
- ' _ -29

155.9 826.0 . 4.3 x 10
-28

159.4 852.5 : 6.0 x 10
162.1 » 897.7 . 4.4 x 10728
166.5 953.4 | 4.8 x 10724
172.2 971.5 1.6 x 10723
-22

178.9 1020.2 5.0 x 10
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2€0(v) = C(c) + €0, (V) o 11

the gas flow was not initiated until the cell ﬁemperature reached
600 C. | |
.D. Results

Characterizatién of the purifief's performance was carried out
at two different operating temperatdrés of the Ti chip furnace,.860
and 390 C. At the higher temperature two different argon flow rates
were examined as a funqtion of the operating temperature of the ‘
monitoring device; Table 2 gives the observed emf's and calculated
partial pressufes as a function of temperature for the two‘flow rates.
Figures 2 ‘and 3 show how the ﬁn(pressﬁre 02) varies with reciprical
temperature for the flow rates of 12 ahd 60 cc/min., respectively,
At the lower flow rate, 12 cc/min. P(OZ, Ar blanket) in atm was

found to be

71,554% 372
T

#n(P (0,, Ar blanket)) = (21.240.42) -(—222==1%)  (5)

2,

A linear least squares fit for the higher flow rate, 60 cc/minf,

o

produced the following equation

(P (0,, Ar blanket) = (22.031.13)—(13&52%5193) T ()

When the Ti chip furnace was set a 390°C a cell emf of +2.4 mV was

observed with the monitor operating at 716.4°C. This is equivalent
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to a calculated oxygen partial pressure of l.94><10—19 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 céll emf of -712.8 mV was recorded, correspdnding to an
equivalent oxygen content of 4.61><10-5 atm.
E. Discussion

The oxidation of titanium has been extensively investiga*’:ed.é—ll
The oxidation usually involves simultaneous dissolution of oxygen
in the metal and oxide scale formafion. Generally the oxide found
consisted éf only rutile (TiOZ). The actual oxidation mechanism was
complicated.but épproximate rate laws which have been experimentally
determined. Up té.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 paraboiic law has
been found éxperimentally. Arouné 850°C a gradual shift in the
rate‘occurs.from thé parabolic to a near linear one. Thié is
probably due to the transformation of titanium from an a to B
modification occurriné at 882 C and thus changing thé oxygen
solubility. The effect of oxygen partial pressure on the oxidation
rate has not received much attention. In particular no studies have
beén performed at less then P02 = 10“5 atm (our inlet éondition)
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 fhe:eqﬂilibrium P0 .
' : 2
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If equilibriﬁm conditions are assumed to prevail between Ti and its
most stabie oxide (Tioz)'the oxygeﬁ partial pressures calculated5

2 atm and 2.6><1O_60 atrm

for the two furnace settings are 8.3><10.—3
at 860 and 390°C, respectively. Thus at the lower furnace temperature

the kinetics of titanium 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 byva temperature near the exist being somewhat
léﬁer than the main body of the purifier--a temperéture of about
780°K would be required to match the partial préssurés-- The fact

that the oxygen partial pressufe 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

kinet%cs are no longer controlling. The experimental results show
that the partial pressure was somewhat higher aﬁ 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 mbnito; 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. Equapion (5) and (6)‘indicate that this reaction is -

probably the same reaction as at the reference electrode—-the COZ—CO-O2
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equilibrium. A possible of source of the carbon oxides is the platinum
éaste 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

Operatioq 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. Tﬁe use of an alumina housing produced
a partial pressure éf oxygen of nearly ten orders of magnitude

7

lower than that obtainable with a stainless steel enclosure.
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LIST OF FIGURES
Schematic of argon purifier. - .
Variation of oxygen partial pressure in oxygen monitor
as a function of temperature for Ar flow rate of 12 cc/min.
Variation of oxygen partial pressufe in oxygen monitor as

a function of temperature for Ar flow rate of 60 cc/min.
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This report was prepared as an account of work sponsored by the
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any legal liability or responsibility for the accuracy, completeness
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