Lawrence Berkeley National Laboratory
Recent Work

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

Permalink

https://escholarship.org/uc/item/Orc3d60h

Author
Anderson, T.J.

Publication Date
1975-08-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0rc3d60h
https://escholarship.org
http://www.cdlib.org/

Submitted to Journal of Chemical LBL-4128
Thermodynamics Preprint

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

T. J. Anderson and L. F. Donaghey

August 1975

Prepared for the U. S. Energy Research and
Development Administration under Contract W-7405-ENG-48

‘For Reference

Not to be taken from this room

c.|

he

\

821HF-T1dT



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
‘United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not nccessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL-4128

V=Solid—State Electrochemical Study of the Free Energy of
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Calcia—Stabilized -Zirconia Electrolyte
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Abstract .

e

The free energy of formation of B - 2 3( ). nas measured

B using a high-temperature, solid—state electrochemical cell utilizing

calcia—stabilized zirconia as the solid electrolyte and a CO - CO2

gaseous mixture as the reference electrode. TheuNernst voltage of- -

the ce11; .

Pt |c| Ga(z) Ga, 3( ) ||csz|| co , CQZ‘]‘Pt

vas measured ovérvthevtemperatUre.range from 775 to 1100°K. The -
standard‘free energyvof formation, Aéo(B Ga2 3( )) , was found to
be (265,309 + 152)+ (82.47 % 0. 16) (T/R) ealyy, mole™ . ‘a third—-law :

comparison to preyions:data is,presented,
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A

. has been estimated by Caughlin

Introduction .

Gallium has become important in the semiconductor microelectronics

industries as a component of compounds for electroluminescent and

"_microwave devices. Gallium is also an important solvent for liquid—phase

epitaxial crystal growth of compound semiconductors where oxygen is'-

'an electrically active impurity. Gallium sesquioxide added to

vGa - GaP solutions has been used to achieve high electroluminescence

(4)

efficiency in Zn—doped GaP light-emitting diodes. : Effective

'.design of aemiconductor device processes involving gallium should be

aided by accurate thermodynamic data for gallium oxide.

The Gibbs free energy of formation of B--vGa2 3 by the reaction

B CRE A ) " 8- OOy W
(5)

and measured using solid—state

electrochemical methods by Klinedinst and. Stevenson( ) and Smith

.-and Chatterji.(z)' Pankratz and Kelley determined the high temperature _

(8)

heat content of B - Ga 2 3 by calorimetric methods. More recently

' Mills measured the enthalpy of formation of B - Ga2 3 by drop
,«calorimetry.. Unfortunately, the Gibbs. - free energies of formation as

,:determined in the above studies .show marked discrepancies, especially o

in the temperature dependence, i e., the standard -entropy -of formation.

In this study the Gibbs free energy of formation of B - Ga2 3 was

.measured in a high-temperature, solid—state electrochemical cell

under microcomputer control

tFr&enetaropo



- Erperimental

_ The Experimental Cell
The basic, solid—state galvanic cell design is depicted in »
| figure l. “The cell consisted of a 2-inch diameter, closed-end alumina
: tube 18 inch in 1ength secured by a Viton o-ring to a water-cooled
brass cell-head. Three 1/8-inch cajon through—bore fittings were
located on the cell head symetrically around a 1/4 inch cajon -
through—bore fitting.j The 1/8-inch thermocoupleswand lead wires
in ceramic sheaths were passed through the 1/8-inch fittings.v The
larger, centered fitting was used to seal to a: l/4-inch calcia-
stabilized (CSZ) electrolyte tube, closed at the bottom.
i Included in’ the brass head were bores for gas entrance and exit.
_The exit placement was such that the gas had to flow downward to
the experimental cell, then through an alumina pushrod. Three}
"spring—loaded tungsten wires provided support for a graphite chamber
containing liquid gallium and B - Ga2 3 in contact with the CSZ tube.
The electrode materials were contained in a 2 inch diameter closed
g graphite crucible fitted with a screw cap containing a closely fitting
hole through which the CSZ tube was inserted into the gallium N

."electrode, Powdered graphite was added to seal the CSZ tube to the

graphite»lidr‘ Details ofielectrode compartments are shown in figure 2,

The cell'was heated with a ﬁarshall resistance-heated furnace
20'inch‘in°length with av27l/2 inch bore. Excellent temperature .
fcontrol was’ furnished by an integrating, temperature-regulated,

power supply designed and built at the Lawrence Berkeley Laboratory._-,

[




Temperatufe,uniformityfand'stability was heldfto.with +0.5°C

‘ in the"vicinity of the electrodes} 'Stray cell voltages induced by .
. the temperature regulation circuit were eliminated by a metal ground

-shield placed around the 2—inch alumina tube. -Type-k.thermocouples

(O 020 inch Pt - Pt lOZRh) were calibrated in the cell under vacuum

'-fagainst a thermocouple calibrated at the National Bureau of Standards.
:The calibration was performed with the standard thermocouple occupying
‘the p031tion normally that of the electrode while the unknown

-thermocouple was placed in their normal operating positions.

Thermocouplé1emf'sfwerefamplified using a x100 thermocouple_amplifier
calibrated with a Leeds and'Northrup Type K~3'potentiometer"facility;
Cellyemf's:were measured with a.Keithleyf640 electrometer. High-

isolation*triaxial cable:was used to connect_the'ekperimental cell

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

triaxial cable was connected to the positive lead wire of the cell.-
The outer conductor was driven by the unity-gain feedback from the

electrometer; thus'acting as a driven guard. Leakage sources at the

-inputfheadlwere_negligible'since‘the cable was guarded up to the

sapphire-insulated'electrometer»contact.

:Materials','b

Gallium metal used in the study was semiconductor grade,

99, 99992 pure, obtained from Cominco American Gallium oxide was

obtained from Alfa Products, and had a purity of 99 99%. The oxide

.was confirmed to be B - 2 3 and to show no detectable second

phases by X—ray diffraction analysis

crPsSengronod



The calcia-stabilized zirconia tubes containing 7. 5 weight per cent
calcia were obtained from the Zirconia Corporation of America. The
tubes were confirmed to be leak tight both before and after the’
experiments. Spectroscopic-grade graphite was employed in the
electrode compartment containing the 1iquid metal and a small amount
‘ of the oxide. Platinum lead wires were attached to the graphite
compartment and to a platinum electrode made from Englehard
unfluxed platinum paste (No. 6926) inside the CSZ tube end.

The - CO - CO reference electrode gas mixture was obtained from

2
Matheson Gas Products. Chemical analysiS'showed thevmixture to
‘.contain (25 29 0. 02) per cent CO2 and (2 45 *+ 0, 02) per cent CO
in high—purity argon."" '

High-purity argon was prepared by passing it over Linde 4A molecular
sieve at 195 K, then through a special alumina-lined titanium‘
'sponge purifer heated to 800 C. Thisvgas was used as an_inert
purge gas for the metal-oxide electrode_compartment, with the purge
flow rate adjusted to 1 cm /sec. | | |

Reagent dibutyl phthalate was used in gas exhaust traps to

_prevent back—diffusion of oxygen into the experimental cell.

”ilMicrocomputer Control System

Operation of the electrochemical experiments and data aquisition
were automated with a microcomputer system based on an Intel 8008
émicroprocessort The facility is schematically shown in figure 3._
The system had the capability of setting the cell operation temperature

and monitoring cell emfs and thermocouple outputs on a predetermined:



time basefnntil equilibrium had.been established.‘thus allowiégr
continuous cell operation without operator assistance

.A 4 l/2 digit panel meter alternately displayed

the cell voltage and temperature, while a permanent record was -
obtained on a teletype.: The microcomputer was.constructed fromv'

components stocked at the Lawrence Livermore Laboratory. f

v Procedure->
o In each of several experiments the cell compartments were leak-
checked using a high vacuum system, then purged with high purity
;argon.. The cell temperature was programmed to: rise at]ﬂO°K/hour
‘tovthe lowest measurement temperature, after which the reference gas
_.flow was»initiated, 'The'cell temperature was‘thenvsequentially
'incremented and decremented throughout the experimental range, with
‘the ce11 voltage measured and periodically recorded at each temper-
ature until equilibrium was reached and confirmed Reference gas'
and argon flow rates did not affect the cell voltage in the ranges
: selectedr At the conclusion of each experiment the cell compartments
were again.checked for leaks and the metal electrode examined for-
evidence of oxidation. The electrode material was then analyzed

vby eray diffraction to confirm the absence of side—reaction produdts.

Results
The solid—electrolyte galvanic cell employed in measuring the
free energy of formation of B - Ga203 can be represented

schematically as



Pt |c| Gaw » Ga 03( ) ||csz|| co 'o'2 '|"5P_t.:._‘-._'-_ ,,(2)'

The‘equilibrium/partial pressures of oxygen in the two electrodes

are related to the cell potential E ,,by'theiNernst equation:
D e 0 ROy 8-

In this- equation, 3P(0 CO-+ CO ) indicates the oxygen fugacity
of the CO - CO2 gas mixture,_ P(O ( )"fB -:Qaz 3(8)} represents

the Ga + Ga mixture, R is the,gas constant; T"is‘the

503
o thermodynamic temperature and F is the Faraday constant.,

The measured cell emf differs from the equilibrium cell potential
by the thermal ‘emf generated by the Pt -C couple. This-thermal

emf was’ measured by Chatterji and Smith(lo)

and found to vary nearly
linearly with temperature in the range investigated. The measured '
cell voltage E( )' was corrected by ‘the following equation for the

equilibrium cell voltage,

The Gibbs free energy of formation of B - Ga203 is related
to the oxygen partial pressure over the Ga + Ga2 g mikture by the

) equilibrium constant for the formation reaction




.kf<§ fG32°3)l“?‘6:'dcazos?/a(cgizp(oéigi;fG32°3l5 ca)*/?

or -

K}(B Ga 03) - expl{-Aéz(B V Ga 20 )/RT} | B | (5)
_Equations 3 and 3. allows one to calculate_ AG (B - Ga 0 ) from d
- the measured temperature and”experimental celllyoltage | |
AGcf)(B_Gazoa).l.s RTlnP(OZ,CO+C02)- 6FE i ' .,"(6) ,
.'llHere,‘unit activities for Ga(l)dTanéflg 2 3(') in‘the.mixture.

were assumed.

The reference oxygen partial pressure was established by the ,

equilibrium reaction,b
CO+Z0,=C0, . o

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

(7) s DY ’_
‘ P(COé)' e ."'_'”;;C
P(O ,co + co ) P(CO) - exp- {2AG( )/RT} | . (8)
'-where AG(75 - -68,270 - o 18T 4a T - 0. 34x10 3T + 0:87x10 Si1 4 23, 28T,

1¢ ith mol 1 ‘was taken from the equations given by Wicks and Block(ll) |
vﬂfor the free energies of formation of CO and CO2 vThe ratio of the
partial pressure of 002 to the’ partial pressure of co in’the primary
: _standard gas was 10 322 .092. - |

o Table 1 shows the measured open-cell potentials, partial pressures_~

of oxygen in the reference gas mixture, the calculated equilibrium

5 8 ﬁ S R0 00



Table 1 ‘Summary_of'Experimental and Derived Data. .

R e
¥ | AG3(B-Ga0,),cal,y mo1 ™

| P(0,,C0+C0.). | P (0., ,Ga+Ga,0.,) e
E mV | log S ‘log 2 ___ 23 g
“measured’ | “"Fl10. - atm S ]P10 T catm - | Ccorrecte

TR

77609 | e2m1 | -2e78 | -3ns | a2z | T 201,320,
‘_ais;if 8.6 | | -25;ob;=;. f]f,x-”_i_ -35.40 - B 42@.4, “.'.af'; 198,020 |
8ss.4 | ares. | o a2l e | ass | e
902.3 | w54 | camas | -30:83 a0 | -190,930.
933.4 |  4m.0 | '_.’__720.40\  ] - 20,40  ’  416.8 ['_>'n_ © -188,360.
67,9 | 4124 o o . -19.§7fffi‘:ff e | ass | -185,510.
1604.4, | 0.9 | 11—13;i6  ;[ r;;’1‘ g -zsgdsi:' _  ‘,'j_ AT o -182,520..
1039.9 | 409.1 - o 41?316{'?,_ '7':A - -és;iéiff_ B "412.? ;_f  . -179,570.
1044.7 we.s | -17,63f;;f 5'7T”_< _ézdgés-':{. B TR U B -179,110.
1048.8 | wes | se9 L e ] a2 | s,

w51 | some | BEETR TR R/ P B T 178,550,

1059.5°|  408.0 -~ | - -16.63 . | . -24.47 o ST 2 B -177,920.

1091.2.| 406.9 | . -15.82 | =234 3 ST N -175,350.
* “atm = 101 325 Pa

T ca;th’= 4.184 J




 partial pressuresof'oxygen”in the Ga , B - 2 3’ mixture, and'thé h
calculated values of the Gibbs free energy of formation of B - azbj(é)

over the experimental'temperature.

e Discuss:l.o'n
The data obtained in this study were compared to the data reported
"ifrom previous studies as’ shown in figure 4 This figure shows the
experimental values of AG (B Ga2 3) plotted against temperature,
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,(s) the colorimetric results of Pankratz and Kelley( )

and the emf measurements of Smith and Chatterji D and of Klinedinst

'and Stevenson.(ﬁ)
‘A_linear leaSt-squares analysis of our datajobtained in the

'presentistudy resulted in the following ekpression for AG?(B - Ga203)
-,AGg(B i 2 3( )) 6265 309 + 152)+ (82 47 0 16)CT/K)ca1 th molfl. 9

‘bThe uncertainties given in this expression are those computed from B
the standard deviations. The constant term appearing in equation 9
corresponds“to the'standatd enthalpy change-while_the temperature

' coefficient represents:the standard entropy change. fable 2'summarizes
these values‘found:in this study, ‘with compariSOns toivalues obtained

from previous studies.‘
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t;;]Table 2 Comparieon of Reported Standard Enthalpy
R and’ Entropy of Formation of B -'Ga203

- Keal ~ “Kcal,
a0 th i a© th .

©o-2524 | L0702
2525 | LomtP

-259.3¢ | Lo7811®

- -265.31 | - .o8247%

:"From reference 6 obtained by titration. ._'
From reference 6, phase equilibrium.
i'From»reference 7.

From_this_ﬁork.




The3;Acb(8" Ga 03) 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 with those obtained. from other emf measurements,
however, one finds an apparent discrepency in both the standard
enthalpvfand entropv.' In particular, the Standard'entropyifound in
this'vorkbwas ll.SZ above that of Klinedinst andZStevenson's |
result (see;tableZ);"On'therotherbhand, the'absolute values of

AG;(B - Gazoj)' show relatively good agreement but differ markedly in

o the'temperature dependence as'shown'inﬂfigure 4.

Because of differences in the results of this study as compared
lto results of previous emf studies and also of the availability of
good colorimetric data, a" third.law calculation was carried out.
The results of this calculation are shown in figure 5. The values

| f°f B 59,15
'from the following equation.

for the B -'c5203 formation reaction'was calculated

-A“f,zgsgls,: A6 1 A(Hru;‘H29a,15)_‘~' o
BRI o (10)
g© L
+ T(Asf 298 15 + A(s 29_,8?15,)) .

. where. AGf r 18 the experimental value of the. Gibbs free energy of
formation of B - Ga, 3 The values of HT 298 15 andv -
@0 0. 11
ST 8298 15 for 0 (g) were taken from wicks and Block (11). that
for Ga(z) from Hultgren,( ) and that for B.- 2 3(c) from

Mills.(?) A value for AS of’-72.87 cal/mole°K was‘determined

£, 298 15
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'from the data on 8298 15 for - 02 taken from Kelley,, ~~and on Ga and

VB - Ga203 from Adams, Johnston and Kerr.( )3 The calculated results
. for. AHZ98 15 are compared to the data of Mah;, 15) determined by
.direct combustion calorimetry, and to the value of Shchukarev, Semerov

| and Rat’ kovskii(ls)

obtained by isothermal evaporation studies. Ihe
_cloSe agreement'between the-data'derived'from this'study and the
findings of the latter two:different methods tend'to'support the

. experimental value for AB298 15 of -261.9 £¢51 th mol-l".

Assuming ‘all calormetric data to be correct the emf results
would be expected to give calculated AH298 15 values which fall on
a horizontal line in figure 5 at- the value of the calorimetrically
determined result. As seen in figure 4, the results of Klinedinst ;

(6) exhibit a large temperature dependence, with the

and Steveson
”average lying somewhat above the calorimetrically determined

value. In their reported results, no mention was made of correcting
for thejthermal emf developed by the w - Pt junction on the-metal—

(10) measured this potential

'metal onide electrode; Chatterji and Smith
,and found it sizeable (i e., 15 6 wV at 1000°K) Adding ‘these
'corrections to the data of Klinedinst and Stevenson would have the
- effect of flattening-the calculated AH298.15 values hut would also_
raise them (i.e., 1.515 Keal/mole at 873°K and 3.541 Kcal/mole at
:1273°K for the twoephase'mixture) | | -
Also shown in figure 4 are the emf results of Smith and ChatterJi.(7)

The actual data ‘was not available for this: calculation Instead the J..

fitted linear equation was used. The use of this equation gave nearly
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:itemperature-independent results, but shifted to. approximately 1. 75 Kcal 3
above the experimental value. Smith ‘and Chatterji reported an error
'range of 0 8 Kcal/mole with no apparent temperature dependence from
a similar third-law calculation on their data.

The calculated results of this investigation gave the’ value of

jAH298 15 » reported to within the experimental error for all data ;
hpoints, but produced a small temperature dependence.: This could be
accounted for by a systematic error in our experimental data or
'ﬁby inaccurate specific heat data. The'Specific'heat‘data for 02
“should be very accurate and the more recent colorimetric data of
‘ Mills( ? agreed to. within 1% of that of Pankratz and Kelley.( ) . The
most likely source of error is in the specific heat of gallium, for
which a constant heat capacity was assumed above 700°K.

‘A potential source of error in the present study was electroniC'
_conduction in the €Sz electrolyte._ Shown in’ figure 2 are conservative
and liberal lower oxygen partial pressure limits to the electrolytic

Qa7

v domain of CSZ as derived from the data of Schmalzreid and Patterson,

Bogden and Rapp,( ) along with the free energies of formation of

(19)

and other oxides.‘ The conservative limit places the :

2 3
nGa,- 0, equilibrium outside the electrolytic-domain. 'The'

2 3
.h,_more recent and liberal limit places the most stable equilibrium of
.interest well within the limits of operation In this study the

working temperature was . maintained below 1100 K in order to prevent
conditions allowing electronic conduction in the solid electrolyte

. The fact that the EMF data did not show a change in the temperature

dependence at high temperatures is evidence that the electrolyte was

LFSanebobon
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maintained in the ionic cohduction'ddmain.’ The.high'ibaic'conduqtivity'

) of CSZ as the solid electrclyte aids in.preventing electrode-polarization<

- errors which could more easily occur with YDT, used in the study by
Klinedinst and Stevenson.(, 6) |
Regardless of the error source, the direct measurement of

f'AG (B —'Ga 03)performed in this study showed much better consistency
-w;th the;calormetric data thaa did the data from earlder enf studles,

B when compared with "third law" calcaiatibns; o
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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