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ABSTRACT · 

·. 
The .composition of binary compounds changes as a function of temperature 

.; ', . -' · when in equilibrium with the vapor. This change, for the IIB-VIA and 

:· ·•. 
. . 

The equilibrium t. 
~- ~' I· • 

:IA-VIIA compounds is ·small, within the limits of ·Solubility. 
. . . . i. \ ' . , .. . ~ . . : ·. ·, .. 

. .. ... 

. ' ' 
·~- . 

<;. ' I o, ~ .~ , 
·l. 

,· _...,._ 

'I' .',• 

)· 

· ; vacancy concentrations are controlled by_ their free energies of formation. 
,. 

:.The composition changes in a different manner when the solid is heated 

:in vacuum. Vacuum evaporation rates are controlled by the activation 

.:free energy of a surface reaction which, under proper conditions,. may also 

'control the bulk concentration of vacancies~ .Experimental verification of 

this effec~ is proposed. It has been shown that closed system vapor 

pressure measurements are extremely sensitive to minute changes of the 

·solid. compoSition. The measured apparent vapor pressure· is a function of. 
. ' . . . 8 ~ 

.the reaction chamber volume for composition changes ~2Xl0- ~oles/cm3 •. 

:In turn, the sensitivity of closed system vapor pressure measurements may:_ 
,. : ·. 

be used for accurate determination of off-stoichiometry • 
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Introduction 

• .. 

. . : . . . ·. . . . . : . .. 1 
Most binary. comp()unds exhibit off-stoichiometry when in equilibrium 

; .: 

r. :with the v~por at temperature, T. This deviation is due to the difference 

•I :in the free energy of aniort and cation vacancy for.mation in the'bulk.of 

·i :_. 
·.-, .,_ 

' 2 ·the solid. ·For the IA-VIIA and_.the IIB-VIA ·compounds it is below the 
. . . . . ' ' 4 4 ' 

, ·,. ·detection limit of most ch~micaLanalytical techniques.3' {~ 10- moles/c~3) 

: ~ . ' 
.. · .. 

· However, it is easily detectable by various electric-al and optical measure­

ments.5'6 It will be shown that the solid composition also shows tempera­

ture dependence under equi~tbrium conditiona. 7' 8 

Partial vaporization of these compounds into vacuum at the same 
\ 

, temperature, T, will result in a residue of comp?sition other than the 

.. ·: ) equilibrium ·composition. Vacuum evaporation9 is controlled by the ·kineti~s: 
< t· :~ ·. :. •. ~~~-; lOll . 

· of a surface reaction ' which is responsible for producing the vaporizing · j . . . 

:· ::. 

•.. ;-:' 
. . ~ .. · f species. This surface reaction limitation manifests itself in a vacuum 

'· 
' . . ' 

' '~ evaporation rate which is .much lower than the maximum vaporization rate 
' . 
; observed under equilibrium conditions .12 The composition of the solid 

t: .. -" ~ ! r 
j / . 

' . . ; residue which has been subjected to .the vacuum .evaporation will depend 
'f\-

.-; on the energetics of the rate controlling surface step and not op the 

. ~ : . ~·· . 
; e~uilibrium .vacancy concentration. 

. ' 
~; • . .·: t 

. ........... 

.• i ;.' 

~ ·We shall show that the .solid _composition ~ay also be. temperature 
.I ., .... 

· · ; dependent und.er ·.vacuum evaporation· conditions provided· that the ·crystal; 

·., ·· ~- ::.'_ -. :_ ': ;J.; , ;· eonsti tU:en:ts vaporize indepe-ndently, and. that the two surface reaction i . ,_. · 

:·;_~·;f~-: .. ~~-· i ~ ~ 1:·: · --~ · ; ' . , ;· <\.' steps which control the vaporization of the binary compound have 
; ' . • ;· ~ . ' 'j ' ' i· : . ' - ' : . 

,. '\ 
. l '. 

. l 
j 

. · 

" '. ~ 

'• ~ . t : .. •, 

· different activation free energies.·. 
. ' ~ . 

. ; Vapor pressure measurements 1 ·in generai;,: fall into two categories • 

Those which are carried out in a-:c~osed .. · sy~t~· .such as dew point, 13; 
. ,, . ·. · . 

.· .. 
"t l I 

i. 

• l ~ ' .. 
•• •; '! , . 

·' 
... '. ( ·: . ' '. ' . 

. i" ,.. 
. . . ·: .. , 

... j.: .·' ''' 
, . 

·.·. 

; ' 

': . . . -~ . 
·-~ 

. ~ ., 

:} 
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' ~-

bourdon gauge,14a,b optical-absorption,1 5 and ~ther static techniques~~ 
belong to. the first class. Dynamic measurements which belong to the other 

class are performed in an open reaction-chamber from which the vapor is 
. . 

allowed to escape at such a slow rate that equilibrium between the solid 

17 . 18 
and the vapor remains virtually unperturbed. Effusion · and transpiration ~ 

type measurements belong to this group. 

In this paper we would like to show that static vapor pressure 

measurements are very sensitive to small deviations from equilibrium 

composition.· Hence, the heat: treatment of binary compounds prior to­

carrying ·out such a measurement could greatly influence the results. In 

turn, the sensitivity of the closed system vapor pressure measurements to 

off-stoichiometry can be used to detect and measure accurately minute 

changes in the composition of the binary compounds. 

For all of:the binary compounds discussed in this paper we shall 

ass11me that all changes ,;i.n the solid composition takes place within the 

solubility limit of the compound, thus,. the precipitation of the compound 

constituents cannot take place •. The off-stoichiometry is limited there-

fore. to a small concentration range,depending on the solubility of each 

· · · component in the binary . compound. 

Composition of BinaryCompound.in 
Equilibrium with its Vapor 

Deviations .from stoichiometry has' been studied in se'reral binary 
: . 19 20 . 21 . . . ' 15 

compounds .! . via electrical and- optical measurements, since the 

1 presence of lattice vacancies give rise. to the formation of charged 

· donor and acceptor states. 
: . ' 18' 

The total vapor pressure is at a minimum 

:when_ equilibrium is established between the solid and the vapor at any 
... 

··; ' . ; .. 

. ' .. 
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given temperature •. Assume that vaporization :i.s .. congrue~t10 , 11 and. th~t-
••• • r ', 

. the binary c~pound undergoes. dissociation upon evaporation accordirig:;to :: 

* the following reaction: 

AB A + .lB · . 
solid vapor · 2 vapor 

. . 2 22 
The parti"al pressures of the vapor species can be expressed ' 

) .·. 

. . . 

j..LG 
.A 

i ' 
, .. 

: ., 

. ' (1) 

. ' ,, ~. 

as 

(2) 

·. ~RT ln pB = (E -E ) - R + Tts3. ~; l-t1: + M . · (3) 
2 

: d f l3 B · .I::S · B
2 

.. where E:f, Ea and Ed are, respectively} the energies associated with the 

. ; 

' ' 

Fermi level, the acceptor state whi.ch is due to cation vacancy (assUming 

that it can only_ be a singly ionized accept9r) and the donor state which 

is. due to an anion vacancy (aBrmming it can· only: be a singly ionized donor). 
... 

EA and EB are the energies to remove atoms A and B from the lattice .to in-,..,. 

finity, respectively. All .. of the energies are relative to the. infinitely 
. . 

dispersed atoms in t-heir lowest quantum state .• ·· Thus, the energies required · 

. -' + 
to form the ionized acceptor and donor -:vacancie_s ~ V a and V d, are 

EA-(Ef-Ea) and ~-(Ed-Ef) respectively. Rand T have their usual meaning. 

The entropy of the solid, 68,:-_'is given by 

. ts3A v- ·in: s/v- +.· R'_in K11 .. A ... A .n. 

and ·' . -~ . :-.· 

_. ,, · _MB ~= v;-~~ s/v~ ~- Rln ,~> _·. '·'· , .-~ . ... · 
'. < ~ ··-! ;- . .. .' -~· . '. ~ * ·,. . .. / ~-. ·. -~ ·< 

.IJ\.:vrrA compound~ evaporate according to·the,net reaction':.· .. ~: .. 

I·, 

XA.B . li. d~·.·Al3 . ~ . ' . + . (AB jx' :1·.:.. . '·. : and . the' IIB-VIA ~ompounds as . . 
so . . . .. . _· vapor . . . .- vapor , . · .. · . . '· 

ABsolid~· _Avapor + ~B2 V:apor in the temperat~e range of 4oo-800°C • 

,·. ,.' · .... 
·' ... 1:.:: •, 

\·(.: . ·.~· .... : 

::. 

' ' . /' ,I:' 

., ,· 
{ : .~ . . . 

'·, ·'· 

·,,· 
. ~ 

_,,· .. ' 

·.! 

. '•. 
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for the two sublattices, where V~ lnS/V~ and:v; ln .. s;v; are the entropies 

of mixing associated with the introduction of the ionized vacancies into· 

the lattice and S is the concentr~tion of lattice sites in each sublattice • 
. 

. · R ln KA and R ln J<B are the vibrational entropies of the sublattices in-
. 2 

eluding the change of lattice vibrations in the vicinity of the vacancies. · 

pA and pB are the partial pressures of the compound constituents; ~A and 
. 2 

~ are the chemical potentials of the ideal gases A and B, at one atmos-

· phere, respectively. & · is the standard free energy of the reaction 
B2 

1 . 
--B - B 2 2(vapor) - (vapor) 

(6 )-

.·It is assumed that the concentration of vacancies in the lattice is so 
. 2 •, ·. 

low that vacancy aggregation effects can be neglected. 

Equations (2) and (3) shO\v that if the free energies of anion arid cation 
. '• 

i. 

vacancy formation are different, which is the usual case, then at any given· 
.' . : l 

temperature any binary compounds wlll exhibit off-stoichiometry. · The'·· ' 
) . . r, ' ' ; 

.. , : 

equilibrium composition is determined by the solubility of these vacancies 
·,·• 

** and the mass action equation for ionized. vacancies: 

· where k is the Schottky constant. 23 · 
I''' 

. ~ 'f.. 

**rt is assumed that all donor' and a'c,ceptor vacancies are ionized at 

(7) 

''the elevated temperatures for which ,vacuum vaporizatio~ rates and/or 

equilibrium vapor concentrations ar~ experimentaliy significant. This 

is the temperature_ range which: ·is con~idered by this p8.per. It is in 

the range of 400-800°C for both the I·IB-VIA and IA-VIIA groups of binary 

. compounds. 

..; ., . 

'I ( • 
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< ••• 

' . ~ ... : ·. 
· Typical' concentrations ·or anion or cation vacancies in·· IIB-VIA and r .-·. j: 
"i . 

· , T.A-VIIA compounds· in the temperature' r8:ng~. of·. interest fall between 10-B .· 
. . -4· . . l 24 

to 10 · moles/cm3 •. ' . 
•' ., 

~ . .... (' 

·':-"":' 

From Eqs. (2) and (3) one· can calculate the temperature dependence of 

the deviation from stoichiometry of the equilibrium solid composition. How-: 
. . 

... ever; calculationsrofthis kind give rather ambiguous results due to the 

. exponential energy dependence of the partial pressures. A few percent 

error ·in any of the energy terms gives:::i:'ise to large errors in the calculated 

, ., .. values of the partial pressures. The accuracyof values of EA' ~calculated. 

25 . . . .. 26 of. 
for the IIB-VIA and IA-VIIA compounds are not better than 10~. Esti-

·, "... 25,27 . 
mates of the entropy contribution are .even poorer. Also, Ef' the 

Fermi level, varies with the change of the crystal composition which must. 
,;; 

. '• '• 

... 

' ~ ~ ... 
·' .. 

. · .• . ~ ' 

;;-·· 

be taken into account and the temperature dependence of ~f-Ea and Ed-Ef 
. 6 

cannot be neglected. 

I: 

':. Therefore, we. shall. give only a schematic represen-

.tation of the temperature dependence of the equilibrium solid composition 
., 

in Fig. 1, which is apparent already. from Eqs. (2) and (3). We have plotted 

the logarithm of. the ionized vacancy concentrations as .a function of re-

ciprocal temperature. It is not unreasonable to assume that for some of' 

.· the binary compounds due to the difference in the free energies of anion 

. and cation vacancy formation the vacancy concentration ·curves may cross' 

.. over as a fUnction of temperature. This case· is shown in Fig. 1. The 

crossover point wo~d correspond to stOichiometry. At even higher temper~-

I' 

:. 

·· ture those vacancies will dominate which were in the minor! ty at temperatures , ·.· 
~- • ! •' • • ~ • I 

;, ~ } .-
. '. -,;_ . ., ' 

. ·,.. 

,·!. 

,. 

' ' I '. .i. :. 

below the crossover point temperature~- Thus, :the solid _can change. from 

n to p type as a function of' tempera·t;ure assuming _electronic conductivity 

and that the donor anion vacancies were dominant at low temperatures • 

.i·_._ 

. •. 
~ ... . 

! •• ! 

:·. :. '·· 
. . · .. . 
~ ... .. 

I ,:, •, ( 

. .'"" ,. ·:-:. 
'. · ... · 

. '··,, j •• 
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Composition of: Binary .. Compounds Under 
Vacuuri:t. Evaporation··Conditions 

. ;- -.. 

,..· 

·i 

VacuU.m evaporation is a kinetic' experiment, as opposed to· evaporation 
; 

·.:from an equilibrium source such as an effusion cell. The rate of vapori-
. . . 

'zation.in.vacuum is 
, . 28 ; . 

proportional to the surface area of the solid while 

'evaporation from an equilibrium source is stirface area independent. 
10 .... 

It was found ~.:that the vacuum evaporation of many solids including 

;the IIB-VIA and IA-VIIA compounds is limited by a slow surface reaction 

step rather than by the desorpti~n of the mobile surface atoms:;9 The · 

evaporation 'of IIB-VIA compounds is controlled by a surface reactionlO,ll 

which involves charge transfer. Electrons and holes must be captured by 

:the ions at the surface before vaporizing as neutral species. This 

mechanism was determined in studies of the effect of light29 and inipuri~ 
; 't• 11,30 h .: ~es . on t e evaporation rate ·Of one face .of a cadmium sulfide single 

.. 28 
crystal. 

Assume the.following simple sequence of surface reactions: 

A + surface 

·! : 
.. • 

:; . 
'' 

~ ;. ' 

' ~ i '. 
~: l· . • . 

.··· :-' 

·-:' :. 
·' :· 

•"" .. 

..·' ··: ~ ' :: :1', '• 

' :-~ I : ·< ' . ,'~. ,•. 
~ ' .. .,, ... ,·,; , . 

. ; ' 

'• · ... ;_ ,,· .. i 
... f 

">; ,. !', '.'} 
( 

.i·' 

··: .·. . ..... ·. ·, '; . <; --~ . ·;~·· '. 
•' ... · 

·,--,,._ .. 
·-·~ .... .-... 

'-.·.-:. ,-:.1· .. 
. ~ ~: ,:. ·: . .• ,. 

·. (8a) 
... .. \ .. 

~ ... " 

. ,·., .· .. (&) 
!~ .. ·: 

;(Bd) .. 
. , 

. :_., 

.. 

.. 
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.... f J -· 

. ' ··.· . 
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' '' ; i (_, ·.. ,, . 

·-7;. 
., • '<. 

•· .. I 

. • i -~ .. •', 

The vacancy concentrat.ioh at the ·surface'·is detennined -bY. the: · 
·. ·. : . . . . . . ' . . ., . , .-·: ' . ·-x-. . 

. activation. free_ energy of vaporizatio?;: l5F v·: .·In general: .all compounds 

. , ;which undergo' rearr~ngement·,: i.e~,· associat-~6~ or dissociation upon 
( . . .' 

I. ........ 

·!·-;.·· 
& • ! . 

: ; • . . ' . ' . -l<· 

· . evaporation will have a tiFV • different from the equilibrium free energy : · ' 

' 
' 

' 

,-. 

.. :_ -~ :·. ~-; -: ' • ,I_ 

. A,.,..Vo. 9 ,1·2·, 31 :; . of vaporization ~ 
l . . . 

Thus, if bulk diffUsion .rates of vacancies::,:; 
;-• 

l~:i- .. -~- ~-: . 
.... 

:are fast at the evapo:rationtemperature., as is the case for the IIB..:viA. ,. ; )~--~~ .·:··. ·- .. ~ 
'·;. 

-: .. 

., ' 

•, 

I '• 

:.' -~~ 'I ~ ' 

• ,li.,. 

_:_ . . .· 11 24 
:compounds, · '. (vacancies f~om .the surface could diffuse into the bulk 

'' : ~ ,' 

faster then they. are removed via the vaporization process), the ... "steady 

. ~ ·. ~ '·. 
" '.-I' 

: . II ·. , . *** 
state composition . of the binary, compound crystal which is subjecte~, 

' ' . 
·· · -~to vacuum evaporation ~t a 'giVen; temperature can be different from that. 

. · .. -~ ' 

of the· equilibrium crystal compos.i tion at the same temperature. 

If the evaporation mechanism which is given in Eqs. (8a-8d) is . 

. operative, the. vacancy concentration· is controlled by the rates of · 
'' 

•simultaneous trapping of electrons and holes. by the cation and the. anion . 

. at the surface,. Eq. (8a). When evaporation takes plac~ according to 

this mechanism the composition of the freely vaporizing crystal should 

show little or no·:· 'temperature dependence· since both anion and c·ation 

.. _vacancies are produced by the same rate detennining reaction step. Hence, . 

. ; :their rat~o v1/V; = constant at any temperature. If there is a tempera~ure 
.. dependence of the crystal composition under ya,cuum evaporation conditions; 

·._, 

•••. 1 

;the formation of anion and cation .vacancies must take place in two parallel, ' ' . 
<. \ •' 

~- . 
' J > ;reaction steps. An example to this type_ of evaporation mechanism is: 

.. · '. \ ' ' 

·. :· ·"'. *** . 
; . {.,;,~:: ':.:.l.-: .. ·:·',;. 'i The use of. si:i;tgle. crrstals ,is' necessary for t}le va~uum9 evaporation . 

· · experiment in' order to observ~ 'th.e 'change ·or: cOmposition.. ·Powders have 

~.' ?~/,- :_- ··:: t:~ . 'large inne; surface .and channel st:r~c.ture iil whichth~ ~porizing at'oros 

: ~L .. ·· .. :may ~nderg~ many: collisions}2 .:· · · . . · ,. · " '· · · 
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,, 
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(A +B..:. ) . . + . e 
· lattice 

A 
k2 

:> A 
surface vapor 

,(9c) 

k ' 
2B 6:> 

B2 surface surface 
'( 9d)) 

k j 

B . 7;:::. 
B2 . 2surface vapor 

. 'I 

(9e) 
;-'· 

Si~ce k
5

, k6 , k
7 

>> ~~ .k
3 

for surface reaction limited vapo:dzation the 

temperature d.ependence and the relative magnitudes of ~ and k
3
,. thus 

the rate of electron or-hole trapping by the ions at the surface will 

determine the crystal composition as well as the vapor composition in 

this case. 33 . 
. .;,, 

The difference between.the. "stea.dy state. composition" and equilibrium 

composition of a,b'inary compound crystal could be measured experimentally. 

For this purpose one crystal should be· ~llowed to vaporize in vacuum until 

a steady state vaporization rate is .obtained~ 10 Another crystal should · 
' ' ' ' ' '4 

be allowed to vaporize in an ~ffusion 'cell at the . same temperature employed. 

for the vacuum evaporation until again,· stefl.dY stat~ rat~ is obtained fo.r 
. . ' . ' 

the vapor flux through the orifice ·of :the equilibrium source. Electrical 

. 

21 ' .. ' 
measurements could be used to measure the composition difference between. , . · 

the crystals which were subje.cted. to· 'vaporization by these two different 

·methods.· 

It mu~t be emphasized tl1:xt bulk: diffusion rates of vacancies which .• · 

. are formed at the surface on ;1.ccount ·• of the evaporation surface reaction 
• ' i ' . -

must be fast, in order to obs'erve a .~ifferent composition for crystals 

subjected to vacuum evaporation from that of' the eqU;ilibrium composition. 
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If diffusion rates are slow relativ~·.to the~· evaporation rate,· there could 
~ -~ . ' 

• ·, :be no· communication bet~een th~· surf~ce' ~nd' the bulk of the crystal 
. i .. . . ~ . . . . ~ . . . ~ . ' : :,, ' :.. ~ . . . . . . . . . . . 

'.·. 

'· ,, 

. . . . ~ ,· . 

. ·.·throughout the evap~ration; h~~ce tl;le variation· in the 'vaca."ncy concentration 

is l.imited to a small surface layer which vaporizes rapidly. 

Effect of Small Changes ofthe Crystal Composition 
on Closed System Vapor.Pressure Measurements 

The composition of binary compounds, as it was described above, ·.is 

a function of the heat treatment it .is subjected to when prepared, prior·' 

to the vapor pressure measurement. . The heat treatment may be carried; out:. 
..... •· 

at different 'temperatures. in· a closed (equilibrium) or an open reaction 

vessel (in vacuum or under transpiration condit~ons) •. The change in 
_J •• 

composition· is small since the: only case we are considerinS here is when. :. 

off-stoichiometry is within the solubility.limit of both compound con- '. 

' . 
. stituents. We woUld like to show the effect of such a small change in 

composition on the '{apor pressure .as :measured in a cl_osed.-reaction chamber. 

Assume that the compound, AB,' has .a composition corresponding to 
. ~ 

. .· 16 18 ·; 3 ·: .. 
10 -10 atom em excess A as .prepared for the vapor pressure experiment • 

' . ~ .•.. .. . ;. · . 
. . ·, 

. '. • ' . ' . ~J . 

. This data could be obtained by conductivity·measUr.ements assuming that .all 

.·of the anion vacancies which a:r:e due to the ,presence of excess A, are 

.. ionized. :. In equi.librium at a given temperat~re T :: i000°K, the binary com­

pound shoul~ .·only- contain 10
14 

'atom/cm3 .excess. A~ .. ··• The composition of the 
·· ..... 

s_olid- :therefore, :Will change by removal of excess _,A. into the vapor phase. 
: . ~ . 

··::; 
; ::··; 

-:· ,,·· ~·. ~;-~ •• ' • • ' t ••. ·~· .. 
· · • •• ;; ··· ·· · 

1 :;The:· eXtent ·to which the equilibrium composition will be approached depends,-~:.:. :. ~ 
·.·: .:<'J;;_:,·:.i} ~ .... :. ,· . '.;i': ... ;:• . ,.: ;- .. ' •... ·: ... , . . . , .· .· . ·. , .. ··;l. ' 

· ; ;: ;• i;l ;~j: <t i ,, . how~v..~ ( t;: the , v9liune of . thO r,;~iition ;;.~ s sel. • Figu,i'e 2 .b;,;, s · the total .. , · ': ' : ':': , . 

. ,. pressure; P ... · .·• <. · over the. sol:td; 'AJ3; ·.as: a function ~:f the volume o:f the 
' total' , · · . . · 

: ... -: i ~ -~ - l .:.' > • 

:. . .-. \ .. 
reaction chamber :for dif:fereht concentrations .o.:f excess A. 

1. '; ,' .. · '. 
. ' . ~ .. 

. :·; . '. ~· ; ' 
,. \• '' ":. .. ... : .. ,· 

'• 
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It is assumed that the va:por behaves as an· ideal gas and that the 

volume of.the solid in equilibrium with the vapor is Vsolid =.1 cm3 • The 

partial pressure, pA' was calculated assuming that Henry's law (pA = k(V~)) 

holds for such dilute solid solutions. In order to calculate the constant, 

k, the value, pA = 3·7Xl0-5 atm was used for the partial pressure over 

th~ binary compo~nd of equilibrium composition. This is the partial pressure 

of cadmium vapor over cadmium sulfid.e at T = 1000°K, as measured by effusion 

methods. The expressions, P V 
· . vapor = (N-nsolid) k'T and Vvessel = Vvapor + 

Vsolid were used in the calculations, where N is the total number of excess 

A atoms over that of the equ±Iibrium vaiue and nsolid is the number of excess 

atoms in the solid as calculated using Henry's law . .k' is the Boltzman.· 

constant, V 
1 

and V are the volume of the reaction vessel and the vesse vapor 

vapor, respectively. The total pressure of CdS at 1000°K over the equilibrium 

solid composition is - -5 . 
Ptotal - 5· 5Xl0 atm. At small volumes, the partial 

pressure of A due to the excess of A in the solid, is much larger than its 

. equilibrium partial pressure. As the volume increases. the contribution of 

~xcess A over that of its equilibriulfi value to the total pressure· decreases 

and the true value of P is approached. It. is clear from Fig. 2 that small 
eq .. 

changes of the solid composition could result•in large errors in the experi-

mental data. Setting the sensitivity of closed system vapor pressure measure-. 
' 6 . 

ments .arbitrarily at 0.1 torr, a composition change of 101 atom/cm3 

· (1. 7X10-S moles/cm3 ) could p:r:oduce a measurable error. ·in the measurements 

using a. reaction chamber of volume V = 5 · cm3. The interpretation of the 

results of the closed chamber vlipor pressure experiments could be further 

obscured by measurement of the apparent equilibrium vapor pressure as a 

function of ·temperature. in the .same closed reaction vessel. The equili­

brium solid composition changes as a function of temperature according 

to Eqs. (2) and ·(3). 
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The dependence of. the ·:Hpparent equilibrium vapor pressure ·on ·the 

:. voiume of the reaction vessei ·could l:).owever,. be used to measure small 

' changes of the solid composition a,ccurately •. ·Since it is an absolute 
. ' 

:method, it shoUld lead to more accurate determination of the off-· 

stoichiometry within the sensitiv:ity of the technique than electrical 
; : . ~· 

measurements in which an assumption has to be made as to the charge state 
.. 
. of the vacancy. It could also be used to test the validity of Henry's 

. law for dilute solid solutions. 

Closed systems which are used for spectroscopic determination of. 
!- ·• 

: .. '.the vapor composition are -~1:30 subjected.,to the analysis given above as 

: it has been well demonstrated. recently.l5, 34 ' These results may also 

, · ··- ~ expla.in some of the: discrepancies .between· the· v~por pressure data ·_obtained 

. '·by· static· and dynamic vapor )?ressure measurements for several binary 

. · compounds. 35 

Inaccuracies in vapor pressure measurements due to variation of the 

· solid composition can be avoided by using open reaction chamber techniques. 

such as effusion or·trarispiration. While the· vapor . is slowly removed 
!· ' 

from :the'vicinity of the solid, the composition of the binary compound 

·will adjust itself to .the conditions of the' experiment provided that bu.lk · . .· . 
· : diffusion rates of vacancies are greater than the removal rat~ of the 

J . 

.· vaporizing surface· species. There will be, however, a transient evaporation 

: rate ·;bef'.ore· steady:~state:~is B:ttained, the extent of which will depend on 

; the magnitude of the solid composition variat.ion .and .. the bulk vacancy 

'·diffusion rates • 

; ~ ' 

I-

". 

·' 

-~· . 
..... _ 

·: . ~ .: ~ 

. .. 

·, ~ ~; ... 
:· ... 

. ~- . 

... . 
. ; ~-

.r .• ' •• !;' 

..• : <'. 

'' . }. :,::. ' :~ ,, ; .,. :.) ·.·. :>' 
• - ~ .I .... .. - • \ •• 

' ( ) • '.\ .. :r- • ' ' 

,. 
:• T 

,, ·:, ···.··· : 
j', ,_ 

•, ·, .. · .. ... 



.-12-. 

Acknowledgments 

We are indebted to Professors L. Brewer and G. Mandel for . 

helpful discussions. 

This work was performed under.the auspices of the United ·states 

Atomic Energy Commission. 

':. 

\. 

'r ,• 

' . 
. .. 

... . . 
·• . .... 

~ ...... 
-~ ' , .. . -.-, 

:l'. ... ' ·-,,: 

' ~. 

. . ~ !: ~ .. 
f.· ..... ~ ... ,. 
··: .. 

\ . 
. '~. .···,.. . ' .. · 



'. !' 

. . 

_,., 

.•. • .. 
_,. 

·~, ~ ' . 
1. 
i} .. 
,. 

~ 
,\ 
,~ 

·' 

··-

,-. 

' - ,_ : -13-

· Ref'erences . 

>· 

1. A. L. G. 1\ees, "Def'ect Solid State";_ Methuen (19~~). 

2 .. R. F. Brebrick, J. Phys. Chern. Solids 18, 116 (1961). 

3· _ F. A. · Kroger, H. J. Vink, "Solid State Physics", J, 310 

(Academic Press, 1956). 

4. N. F.· Matt, R. w. Gurney, "Electronic Processes in Ionic Crystals", 

Dover ( 194-8) • 

. 5. _N. B. Hannay, "Semicomiuctors", Reinhold (1959). 

- 6. ,R. H. Bube:.:, "Photoc0nductivity of' Solids", Wiley (1960). 

1· F. A. Kroger, H. J • Vink, J. Phys. Chem.. Solids 1' 208 (1958). 

8. R. F. Brebrick, J. Phys. Chern. Solids ~' 190 (1958). 

9· _ G •. A. Somorjai, "Proc. of Conf'. Evap. Condensation of Solids", 

Gordon and Breach (1964). 
-, 

10. G. A. Somorjai, D. W. Jepsen, J. Chem.· Phy~:f. 41, 1389 (1964)·. 

11. G. A. Somorjai, D. W. Jepsen, J. Chern. Phys. 41, 1394 (1964), 

-12. L. Brewer, J. S. Kane, J. Phys. Chern. 59, 105 (1955).-

13. K. Weiser, J. Phys. Chem. 61, 512 (l957). 

<· 

14. a)- v. J. Lyons, V. J. Silvestri, J~ Phys. Chem. 64, 266 (1960). 

I.· 
b) · G._ A. Somorja.i, J. Phys. _Chem~_.,§1, 1059. (1961). · 

J _15.· R. F. Brebric~, A. J. Strauss, J. Chem. Phys. 40, 3230 (1964) • 
. -

: 16. M. R. Lorenz, J. Phys. _Chem. So,lids 23, 1449 ( 1962) .. · 
_, -

. ~ . 17. M. Knudsen, Ann. Phys. · 28, 75 ( 1909). ·. · 
•. i 

:t 18. 

19. 

L. Bre~er, N. L. Lof'gren, J •. Am. Chern. Soc~ xg, 3038 ( 1950). · 

J. Bloem, F. A. Kroger, Z. Phys. Chern. I' 15 (1956). 

20 •.. D.-G. Th6mas, J. J. Lander, J. Phys. Chem. Solids 21 318 (1957). 
- . - . 

21. F. A. Kroger, J.· J. Vink, von den.Boomgaard, z. Phys~ Chem. 203, 

l(l954). 
' > 

··. 
'· 

I • 

': 



l 
1 

I 

. ' 

-14-

22. G. Mandel, I.B.M. Research Repo~t RC-633 (1962). 

23. w. Schottky, Zeits~ -f. Elec'trochemie 45, 33 (1939). 

24. H. H. Woodbury, Phys. Rev. 134,_ 492 (1964). 

25. G. Mandel, Phys. Rev. 134, Al073- (1964). 

· 26. N. F. Mott, M. J. Littleton, Trans. Farad, Soc. 34, 485 (1938). 
' . 

27. R.A. Swalin, J, Phys. Chern~ Solids 18, 290 (1961). 

28. G. A. Somorjai, N. Stemple, J. App. Phys. 35, 3398 (1964). 

29. G. A. Somorjai, Surf~~e Science, November (1964). 

30. G. A. Somorjai, to be published. 

31. 0. Knacke, J. N. Stranski, Progr. Metal. Phys. ~~ 181 (1956).· 

32. · G. M. 'Rosenblatt, J. Electrochem. Soc. !!2_, 563 {1963). 

33. D. W. Jepsen, G. A. Somorjai, J, Chern. Phys. 39, 1665. (1963) •. 

34. R. F. Brebrick, A· J. Strauss, J~ Chern. Pbys •. 41, 197 (1964) .·_ . 

35. M. Jeunehomme,_ Ph. D. Dissertation, Univ. Libre de Bruxelles (1962) • 

.. 
... . 

. ~. .· ' 

. ', . ~ ~ : . : ·-:~ ~- . ' 
. · •' 

',,· .. ·., 
', .. 

'~: 
., 

' 

. ; ' ..... ..,. 

.. 
:', ( ; . ; .. 

. ~ . r 

. ' :· •,- ·, 1' 

. ~ . ..,. 
:_ ~ ' .. 
.... 

.. . ~ .. : -: 
'.-- ·:·· ' ' ..... 

..... t 

.•• \' l .' ••• ••\ .-·; 

. . ·' ;. 

· .. :•-
;· ' • ; '· . ~ ! .' 

' . ~- ' . ,; ~ -~ .. 
. ·.: :·;.·.'~ .; 

·._.,. 

' ! .. , 

' . '. 

) t _· "; •'· .. 

-:·' .· .... 

' . . . _.· 



Fig. 1 
i 

L 

I FJg. 2 

;i 

-15-

·Figure Captions 

Schematic representation of the change in the equilibrium 

composition as a function of temperature for a binary 

. . . . - + - + 
compound, AB, with transition from VA << VB to VA >> VB. 

Variation of the totai pressure, Ptotal, over the binary 

compound, AB, at 1000°K as a fUnction of the volume of 

the reaction vessel for small excesses of A. (1016 atom/cm3, 

1017 atom/ cm3, 10
18 

atom/ cm3). In equilibrium, the con­

centration of excess A is 1014 atom/cm3. 
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