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The composition of binary compounds changes as & function of. temperature-
"i when in equilibrium with the vapor. This change, for the IIB VIA and
. :IA-VIIA compounds'is‘small,.within the limits of-solubility. The equilibrium'

‘ vacancy concentrations are controlled‘by their free energies of formation.v

The compositlon changes in 8 different manner ‘when the solid is heated :
fi f?zhla:'u Lin vacuum. Vacuum evaporation rates are controlled by the activation
'F?free energy of a surface reaction which,:under proper conditions,‘may also
'-hfcontrol the hulk concentration‘of.vacanciesé .Experimental verification br"
this effeCt is proposed. Itlhas been shown that closed'system vapor
pressure measurements are extremely sensitlve to minute changes of the';vl
;'solid composition. The measured apparent vapor pressure is a function of
the reaction chamber volume for composition changes 2XlO 8 moles/cm .1 i

In turn, the sensitivity of closed system vapor pressure measurements may -

P f":"* be used for accurate determination of off—stoichiometry. o




Introduction'

i Most binary compounds exhibit off-stoichiometry when in eguilibrium
‘?with the vapor at temperature, T.‘ This deviation is due to the difference
‘ﬂ{f~-jin the free energy of anion and cation vacancy fonmation in the bulk of
: “il{?f;,vfthe solid.e_ -For the IA VIIA and the IIB VIA compounds it is below the i"
‘V.:f‘detectionvlimit ofvmost chemical”analytical techniques. , (< 10 L‘moles/cms)
3'{Jfﬁi-flfi?,fHowever,tit is easily'detectable byrvarious electrical,and-optical measure-
o 5,6 It will be shown that the solid composition also shows tempera— '

¥ 'ﬁ'”fr:-ture dependence under equilibrium conditions. 7,8

. ments;

S Partial vaporization of these compounds into vacuum at the same
e temperature; T, will result in a-residue of COmposition other than the

2 ‘equilihrium'composition. Vacuum evaporation9 is controlled by the kinetics

_of a surface reactionlo 11

which is responsible for producing the vaporizing
ii}iy;species. This surface reaction limitation menifests itself in a vacuum
ff;evaporation rate which is.much lower than(the maximum vaporizationvrate

L _3'3;:; :fi,‘_;observed under equilibrium cond:i:tions.12 The composition of the solid

o ..ﬂ)jwyresidue.which has been subjected'to'the vacuumsevaporation will depend -

... on the energetics of the rate controlling surface step and not on the

’?'Eequilibrium vacancy concentration

-
4

;},;jér,;n.{f f.; . We shall show that the solid comp081tion may also be temperature
Q'ﬁdependent under  vacuum evaporation conditions provided that the crystal;‘f.“"

[

h?fconstituents vaporize independently and: that the two surface reaction o {¢'f3>

J‘steps which control the vaporization of the binary compound have ;
-er{ﬁf :'different activation free energies.'
Vapor pressure measurements, in general, fall into two categories.

o R C Those which are carried out in a closed system such as dew point 13




v’; bourdon gauge,

i-e-

15

lha,b and other static techniques%é'

_optical—abSQrption,

; 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

;”; . and the vapor remains virtually unperturbed. Effusion

17

and transpirationlé
type measurements belong to this group.

In this’ paper we would like to show thai static vapor pressure

' measurements are very sen51tive to small deviations from equilibrium

- comp051tion.’ 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—stoichiometryvcan 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

assume that all changes An the solid composition takes place w1thin the

: solubility limit of the‘compound, thus, the precipitation of the compound

=compounds

f donor and acceptor states. The total vapor pressure is at a minimum

constituentsvcannot take place.L-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 Binary Compound in -
Equilibrium with its Vapor'

Deviations from stoichiometry has been studied in several binary -

19_,20 15

o .
via electrical % and- optical measurements, , since the

presence of lattice vacanc1es give rise to the formation of charged
18

-;when‘equilibrium is established between the solid and the vapor at any



-3 3 .
tv'given temperature. Assume that vaporization is congruentl ;l and that
“the binary compound undergoes dissociation upon evaporation aCcording to f f
the;following reaction: S Sl jl-j'?‘f?fg:ht : "g;» :
.ABsolid<*T“'* Avapor'+ 2Bvapor. B co _.(l>
"f'The,partial pressures of the vapor species can be_expresseda’Q2 as,‘zv
~_3,1~:»: S e ‘RT in PA = (E -E ) - EA + TASA A_ o 4;(2)
agRT ln:pB' = (E o) - EB + TAS u§.+.ArBe;v (3)
‘f?’ . - where E E and E are, respectively, the energies associated with the

' lélFermi level, the acceptor state which is due to cation vacancy (assuming

'ithat 1t can only'be a singly 1onized acceptor) and the donor state which

is due to an. anion vacancy (aa uming it can’ only be a singly ionized. donor)

:c:?f;i7¥. ,éli._EA and EB are the energies to remove atoms A and.B from the lattice to in-

:3' ‘f:finity, reSpectively._ Al of the energies are relative to the 1nfinitelj
i?; vf ? }‘ diSpersed atoms in their lowest quantum state f Thus, the energieS'required’
;¥.}‘ L to, form the ionized acceptor and donor vacancies, V and V! 4’ are
; ‘ E (E -E, ) and EB—( ) respectively. R and T have their usual meaning.
* The entropy of the solid, AS, is given by | LT
5 ilasA;= vy In s/v R In KA _tfff.::ilp;f_ )

and_fa

L Vﬁ‘%S'S/YB:T€3fl?“Ké’

IA VIIA compounds evaporate according to the net reaction.i-ﬁf

solifﬁzzéABvapor (AB)X-l vapv and the IIB VIA compounds as . .
| l
'ABsolidE;:; ,Avapor f 2 vapor in the temperature rangevof h00-800 cC..




and the mass action equation for ionized vacancies.

* where k is the Schottky constant.

L

‘ “{-)-#‘- |

. for the two sublattices, where V ln'S/V and‘V in S/V' are the entropies :
of m1x1ng associated with the introduction of the ionized vacancies into -
. the lattice and S is the concentration of lattice sites in each sublattice.

R 1n X, and R 1n Kﬁ are the vibrational entropies of the sublattices in-

A

cluding the change of lattice vibrations in the viecinity of the vacancies.2

and pB are “the partial pressures of the compound constituents, QA and
2.

“B are the .chemlical potentials of the ideal gases A and B, at one atmos-

Bo

" phere, respectively.» AF. is the standard free energy of the reaction '

6)

1 - :
285 (vapor) = P(vapor)

It is assumed that the concentration of vacancies in the lattice is so'”
'low that vacancytaggregation-effectsa can be neglected.

:Equations (2) and (3) shov that . if the free energies of anion and cation :
“:~Q-nvacancy formation are different, which is the usual case, then at any given
&‘gc-temperature any’binary compounds will exhibit off—stoichiometry. The o

i“kequillbrium composition is determined by the solubility of these vacanc1es ‘

*%

(YA)(VB) _ k‘ff ,3. | ,; \v;c: : ,»_ r : (?)
23 | ‘

SR B
a8

It is assumed that all’donor;and acceptor Vacancies are‘ionized at

. the elevated temperatures for which vacuum vaporization rates and/or
_ _~f¥ equilibrium vapor: concentrations are experimentally significent. This
:iﬁiris the temperature range which is cons1dered by this paper. It is in:
';‘the range of hOO—BOO C for both the IIB VIA. and IA-VIIA groups of binary
':compounds.v-, ] : : ’

-



t::_'to lO h moles/cm
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1f%;l_ Typical concentrations of anion or cation vacancies in IIB VIA and

:-\IA-VIIA compounds in the temperature range of interest fall between lO -8

L N S
e

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

'Es‘fythe deviatlon from stoichlometry of the equilibrium solid composition. HOWf:i
5fl_ever, calculationsofthis kind give rather ambiguous results due to the
bﬁz{.exponential energy dependence of the partial pressures. A few percent;t'

) i;;error~in any of the energy terms glves:rise.to large errors in the calculated
E"f::_gvalues of the partial pressures.' The‘accuracy,of values of E ,»EB calculated.
.for the IIB-VIAZ® and IA-VIIA compoundszG:are not better than 10%.. Estifu\
'-;f matesyof the entropy_contribution are”evennpoorer.es’QT Also, Ef,'the |
-‘»“Fermi-level,{varies uith the changelof_the_crystal compoSition which‘mustr

“7?5 be taken into account and the temperature‘dependence of E -E_ and E_-E o

a f

: cannot-be neglected.6 Therefore, we shall give only a schematic represen~:i
.tation of the temperature dependence of the equili'brium solid composition ’
in Fig. 1, which is apparent already from Eqs.,(2) and (3) We have plotted j{ti'
the logarithm of the ionized vacancy concentrations as a function of re-
.clprocal temperature, It is not unreasonable to assume that_for some of
ﬂ»ithe binary compounds due to the‘difference‘in the free energies of anion S
.}'and cation‘vacancy formation‘the vacancy concentrationlcurves may crosst';‘

' .over as a function. of temperature. This case is shown in Fig. 1. The

crossover pointvwould-correspond-to stoichiometry.- At even higher tempera-"

'ture those vacancies will dominate which were in the minority at temperatures_fﬁl

below the crossover p01nt temperature. Thus, the solid can change from

n to p type as a function of temperature assuming electronic conductiv1ty '

and that the donor anion vacancies were domlnant at low~temperatures.

LN
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é -f"z' Cvh ‘ff'fl.jf“’tE  Composition of?BihaerCcmpounde'Under~"f: ;

; i R P 71,Vacuum,Eveporaticn~Conditions R ]
1 T Vacuum evaporatiOn is & klnetic experimentk as 0pposed to evaporation
§ J%from an equilibrium source such as an effusion cell._ The' rate of vapori-

3-1ézation in vacuum is proportlonal to the surface area of the SOlld 28 uhrle%,h
:-gevaporatlon from an equilibrlum source is surface area independent.‘ |
It was foundlq that the vacuum evaporation of many solids 1ncluding

ithe IIB-VIA. and IA-VIIA compounds is limlted by a slow surface reaction “5‘

Estep rather than by the desorptlon~of.the mobile surface atoms;9 The" o

.:eveporation'of IIB-VIA comucunds,isuconfrolled by a surface'reactionlo7;;;

r’
' . . .
I' S _g_; ‘which involves charge transfer. . Electrons and holes must be captured by = =

- “the 1ons at the surface before vapor121ng as neutral specles.- This R

23 and impuri;

11,30

ties on the evaporatlon rate of one face of a cadmium sulfide single; |

é“‘ ' ” ;,  mechanism was determined in studles of the effect of light
jcrystal.28

Assume the follOW1ng simple’ sequence of surface reactions: B

k slow ' T
(A B )lattice te + (:> “'3;‘"" ASurface o
i v : i ,2 R R

' *Bsurface +.(V A B V )lattice f

-

1.~ v ...t surface

: Pourrace - ;(8e)
é S : .% . ?
i(8a)




;lt{ 'which undergo rearrangement i e., association or dissociation upon

'écompounds,

‘}'Qto vacuum evaporation at a given temperature can be different from that

+

' f';reaction‘steps.. An example to this type of. evaporation mechanism is.

D=

.'(

: may undergo many collisions.A

The vacancy concentration at the surface is detennined by'the

. E—
activation free energy of vaporization, AFV In general all compounds !

,,_

HEN

' evaporation will have a AF different from the equilibrium free energy

of vaporization AF; 9’12 31 Thus, if bulk diffusion rates of vacancies

,.

”'~Qare fast at the evaporation temperature, as is the case for the IIB- VIA L

11,2

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

R KKK :
'u;state compos1tion .of the binary compound crystal . -which is subjected

~.of the. equilibrium crystal composition 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 - ’ﬁx

(

- f simultaneous trapping of electrons and holes by the cation and the anion
'uat the surface,,Eq, (8a). When evaporation takes place according to-

’ L'this.mechanism_thejcomposition of the freely vaporizing crystal should

‘show little or not'temperature dependence'since.both anion and cation

"-vacancies are produced by the same rate determining reaction step. Hence, .

(vacancies from the surface could diffuse into the bulk L

N 4,;»1,—«'“'

their ratio v /V = constant at any temperature. If there is a temperature;ﬂ .

dependence of the crystal composition under vacuum evaporation conditions,,

the formation of anion and cation vacancies must take place in two parallel

'

The use of single crystals is necessary for the vacuum evaporation

experiment in order to observe the change of composition.9 Powders ‘have i

]arge inner surface and channcl structure in which the vapor121ng atoms .
"3 L S




. ‘ : ’*‘—A ¥ - R RN
R (A » )lattice e *rj;‘f“?a*Asurface * (v A B )lattice’ Hf?&).
. ‘ X ’ 2 il : Lo . B ) .
a(A B )lattice <:> % :“Bsurface+ (V A B )lattice{’p}$9b)‘_z
' »Asurface v _ ? Avapor _ . eE e ﬁ:: ) £9c)‘:-~
QBs?rface ” P2 surface . o e i9 )’_4

: Since ks, k6’ k >> kl’ k for surface reaction limited vaporization the

' temperature dependence and the relative magnitudes of kl and k3, thus K
.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. ) ﬂ d . | _
The difference between:the."steady stateucomposition" and equilibrium;.f

composition of>a§binary compound crystal~could be measured experimentally.”

For this purpose one crystal should be allowed to vapoxrize. in vacuum untll“..f

- a steady state vaporization rate is obtained.lo.J Another crystal should -
' be allowed.to vaporize in an effus1on cell at the ~same temperature employed |

¢

for the vacuum evaporation until again, steady state rate is obtained for
i "ftthe vapor flux through the orifice of the equilibrium source. Electrical 1'_
't-;l measurem.en.ts21 could be used to measure the composition difference between

"’g~“vﬁ i';.the crystals which were subjected to vaporization by these two different

‘iimethods. 4'];4”.7

Tt must be emphasized that bulk diffusion rates of vacancies which
‘ ”rﬂf.are formed at the surface on account of the evaporation surface reaction
imust be fast, in order to Observe a different composition for crystals

subjected to vacuum evaporation from that of the equilibrium composition.'



ot

;}“ vessel (in vacuum or ‘under transpiration conditions) ~The change in

-stituents. We would like to show the effect of such a small change in

5The extentito'which the equilibrium composition will be approached depends,
_however, on the volume of theireaction vessel. Figure 2 shows the total

. pressure,

A If difquion rates are slow relative to the evaporation rate, there could

.

be no communication between the surface and the bulk of the crystal

throughout the evaporation, hence the variation in the vacancy concentration-

L is limited to a small surface layer which vaporizes rapidly., o ii

«
?

' Effect of Small Changes of_the Crystal Composition
on Closed System Vapor.Pressure_Measurements

”-f The composition of binary compounds, as it was described above, is

‘a function of the heat treatment it is subgected 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 ﬁ'

‘ﬂ composition is small since the. only case we are considering here is when

'..;,,
P

off-stoichiometry is within the solubility limit of both compound con- “”t e

: composition on the vapor pressure as measured in a closed reaction chamber..«f

Assume that the compound AB has 8 composition corresponding to'
618

lO atom/cm excess A as prepared for the vapor pressure experiment.

v

.This data could be obtained by conductivity measurements assuming that all o

of the anion vacancies which are due to the presence of excess A, are

1onized.. In equilibrium at a given temperature T 1000 K the binary com-vff' -

o o pound should only contain lO h atom/cm excess A.” The composition of the f

SOlld therefore, will change,by removal of excess A into the vapor phase.

l’ over: the SOlLd, AB as a function of the volume of the

'Lt

reaction chamber for different concentrations of excess A.v




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

the binary compound of equilibrium c0mposition.v This is the partial pressure

f_ to Egs. (2) and (3)

It is assumed that the vapor behsves_ss an’ ideal gas and that the

_ volume of the solid in eqﬁilibrium'wlth.the vapor-is V. .o=1 emS. The

_ _ solid
partial pressure, Py wasccalculated_assuming that Henry's law (§A-= k(Vg))'

k, the value, iA = 3-'{)(10"5 atm was used for the'partial pressure over

i

of cadmium vapor over cadmium sulfide at T = 1000°K, as measured by effusion

. . = - +
methods. The expressions, P Vrapor (N nsolid) k'T and Vo Vvapor- |
VSolid were used in the calculations, where N is the total number of excess
A atoms over that of the equilibrium value and hsolid is the number of excess

atoms in the solid as calculated using Henry's lswg k' is the Boltzman.:

constant, V and V are the volume of the reaction vessel and the
vessel vapor _ :

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

solid composition,is P tal ~'5.5X10'_'5 atm. At small volumes, the partial -

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

',equilibrium partiel pressure. As the volume'increases.the'contribution of

excess A over that of its equlJlbrium value to the total pressure decreases

’{l and the true value of P eq is approached. It is clear from Flg. 2 that small -
"'changes of the solid composition could result in large errors in the experi-

mental data. Setting the senS1tivity of closed system vapor pressure measure—""

ments arbitrarily at O 1 torr, a comp031tion change of lO 16 atom/cm

. -8 y
S (1.71X00 moles/cm )_could produce a measurable error in the measurements

3 .

s using a reaction chamber of volume V = 5 cm~. The interpretation of the
results of the closed chamber vapor pressure experiments coﬁld be further

'obscﬁred by measurement of the?apparentlequilibrium veporlpressure as a

function of‘temperaturé'in fhe same closed reaction vessel. The equili-

brium solid composition changes as a function of temperature according



o ,the vapor composition are also subjected to the analySis given- above as

TR 3lt has been well demonstratcd recently

" “compounds.

~ The dependence of the apparent equilibrium vapor pressure on the~

f;volume of the reaction vessel could however; be used to measure small::f

p ;changes of the solid composition accuratelyfa-Since 1t:1s an absolute,l’
,-?nethod, it:should lead to more accurateudétermination of the off-
-?st01chiometry'within the sens1t1v1ty .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',

v:law for dilute solid solutlons.'ﬁ

Clo ed systems which are used for spectroscopic determination of .

15, 34

These results may also

: fexplain some of the discrepancies between the vapor pressure data obtained ::

3 iltby‘static and dynamic vapor pressure measurements for several binary :

35

Inaccuracies in vapor pressure measurements due to variation of the

; g_jsolid composition can . be av01ded by using open reaction chamber technlques Lj
i:isuch as effusion or transpiration.' While-the vapor is slowly removed‘ |

."}‘;from the vicinity of the Solld the composition of the binary compound

7ifiw111 adjust itself to the conditions of the experiment provided that bulk
xt;diffus1on rates of vacancies are greater than the removal rate of the

fvaporizing surface spec1es. There w1ll be, however, a transient evaporation

ate.before steady State is attained, the extent of which will depend on.

‘ ;the magnitude of the solid composition variation and the bulk vacancy

';;'iaiffus1on rates.
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Fig. 1

Fig. 2

. . ! [ - + - +
compound, AB, with transition from V, << VB to V, 2> V..

;Wthe reaction vessel for small excesses of A. (10
...'1017

 _céntration.of excess A is 10

-15-

. -Figure Captions. 

- Schematicv:epreséntation of the,change,in'the equilibrium,

~.composition as a function of}temperature for a‘binary

A A B

" Varlation of the total pressure, Ptotal’ over the binary

 cohpound, AB, at 1000°K as a function of the volume of

16 atom/cm3,

atom/cm3, 1018 atom/cm3). In equilibrium, the conF.

N atom/cm3.




N

~16-

UCRL-11839

Fig. 4.




mmy | o -17- - UCRL-11839
= B EE— I

| ¥\f(A)=x_o‘j8 o T%IOOQﬂK ) ] |

07

g 7 -



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-

mation, apparatus, method, or process disclosed 1in
this report.

As used in the above, "person acting on behalf of the

Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access

to,

any information pursuant to his employment or contract

with the Commission, or his employment with such contractor.






