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HIGH TEMPERATURE VAPORIZATION MECHANISMS
Gabor A. Somorjai

Inorganic Materials Research Division, Lawrence Radiation Laboratory,
and Department of Chemistry, University of California,
' Berkeley, California

ABSTRACT

Experimental iﬁformation about the vaporization mechanism of solids
" is obtained from evaporation rate measurements which are carried cut Tar
from equilibrium. In such studies one stable face of a singie crystai
shoﬁld be used. Vacuum evaporation rates of sollds which undergo
structural rearrangement; dissociation or association upon vaporization
are, in general, markedly lower (a << 1) than the maximum evaporation
rate (& = 1) predicted by the Hertz-Knudsen-Langmuir equation. The raté
controlling step in the vaporization process, in most cases, is é surfeace
reaction followed by the rapid desorption of the vaporizing species. It
~is éxpected thét most refractory cdmpounds (carbides, oxides, borices and
nitrides) can have vacuum eVaporatioﬁ rates which are several orders of
magnifude lower than fhe méximum.rate derived from equilibrium studies.

. / .
Several mechanisms leading to congruent and non-congruent vaporization

3

S

<

are discussed. The vaporization characteristics of the different grou
of refractory solids are summarized. Experiments are suggested to

elucidate the mechanism of vaporization of refractory materials.
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INTRODUCTION

The vaporization characteristics of solids are’studied, in general,
under two distinctly different experimental conditions: (&) eguilibriunm
vaporization studies in which the vapor pressure and the vapor ccmposiiion
are determined, and from which may be determined other important thermoc-
dynamic data.l These equilibrium experiments, however, do not give in-
formation about the reaction path, i.e., the evaporation me chanism by
which the solid_constituents break away from their latticé sites and
desorb from the surface. (b) Investigations of the kinetics of vapor-

. . i
ization are carried out far from equilibrium, most frequently in vacuum.
Vacuum vaporization (Langmuir vaporization) experiments are commonly used

: L
in high temperature chemistry. It is well establishedB’

thst evaporation
is a multistep process duriné which the vaporizing-atoms may undergo
surface rearrangements or diffusion controlled reactions prior to the
desorption step.

Under conditions of vacuum vaporization fhe evaporation rate is
determined by the particular reaction step which is the slowest of the
series of reaction steps leading to the desorption of the vaporizing
species.2 On the other hand, the evaporation rate from an equilibrium
source (effusion cell) and the vapor composition of the solid in equil-
ibrium with its vapor is determined by thé thermodynamics of the systen.
The conditiohs'requi;ed'for the two rates to be equal are so stringent
(to be shown later) thét they can rarely be met. The e&aporation ra£es
(moles/cmesec) of solids into vacuum are generally smaller than their

2 . .
eveporation rates (moles/cm sec) from an equilibrium source at & given

temperature. For diatomic or polyatomic solids there can be several
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orders of magnitude difference between th¢ two fates if the solid under-
goes dissociation or association upon evaporation.e Thus, if technolosgy
calls for sustained performance of a material at high temperatures and in
vacuum it should be recognized that most materials will véporize apprec-
iably slower. than might be deduced from fhe vapor pressure data obtained
by equilibrium measurements.

vIn this paper we shall describe in some detail studies wﬁich are
carried out to uncover the evaporation mechanisms of compounds in the
IA-VITA, IIB-VIA, and IITA-VA groups of the periodic table. We have
studied thé evaporation mechanism of cadmium sulfide single crystals5’6
and = studies of sodium chloride and gallium arsenide crystals are in
progress. _We_shall discuss several other evaporation mechanisms which
have been investigatéd and we shall attempt to correlate the‘kinetic
data, whenever possible, with the evaporation characteristics of carbides,
ﬁitrides, borides, Qxides an& silicides. Experiments will be suggested to
further elucidate the vaporization mechanism of different groups of re-
fractory compoundse. | |

We shall diécuss the evaporation kinetics of solids only under
vacuum vaporiZatioﬁ conditions. In the presence of reacting gases, in
¢ither oxidizing or reducing atmospheres the rates of removal of the solid
can be altered drastically due to the chemical reactions which take place
at the intefface. The rate limiting vaporization step might be different

under these conditions from that in vacuum.



/

-3- | UCRL-17628

PRINCIPLES OF VAPORIZATION KINETICS STUDIES

Consider the vaporization of one face of a single crystal of a

monatomic solid, (A). Its net evaporation rate, J,, may be written as

Jv(moles/cmesec) = k A{solid) - k' A (vapor) (1)
. /

where k and k' are the overall rate constants-of the multistep evaporation
and condensation reactions, respectively, A(solid) and A(vapor) are the
surface and vapor concentrations., In order to achieve a steady state rate
of vaporization the surface concentration,A(Sélid),and thus, the surface
area of the crystal should remain constant during evaporation. It Shoﬁld
be noted that due to this criterion différent crystal faces may also have
different vaporization rates.

If the vaporization is carried out in vacuum so that the vapor atoms
cannot return to the vaporizing surface the evaporation rate is given by
JV = k:A(solid). It is customary for historical reasons to express the
evaporation rate in terms of ﬁhe condensation rate. This can be done only
in equilibrium where the two rates are equal. Thus, in eéuilibrium,

°q -1/2
s

. .. eq
k'A{solid) = k' A(vapor)= Peq (2nMRT) or

-~

-~ .

2 ‘ -1/2 .
Jmax(moles/cm sec) = Peq(QnMRT) / | . (2)

where Peq is the equilibrium vapor pressure and all other symbols have
their usual meaning. This expression gives the maximum evaporation rate,

Jmax,'of the monatomic solid in equilibrium. The atomic weight, W,

should be reéplaced by an average molecular weight Ft-in case there ere
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more than one vaporizing species M = ? niMi/ 2 n, where n, and ¥,
are, respectively, the number of molecules and th; molecular vieight of
the 18 species). Although Eq. (é) has been derived for the vaporization
or condensation rates near equilibrium it is frequently used to correlate
evaporation rates with vapor pressure daté when the experiment was carried
out far from equilibriuﬁ. Any deviation from this maximum rate due to

the different experimental'éonditions is then taken into account by the

insertion of @, the evaporation coefficient, into Eq. (2)

Jv(moles/cmesec)'z k(A)solid = « Peq(E-nMRT)"l/2 (%)

The evaporation coefficient can thus be defined as a(T) = JV(T)/J

o )

the ratio of the observed evaporation rate, Jv’ and the maximum rate
in equilibrium, Jméx’ at a given temperature.

Consider now the physical model which would lead‘to a= 1, a con-
dition which is frequently evoked in vaporization studieg. It requires
that every surface atom should be available.for vaporization, and that
the activation enthalpy of vaporizatioﬁ, AH*, be equal to the enthalp&
of sublimation, AHE. Furthermore, the vaporization of surface atoms
should take place from sites which are indistinguishable énd in which
their internal states afe identical to that of atoms already iﬁ the
gas phase.e’

These conditions.can rarely be met for most solids. It is well
established that the surface is heterogeneous, the surface atoms or
molecules have different binding energies at different surface sites7

and can have ‘different internal partition function. Thus, only

a fraction of all surface species may4have a binding energy equal to Aﬂs.
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Solids whigh undergo rearrangements,u association, or dissociation,2 or
even a chgnge in bond length would exhibit évaporation rates which are
lower than the maximum rate. Only molecular. solids which have strong
bohds within the molecular units and only weak dispersion forces between
the molecules would be expected to vaporize with a maximum rate. Metzals
which vaporize mostly as monatqmic species often have maximum evaporaticn

3,8

rates. This is somewhat surprising since metal atoms in the cfystal
latticg have strong and long range electronic interactionsvwith neighbors.
Thus, metal atoms in the surface have physical-chemical properties which
are markedly different from those in the vapor. More studies using single
crystal surfaces should be;carried out to explore the reasons for their

high vaporization rate.

' Equation (3) and the definition of a {(a(T) = JV(T)/J (T) ) show

max
that the evaporation coefficignt should be temperature dependent since
it 1s also proportional to the rate constant of the vaporization reaction.
In essence, when Eg. (3) is used to describe the evaporation process, all
of the experimental information concerning the evaporation mechanism is
hidden in the value of the evaporation coeffliclents. Therefore, & is
very sensitiyq‘to almost any change in‘the conditions of the vaporization
experiment. Thus it is more useful to express-the>evaporation rate, far
from eduilibrium, in terms of a rate equaﬁion [Jv = k(A)solid ]. By
changingvthe éonditions of véporization-the reaction steps ofvthe multi-
step evaporation reaction can be uncovered and the rate constant of the
rate limiting step may be determined,

In order to determine the detailed'mechanismrof vaporization of a

given substance one may begin with the détermination of the activation

: *
enthalpy, AHV‘, This datum is obtained from the temperature dependence
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of the vacuum evaporation rate using a single crystal surface. If there
is congruent vaporization, i.é., the composition‘of the solid remzins
virtually unchangéd in the_Studied tempergturevrange,e the logarithm of
the rate plotted against l/T°K should give a’straighﬁ line. The slope
of this line can be used to calculate an activation enthalpy which may
then be'compared with the enthalpy of wvaporization, AHz. A value of
AHj # Aﬁg indicates that the rate limiting step is other than the deszorp-
tion of mobile adatoms from the surface into vacuum.gb It should be noted
that AH: can be larger or smaller for the rate iimiting gurface step than
the heat of sublimation since the rate of the slow reaction step depends on
fhe product, k"(A)* and not on k" alone where k" is the rate constant of
the rate controlling step and (A)* is the surface concentration of species
with adequate energy to participate in the rate determining reaction step.
Thus, even if‘AHt < AH:’ either the*surfacé concentration (A)* or the
pre-exponential factor (k" = Aoe-AH /R?) might be smail and can make the
particular reaction step rate controlling.2

A noncongruent vaporization process may easily be’recognized by the
marked time dependence of ﬁhe evaporation rate at a given temperature.
When the-composition of the solld changes during vaporization, a steady
state evaporation rate‘cannot be established. 'for some of the non-
congruently vaporizing sollds a steady state vaporization rate may be
achieved after an "induction period" as will be discussed later. TFor
these substances an activation enthalpy, AHi, may also be determined from
the temperature dependence of the steady‘state rates.

The knowledge of the activation enthalpy alone, however, does not

reveal the detailed mechanism of vaporization.2 Complimentary experiments

should be performed to uncover the reaction steps leading to the'desorption
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of the vaporizing specles. Here we list some of the experiments which
under proper conditions were found useful in identifying the reaction
steps of complex vaporization reactions.

1. Vaporization rate measurements using single crystals which

9,10 11

are doped with (a) one of the crystal constituents, (b) impurities,

and (c) crystal defects in excess of their steady state concentration.LO’

2. Evaporation rate measurements as a function of the surface
concentration of the vaporizing species.

3. Studies of the vapor composition over freely vaporizing solid
and its variation as equilibrium is approached.13

4,  Measurement of the evaporation rates‘in a temperature range
where phase transitions (melting) occur..

5 Study of the variation of the solid composition under different
vaporization conditions. O’ 17
6. Study of the effect of liquid catalysts on the evaporation
rate.l6’l7 |

Te Illumination of the vaporizing surface by light of suitable

9,18

wavelength and intensity.

EXPERIMENTAL CONSIDERATIONS IN STUDIES OF VAPORIZATION MECHANISMS

In order to obtain reproducible evaporation rates a "stable" face
Qf a slngle crystal of well-defilned surface area should Ve used. A
"gtable" face remains unchanged under vacuum evaporatibn-conditions while
an unstable face shows facetlng, i.e., new crystal faces develop during
vaporization with a corresponding uncontrolled variation of the surface
area,l9 ‘The difficdlties'in carrying out experiments using éolycrysfaliine

povders and in interpreting the results of the evaporation rate studies have
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. 20 ' . ' .
been discussed recently. The surface area of powders 1s unknown and

v,
Ll

Y

irreproducible and the creviées and channels betweén the particles c
act as small effusion cells in whichhfhe Qapor atoms may undergo meny
collisions before ieaving the soiidf Thus, a éertainkfraction of the
powder éurface acts as an equilibrium source and £he ﬁeasured overall
evaporation rate will fall betweeh the true vacuum evaporation rate and
the maximum (eQuilibfium) evaporation rate,

A f&pical single crystal surface area of 0.1 cm2 was found to give
reproducible resulﬁs in the rate studies.e‘ Samples of appreciably larger
size may vaporize‘uhevénly due té a tgmperature gradiept along the crys-
gal surface. TFor smailer sémples the error due to thatlfraction_of atoms
whilch Vaporize from'otﬁer cfystal faces (no matter how well they are
masked) beéoﬁes increasingly larger.

The composition of polyatoﬁic soiids may chénge as a function of
the thermal hiétqry of the séﬁples.15 in addition, for both monatomic
and polyatomic solids the surface topology (concentrations of steps,
kinks, «..) can be a strong function of the thermal history and pu:ity
of the crystals which are used in the vaporization studies. In semi-
conductors or insulatorgfthe conéentration of cﬁarge carriers may Varj
drastically with minute changes of impurity or defect'cohcentrations.
Therefore it 1is imﬁortant to use'uniformly‘high purity samples which are
subjected to uniform annealing processes to standardize the surface and
bulk physical properties. Annealing, in general, should be carried out
in the temperature range of the evaporation studiés;

Vaporization is an endothermic reaction and excessive heat loss due

to rapid sublimation may result in surface cobiing.gl This can be avoided
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by restricting the evaporation rate measurements to small vapor Iluxes

5

(< 5%x10° moles/cmgmin);' This is, in fact, an advantage in high tem-
perature vaporization studies.

In vaporization kinetics studies the weight loss of tne sample

2

no

may be measured as a function of time. Microbalance technigues

e

allow one to detect weight changes continuously in vacuum in the range
8-10_5 g« Torsion balances may be used to an even higher degree

of sensitivity. Mass spectrometric monitoring of the vapor compositicn
allows the detection of ?105 particles/sec which corresponds to a

welght léss of = lO_11 g/sec.23 Thus, the use of a mass spectro-
meter in addition to a microbalance extends the temperature range of

the investigation appreciably. The two techniques are complimentary

and provide valuable information in studies of the evaporation mechanism.
Weiéht loss measurements by micrgbalance:techhiques give absolute

evaporation rates while mass spectrometric monitoring of the vaporiza-

tion reaction allows one to determine the vapor composition and rela-

tive changes 1 thé vapor composition from which the evaporation rates
may be calculated.
' 2k . e .25
- Other techniques such as optical or surface ionization
detection of the vaporizing species during the wvaporization reactions
have also been used successfully to monitor evaporation rates.

HIGH TEMPERATURE VAPORIZATION MECHANISMS

Among the substances most frequently utilized in the high tempera-

ture technology, the oxides, nitrides, carbides, silicides and borides of

elements occupy a prominent place. Study of the evaporation mechanism of

these sollds would be of great importance in predictihg their'performance
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under a variety of environmental conditions. Unfortunately, it is
difficult, at present, to obtain most of these materials in pure single
crystal form. 1In addition,.the experimental probleﬁs of carrying out
the vaporization studies at very high temperatures maké-definitiﬁe
kinetic measurements very difficult to perform.

We can find ﬁon—refractory compounds, however, which are likely
to show vapofization characteristics almost identical to that of‘cer—
tain groups of refractories. Since these materials vaporize iﬁ an
easily accessible temperature range, studies.of their evaporation
mechanism may be used to shed light on the vaporization mechanism of
different groups of refractory compounds. We shall discuss studies of
the evaporation mechanisms of several hon—refractory compoundé and
summarize the results of recent vacuum vaporization studies of re-
fractories. It is hoped thgt thé extension of these vaporization
studies using other solids will allow the determination of the evaéora—

tion mechanism of different groups of refractories.

EVAPORATION.MECHANISMS LEADING TO CONGRUENT VAPORIZATION

Dissociative Vaporization

There are large groups of substances which maintain a nearly
constant solid composition during Vaporizatioﬁ into vacuum. Some
of these solids dissoclate to their atomic constituents or molecular
aggregates of their'constituenté.' For diatomic.substances of this

type the dominant net‘vapbrization reaction can be written as
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AB(solid) - A(vapor) + By(vapor) (&)

where y=1, 2, or 4 in moét casés. Thus, the condi£ion of cong?uent
vaporization may be expressed &as ééig%ggzl = yéEKﬁz%%EEl . fhese
materlials may exhibit ionic or partly ionic character (NHuCl, ZnC, Cds,
etc.) or more covalent type bonding (SnOQ,VGaN, GaAs). Compounds of
the II - VI and IIT = V.groups of elements in the periodic table vapor-
ize in this manner. Mosﬁ of the compounds which were studied so far
show evaporation rates which are appreciably smaller than the maximum
rate (@ < < 1l). We shall restrict +the discussion to those materials
whose evaporation kinetics have been studied in some detail to 1llus-
trate the types‘of- vaporization.mechanisms leading to dissociative
congruent va?drization.

In Table 1 we 1list those solids which vaporize dissociatively and
whose evaporation rates havé been investigated.. The dominant vaporiza-
tion reaction is giveh and the experimental conditions (Vacuum vaporiza-
tion or equilibrium) wunder which it was determined is indicated. The
heats of evaporation, Aﬁg, (kcal/mole of solid), the activation en-
thalpies of vaporization, AH:, (kcal/mole of solid), and the average
evaporafion coefficients, &, for the studied temperature range are listed
whenever they have been determined° The temperature range of the ex-
periments and the type of samples (single crystal or polycrystalline)

ﬁhich were used are also indicated.
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Charge transfer controlled vaporization of CdS. The vaporization of

2
CdS single crystals has been studied in detaill. The compound vaporizes
according to the dominant net reaction, CdS(solid) - Cd(vapor) + 1/2

S,(vapor). Cadmium sulfide is a semiconductor [Egap(300°K) = 2,41 ev]

2
and its electrical conductivity can change by ten orders of magnitude
due to the presence of minute excesses of cadmium or sulfur in the
lattice (p.p.m. above the steady state compositionlo) or due to the

presence of electrically active impuritiesll (in.p.p.m. concentrations).

The following vaporization studies were carried out.

Temperature dependence of the va.cuum evaporation rate. The stable c-face

19

~ of the hexagonal single crystals™” was used in these studies (Fig. 1).

* .
The activation enthalpy has a value of»AHv = 5043 kcal/ﬁole and the heat
of sublimation is AH3 = 75.2 kcal/mole of the vaporizing solid in the

temperature range 650-800°C. The evaporation coefficient is < lO_l

in this range.

The effect of light on the. evaporation rate. The charge carrier ccncen-

tration at the Vaporizing surface can be varied by illumination with

light of greater than band gap energy.9’18

The light intensity in these
experiments has-to be high enough to be able to generate electron-hole
pairs in céncentrationé of the same order of magnitude of, or larger
than, the free carrier concentrafidn already available in the‘dark at the
evaporatioh temperatures. ‘This condition was met for highresistivity

CdS crystals. Thelevaporation rate was found to lncrease linearly with

light intensity in the studied range (Fig. 2).
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The vaporization of copper doped CdS. Copper is an electron acceptor
in\CdS which reduces the free electron concentration of the pure crystal
by orders of magnitude. It should be noted that light which affected
the evaporation rate of undoped cds crystals'had no éffect on the evapora-
tion of copper doped samples. This copper in the CdS crystal lattice
either reduces the free carrier lifétimé markedly or introduces cadmium
vacancies which play an important role in the charge transfer. When tﬁe
CdS crystal was uniformly saturated with copper at the temperatufe of
~ evaporation, the evaporation rate of Cu-doped CAS decreased by more than
50% from that of the evaporation rate of the undoped samplell (rig. 3).
In ordef to investigate the dependence of the evaporation rate on
the changing concentration éf copper at fhe crystal surface, copper was
vacuum deposited on only fhe (QOOI)-face of the undoped crystal. Then,
the other c-face (0001) was allowed. to vaporize while copper diffused
into the sample froﬁ the back surface. This way the vaporizing surface
retreéts while the copper diffusion front moves toward the vaporizing
face. When the copper diffusion front reaches the vaporizing surface a
rapid change in the copper surface céncentration occursll which gives

" rise to an exponential decrease of the evaporation rate (Fig. 4).

The vdporization of cadmium and sulfur doped CdS. The crystals were

dopedlO with excess cadmium or sulfur at elevated temperatures (900o -
llOO°C) then wefe quenched to freeze in the high temperature solubilities.
Although the solubilities of excess cadmiﬁm or sulfur in CdS are very
sma,ll (S 100 p.p.m.), the electron concentration can be changed by more
than ten ordérs of magnitﬁde by these doping treatments. The initial

evaporation rates of both cadmium and sulfur-doped CdS crystals were
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blower by almost anvorder éf magnitude than the evaporation rate of the
undoped crystals at the same temperature (700°C). The excess cadmium or
sulfur, however, diffuses out of the crystal during vaporization. When
all of the excesses ﬁre removed and the crystal attains its stea&y state
>composition,lo’l5 the evaporation rate undergoes a sharp transient and

returns to the value which is characteristic of the undoped samples (Fig. 5).

Surface concentration dependence of the evaporation rate. - The surface

concentrations of the vaporizing species, Cd(v) and Se(vapOT) were varied
by using an atomic beam of cadmium and/or a molécular beam of sulfur. The
molecular beams were allowed to impinge on the vaporizing surface at a
given temperature.6 Care was takeﬁ to maintain a sufficilently long mean
free path of all vapor species to exclude the possibility of gas phése
.collisioﬁs.. The rate of vaporization, J

cd
the rate of impingement of sulfur (JSQ) or cadmium (J

g» was measured as a function of
Cd)' It was found
that the evaporation rate of CdS is proportional to the -1/2 power of the

sulfur flux (J = Jg —1/2) as shown in Fig. 6, and that the cadmium
2 v : ' '

Cds
atomic beam had no appreciable effect on the évaporation rate.
The results of these experiments allow us to deduce the detailed

2,18 . o
’ The presence of excesses of cadmium

mechanism of CdS vaporization.
and sulfur and copper in CdS decreased.thé evapofation rates markedly.
These impurities have lcw solubilities in cadmium sulfide, but they can
change the free carrier»éoncentration in the vaporizing crystals by
crders of magnitude. It is apparent that the concentration of charge

| . R
carriers plays an important role in the vaporization process. The eflects.

of electrically active impurities and of light on the evaporation rate
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indicate that the vaporization is controlled by a charge transfer process.
The véporization reaction steps which can be deduced from the available
experimental information are: a) diffusion of excess cadmium ér sulfur
to the surface, b) electron transfer to neutralize the cadmium ions
at the surface, c) hole transfer to neutralize the sulfur ions at the
surface, d) association of sulfur atoms, e) desorption of sulfur
molecules, and f) desorption of cadmium atoms. The detailed analysis of
the rate controlling steps under thé different experimental conditions
has been reported elsewhere.2318 In bfief, under vacuum evaporation
conditions for undoped CdS crystals in dérk or in light, steps (b) and
(c) are indistinguishable and rate limiting. For sulfur and cadmium
doped cryétals, reaction (a) controls the evaporation rate. For the
vaporization of copper doped CdS, step (b) is the possible slow step.

It is interesting to note the self-correcting evaporation process
of sulfur and cadmium doped CclS.:LO In the presence of minute excesses of
the crystal constituents the evaporation rate was found 4o decrease markedly
(Figo 1l). Thus, the sféadyistéte?coﬁgoéiéiog h;é éwﬁaximuﬁvrafe of Vapor—
ization and any off-stoichiometfy is self-corrected by the out-diffusion
of the excess. This composition dependence of the evaporation rate
indicates that, although the compound dissociates upon vaporization,
the vaporization of the Cd(vapor) and Se(vapor) are not independent but
must be controlled by a single reaction step whichvtakes place at the

31

vapofizing surface., Searcy and Leonard”  have found that oxygen doped Znd
shows the sdme self-correctihg vaporization Characteristicé,'i.e.,vekcess
oxygen decreases the evaporation rate of zinc oxide and must diffuse

out of the lattice before the solid can return to its steady state rate
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of Vaporizatioﬁ. This ﬁype of self-correcting compositionbdepeﬁdent
evaporation rate may well be the property of the majo;ity of congruently
vaporizing solids. | |

It is likely fhét the charge transfer controlled vaporization
mechanism is more generally applicable to a gréup of congruently vapor-
izing solids. Binary compounds such as oxides, halides and sulfides of
Ag, Pb, C& and Sn in addition to the IIB - VIA compounds are likely
candidates forvvaporization by the charge transfer mechanism. The ex-
perimental information available at the present, however, does not

allow us to propose any general correlation.

A
Vaporization Characteristics of IIT-V Compounds

Compounds. of  the III-V elements also dissociate upon vapori-
zation. The activationventhalpies of vaporization of several‘solids
which belong to this group are given in Table 1. The temperature depen-.
dence of the vaéuum_evaporation rate of GaN(solid) has been studied by
Munir and Searcy27 and the activation eﬁthalpy of vaporization has been
determined. Shoemaker17 has found that in the presence of liquid gallium
the evaporation rate of GaN increases by an order of magnitude. Liquid
gallium seems to catalyze the evaporation process by possibly dissolving
the vaporilzing species.l7 The presence of a liquid phase provides an
alternate reaction path to the breaking up of the crystal lattice during
vaporization. Other examples to the catalysis of vaporizatioﬁ by the |
presence of a liquid are the evaporation of grsenic or red phosphorus

16

in the presence of molten thaliium.

’
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Recent evidence indicatesuo that the evaporation mechanism of some
of the III-V compounds may cﬁange as a function of temperature. It was
~ found that for gallium arsenide, GaAs, the log JV vs 1/T°K plot does not
yield'a straight line. The resultant curve breaks sharply at about
850°C and one can assign different activation enthalpy values for the low
and high témperature portion of the curve. At elevated temperatures Geis
vaporizes according to the net reaction GaAs(solid) - Ga(vapor) +
g Asg(Vapor) + (lﬁ5> Ash(iapor). The detailed mechanism of evaporation
is being studied at the present in our laboratory. It is likely thet the
change of the evaporation mechanism may be due to the presence of a liquid
gallium phase in a given temperature range.

Boron nitride, BN(solia); on the other hand shows non-congruent
vaporization.hl Boron(solid) condenses out on the vaporizing surfacé
and. further vaporization is limited by the out-diffusion of nitrogen
through the boron layer. Thus, the IITA-VA compounds. seem to show a tran-
sltion from congruent to non-congruent vaporization. Which of the com-
pounds belongs to one group or to the other‘éeems to depend on the
relative evaporation rates of the IIIA and VA compoﬁnd constituents. ITf
the IITA group component is liquid at the &aporization temperature, the
evaporation rate may.be increased by tﬁe presence of the excess IIIA metal.
If the IIIA gomponent remains solid at thé vaporization femperature the
evaporation rate may bécome limitedvby.the out-diffusion of the VA
constituénﬁ through a layer of the solid IITA constituent which has
condensed out at the vaporizing surface.

TheSe results indicate that the vaporization of.the IITA and Va

components from the surface of the III-V compounds follow indeperdent
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reaction paths. They seem to have different evaporation mechanisms which
should give rise to different evaporation coefficients for the two
componentse.

Future studieé using single crystal GaAs and other III~V»compouhds
will be aimed atb the.uhderstanding of ﬁhe detailedAvaporization reactions

of both the IITA and the VA componentse.

Congruently Vavorizing Nitrides -
o Py > .

well-

ct

Several nitrides‘shéw congruent dissociative vaporization a
defined‘solid compositions under.conditions of vacuun veporization. ALL
of these compounds have vacuum evaporatlon rates which are more than tvo
orders of magnitude smaller than the maximum-evapofation rates in the
;studied temperéturé rangé. Botﬁ IT-v compoun@é, Be3N2 and Mg5N2 belo:é
to this grbup.and they both éhow vacuum'evaporétion rates wnich are aboul

three orders of magnitude smaller than the meximum rates in the studied

6,28 2

-

température rang_es.2 Among the III;V nitrides, AlNgé’ul and Gak,

vaporize congruently. Among the nitrides of the transition elements onl

29

TiNb 8 seens to belong {to this group. Some of the Vaporization

characteristics of these compounds are given in Table 1.

[

Congruently Vavorizing Oxides
The majority of the oxides_vaporize congrueﬂtly; frequently witha

tne formation .oif several oxide vepor molecules of the generel formulz

M O (vapor) (x= 1,2, ..y = 1,2,...). Several of these coupcurdis
<y PR ‘ PR _

were studied under vacuum eveporation conditions. In all of these
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Therefore,vthe vaporization mechanism of these compounds cannot be de-
duped at the present.

Thervaporization of tin oxide, Sn02, was studied by Searci and
Hoenig‘,u2 They report vacuum evaporation rates which dare roughly an

order of magnitude lower than the maximum rate as predicted by Eq. (2).

The vaporization of A1203, Ga205; and In2O5 was studied by Burns et al.iu’Bl

Agéin the vacuum vaporization rates are markedly smaller than the maximum
rates, They have also observéd & discontinﬁity in the evaporation rate
at the melting point where the rates show a sudden three-fold increase.
Thus, it is appareht that the vaporization 1s controlled by the breaking
away of the vaporizing units from the crystal lattice at the vaporizing
surface. Once the crystal lattice collapses vaporization is accelerated
and becomes limited by the desorption rate of the vaporizing species.

Several refractory oxides vaporize by the sublimation of the metal

b3

atom in addition to the oxide and the oxygen vapor molecules. For

example, the vapor composition over thorium oxide shows a ratio,

b Ca0 and MgO break

ThO/Th = 4 under certain experimental conditions.
up Completelyu5 according to the reaction MO(solid)- M(vapor) +
1/2 OE(Vapor). Other congruently véporizing oxides form more than one

type of oxide vapor speciesl+5 (vanadium and tungsten oxides and titanium
~

: i
" dioxide). The vaporization of boron and barium oxides on the other handu5"o

seem to yleld Ba0 and B,0, vapor molecules,

Associative Vaporization

There is a large group of solids which associate upon vaporization.

47,48

It is'well known that the alkall halides vaporize according to the
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: *
dominant reaction
AB(solid) -» xAB(vapor) + iléﬁl (AB)E(vapOr) (%)

The evaporation mechanilsm of’éodium chloride single crystals 1s under
investigation at the present.: Among the monatomic solids which vaporize

kg, 50

in this manner, the vaporization of graphlte, arsenic and phos-
phorusl6 have béen studied to some extent.

In Table 2 we list thbse congruently vaporizing solids which
associated upon vaporization. The dominant vaporization reactions are
given together with the heats of vaporization, AHg, (kcal/mole of solid)
and the activation enthalpies ofvvaporization, AH:; (kcal/mole of solid).

The average evaporation coefficients, Q, for the studied temperature

ranges are also llsted wherever they have been determined.

Evaporation Mechanism of NaCl Single Crystals

Temperature dependence of the vacuum evaporation rate. The (100)-face

of NaCl siﬁgle Erystals ﬁas used in most of these experiments. This
face cleaves easily and is stabie under.conditions of vacuum'vaporiza-
ﬁiqn. The tempefature dependence of the evaporation rates were.meas—
ured.using a microbalance and also by using a mass spectrometer in

the temperature rdnge 4oo - 6§O°C. The dimer concentration is roughly
12% of thevtotal vapor éoﬁcentration in this temperature range. It was
found that the activation enthalpies of vaporization which were obtained
using different NaCl crystal batches varied by as much as 10 kcal; (The

crystals were of optical grade obtained from Harshéw Chemical Company.)

. o .
In some cases (LiF for. example) the existence of higher polymers has

been well established. (

N
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L7, 48

Representative curvés of our results and that of Kusch, et al.
and the maximum rate of vaporizatlon as determined by effusion studies/6
are shown in Fig. 7. We also list in Table 3 representative values of

the activation enthalpies of vaporizatioh which were obtained for both

the monomer and the dimer veapor speciles.

The vaporization rate of doped NaCl single crystals. Since the crystals

used in our studles were of the highest available purity it was thought
that the presence of minute uncontrolled impurities were actually re-
"sponsible er the varying evaporation rates. Therefore, crystals were
doped with a variety of impurities and defects; OH, Ca2+, Oé, Br—,
Na and Cl (excesses) to verify their effect on the vacuum evapora-
tion rate. The presence of sodium ion vacéncies or chlorilde ion
vacancies which were introduced by heating the crystals in sodium or
chlorine vapor had no effect on the vaporlzation rate. Unlike the

lattice defects of the IIB-VIA compounds (CdS, ZnO) these vacancies

seem to diffuse rapidly from the NaCl crystal lattice at the evapora-

fion'temperatures. Thus, except for a short transient period‘wheﬁ the
crystal is first heated, the crystal retains congruency throughout the
vaporization. It was also found that impurity ions which fit into the
anion or cation sites in NaCl without introducing any marked disﬁortion
of the crystal lattice had also'nd effect on the vaporization rate.

' These were Ca2+; in concentrations as ﬁuch as 0.5 mole>%, and.OH' ions
in an unknown concentration sufficient to produce a distinct absorp-

tion peak in the infrared spectrum at 2.76u.
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When oxygen (Oé) jons were introduced into the NaCi latfice,

" however, the evaporation rates have'changed with reépect"to the uri-
dopéd crystals. Upon introduction of oxygen the rate increased and
the activation enthalpies of Vapérization of both monomers and dimers
decreased by several kilocalories. Also,‘the dimer to monémer ratio
decreased by about 40% in the temperature range studied.

These studies are étiil in progress using sodium chloride crystals
which are gréwn by pulling from the melt. The starting material had
been zone refined under an HCl atmosphere in order to remove bromine
and oxygen containing impurities. Also, crystals have been produced
with a high dislocation content-invérder to study the effect of dis-
logation density on the evaporation méchanism‘ These effects will

be discussed.

The Vaporization of Graphite

The temperature dependence of the graphite vapdrization rate into
vacuum was measured by several investigato;'s° Recently Burns et al,u9
have reported on a mass-spectrometric study of free vaporization .of graph-
ite using single crystals of well-defined orientation. Comparison of this.
data with equilibrium vapor pressuré determinationsﬁo indicates that the
vacuum evaporation rates of all carbon vapor specles are approximately

an order of magnitude smaller than the maximum rates at 2500°K. It is
apparent from the experimental results that at higher temperatures C

>

molecules are the most abundant vapor species.
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Vaporization of Arsenic and Phosphorus

The vaporization of arsenic, red and. white phosphorus into vacuum
has been investigated by Brewer and Kanel6 using polycrystalline samples;

57

More recently Rosenblatt” has measured the evaporation rates of single
cf&stal arsenic,

The dominant vapor speciles over solid arsenic is Asu(vapor). The
vaporizatlon rate into vacuum was found to be seven orders of magnitude
smaller than the maximum rate as determined By equilibrium studies. The
(111) crystal face gave lower evaporation rates than that of the (110)-
face. From the temperature dependence of the gvaporation rate the acti-
Qation enthalpy has been determined and is given in Table 2.
| The evaporation rates of two modifications of phosphorus, red and
white have been investigated. .Red phosphorus has a crystal structure

with equal energies for all P-P bonds while white phosphorus is a molecular

——éinfél“Which4dontainsﬁEuhggits with only Van der Waals forcesl6 between

the P) molecules. The dominant vapor SpeciéQWEQéf“Bbth”forms:of phos-
phorus are Ph molecules. White phosphorus does not undergo much re-
arrangemeht upon vapérizatidn and exhlbits vaporization rates equal to
the maximum rates predictéd by Eg. (2). - Red phosphorus, however, shows
evaporatlon rates which, in the same temperature range, 275-&CO?C, are
six orders of magnitude smaller than the maximum rate as determined by
equilibrium studies, The activation enthalpies“of vaporization for both

modifications are gilven in Table 2.

" Non-Congruent Vaporization

Compounds which belong to this group of sollds have constituents

with markedly'differeht evaporation rates. For & diatomic solid, AB,
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of this type,bthe critéfia1of"hbn-éongruent Vapbrization may be written

as QéﬁX%%EE). # 92&%%2951 . Thus, the solid composition may change
markedly during vaporization; ‘This kind of vaporization process indicates
that the vaporization of the compound constituents must be independent
and follow separate reaction paths. Although a large fraction og‘the
refractory compounds veporize in this manner (most carbides, borides,

and silicides), the detailed vaporization mechanisms which lead to non-
congruent vaporization have not been investigated extensively. It is

possible however, to describe several types of vaporization processes

which could lead to the non-congruent evaporation of solids.

Diffusion Controlled Vaporilzation

One type of net vaporization reaction which leads to diffusion

controlled vaporizgtion may be written as
AB(solid) —» A(solid) + B(vapor) ' (6)

The kinetics of thls type of vaprolzation reaction may be divided Into

two stages: a) translent vaporization and b) steady state vaporization.

.a) At the onset of the evaporation the compound decomposes rapidly
at the vaporizing surface. One of the coﬁstituents, (B(vapor)), 1is re-
moved to the vapor phase while the other constituent, A(solid), condehses
at the interface., Once the whole surface of AB(solid) is covered with
A(solid) the vaporization rate wiil depend on the rate of arrival of
component B to the vaporizing sgrface via diffusion through A(solid).
Initially there is_only‘a thin l@yer of A(solid) covering the compound

surface through which diffusion of B(solid) may be fairly rapid. Thus,

s
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the interface‘between AB(s0lid) and A(solid) moveé deeper into the solid
while‘the vaporizing éurface remains yirtually statioﬁary. ’As thé-A(solid)
layer thickens, the rate of arrivél‘of B(solid) from the AB(éolid) -
A(solid) interface to the vaporizing sﬁrface diminishes. Since the evap-
oration rate depends on the surface concentration of B(solid), it also
decreases rapidly.

The extent of this transient evaporation rate which is controlled by
the diffusion of B(solid) through an increasingly thicker layer of A(solid)
depends on the temperature, the porosity of the condensiﬁg layer of A(solid)-
and the diffusion rate of B through A(solid). The kinetics of such
a‘transiént_vaporization process can be even more complicated if a phase
transformation occurs during’the continuous change of the solid composition.

Nevertheless, the mechanism of diffusion which controls the vaporiza-
tion of B(solid) and thus the decompoéition rate may be deduced from the
transient vaporization rate. For example,; if we éssume'that the rate of
vaporization of AB(solid) is a function of the concentration of B(solid)
at the vaporizing surface, and that this concentration is already very
sma11™® the_cpncehtratiqn_of B(solid), Cp &t any point in A(solid) 1s

given bylo

C, = z A - exp(-C t il
B 2,m,n “lym,n xp( ﬂ,m,n.) ‘ (7)

where

f,m,n 8 ) X

o - [gaz;1}2'+ (Emzl)?i_(%él)g} (8)
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where D i1s théldiffﬁsion constant and a, b;.and ¢ are the lengths of the
edges of the crystal. TFor large times dnly'the'first tefm in the sum

need be considered (£ = m = n = 0) so we have

~ -2 1 : 1 1 _ , \
Cy = exp (-D )<,"2'+ Z* ;5) t (9)

o’

a

'Since'tﬁé evaporation rate is given by _;Qéﬁggliél =k CB from the time
dependence of the evaporatibnvréte.the diffusion constant can be cal-
culated. It is apparenﬁ, hoﬁevér, that the mechanism of diffpsion con-
trolled vaporization canvbe different from system to éystem. The
boundary conditions used tp solve the diffusion equation should be
modified so-that the resulting solution gives a good fit to the ex-
perimental translent vaporization rate data.58
b) The increasing thickness of the condensed layer A(solid)
finally reduces the diffusion rate of B(solid) to the vﬁporizing sur-

face to such a small value that its evaporation rate approaches the

evaporation rate of A(solid) ['dﬁ vapor ‘ ., dA(vapor) J .

| . T la(sora)
When this happéns A(solid) is removed at the vaporizing surface as rapidly

as it is condensed at’ the AB(solid) - A(Solid)vinterface. Thus, the
A(solid) layer has reached its limiting thickness and steady state
vaporization of AB(solid)vcommences. The limiting thickness of A(solid)
at the vaporizing surface ﬁay be very small (fof example if the diffusion
rate of B viﬁf  A(solid)' is .slbw),or may be infinite (the whole com-
pound, AB(solid)’decompoSes before steady state vaporization can be
attained). Under these steady stéte diffusion conditions however,even
non-congruently vaporizing solids will show an apparent congruent vapor-

ization rate.
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Another type of vaporization reaction which leads to non-congruent

evaporation may-be written as e

AB(solid) — A(melt) + B(vapor) 4 | (10)
After the rapld removal of B(solid) from the vicinity of the vaporizing
surface further vaporization may be limited by the diffusion of B(solid)

through the melt. This process is expected to be .more rapid than the

solid state diffusion process discussed previously. It is likely that

‘non-congruently vaporlzing solids of this type can vaporize with nearly

maximum rate. The liquid phasge is unlikely to provide the solid with a

protective coating as a condensing solid phase frequently does.
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'Figure Captions

Fig. 1 Rate of evéporation-of CdS single crystal c-face as a funétion
of reciprocal temperafure. B |

Fig. 2 'Light intensity dependence of the évéporation raﬁé of sﬁlfur-'
doped (1200 C, 20 atm) CdS single crystal c-face at 696°C.
100% = 2.0 X 10” pW/cm .

Fig. 3 Evaporation rate of the (OOOl)-facé of‘CdS at 700°Ce ~ The

| crystal was copper dopéd at T00°Cy¢ Dotted line shﬁws the
evaporation rate of undoped crystal.. |

.Fig.'h_ Evaporation rate of the (0001)- face of CdS at 729°C while
copper diffused into the crystal from the (OOOl) face.

Fig.s 5 The evaporation rates of CdS single crystal c-faces as a
function of time at T.= T15°C after cadmium-doping at different
teﬁperatures.

Fig. 6 The evaporation raté of Cds single cryétal c-face as a function
of sﬁlfur impingement rate.at‘7l5°C.

Fig. 7 | Vaporization rates of the (100) face of several sodium chloride

single erystals.
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Table ). The evap‘ore.tion ih&ra,cteristica of dissociating solids. The }:aa.ts of evaporation, AHV(?QB)’ the activation enthalpies of
vaporization, AHV, and the average evaporation coefficlents, &, are listed wherever they have been determined.
The temperature range of the experiments and the type of samples which were used are also indicated.

Compound Reaction B (p98)" ar® 5P Sample O Temp. Rer
(keal/mole solfd) (kcal/mole solid) v Range (°K) .

— Aaf(s) = AL(VI1(v)(1n equit) 153 102 5107 polyerystalline 1450-1750 26
o GaN(s) — Ga(2 3N, (v)(1n equil) 23,4 - 3107 - 1200-1k00 27

GaN(s) - Ga(v)+3N,(v){in vacuun) - 83 3x10™ n 1150-1275 17
BesK,  Be,N(s) - 3Be(vMI,(v)(1n equil) 37623 10813 5x10™ " 1600-1870 28
MR,  Meg(s) - SMe(v IRy (v)(1n equil) 2l 5 1073 . 1001250 26
TR, g TN, g - T1(v)+10.8N, (v)(1n vacuun) 127 - 10”102 " 1800-2200 29
2eBy gop ZrB g o Zr(v)+1.906B(v)(1n" equil) 303 - 2,502 " 2150-2475 30
N0, M04(s) - 2K1(v}3/2 Oy(v)(in vacuum) 59 . 3107t " 2100-2500 14,31
Gay0y  Gay0,(s) — Gay0(v)+0,(v)(4n vacumn) ke - - 31071 " 1250-2100 31 &
Iy,  Iny0y(s) ~ InyO(v)40,(v)(1n vacuun) 220 - 307 " 200150 31 by
8r0, 8n0,(s) = SnO(v)+10,(v)(1n equil) 1321 90k Bx102 " 1240-1480 28
Zno Zn0(s) - Zn(v)+30,(v)(in equil) 114,841 8548 231077  single crystal 13001530 28,31
cds Cds(s) — Ca(v)}+3S,(v)(1in vacuun) 81.8%2 50.3%1 10‘17 " 870-1170  5,32,33
Case Cdse(s) = Cd(v}+iSe, (v)(1n equil) 79.5% 55,921 1071 " 870-1150 5,34
FeCl,  FeCly(s) - FeC1, (v 01, (v)(1n equil) 13.0 (13.0)° 10 polycrystalline  575-675 35
Ba,COy  TayCOy(s) —2Ra(vhe0,(v)+0,(v)(1n equil) 228 - 102 " 1200-1380 36
NH) P mrhr(s) -’NHB(V)HIE(V.)(Ln equil) 36.1 12,2 - " 3T3-873 37
WGl RCL(s) N (v)HHCU(v)(1n equil) .3 13.5 107 " 390-490  37,38,39
NH, Br N Br(s) '—a'm}(v)ﬂmr(v)(in equil) 4.9 15.0 - " 373-875 39
MI |, WyI(s) = RL(V)4HI(v)(1n equil) k3.5 16.6 3 " 373873 39 §
% At 293°K in keal/mole solid unless otherwise noted. "
b At avg. T of experiment. - &?

€ Estirsted ve_.'.U.:.e:S5 2
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Table 2

The evaporation characteristics of associnilng solids. The heats of evsporation,
vaporization, AH;, ard the average evaporatiun cocfilcienta, a, are listed wherevar
temperature range of the experiments and the type of samples which were used, are nlss indicated.

’\“':(93

| UCRL-17628

R)s the aetlvatison eoihnliples -.f
hey lmve been determined, The

b - b
Compound React{on ° 8 Ay aQ, Temp, sample Reference
(kcs?ﬂxg§2aza or} (kcal/mole wepor) Range(°K)
P
NaCl NeC1{s) — NaCl{v)(in vacuum) 53.5t1(900°K) 61.7 21071 875-955  single crystal 7,52
2N8CL(s) ~ NagClo(v)(in vacuum) 57.4£1(900°K) 61.2 1-1 875915 : “ W7, b
LiF LiF(8)— LiF(v)(in vacuum) 62,4 ; - 5x10”L  9Rn_1070 . o5, 48
2L1F(8) = LigFp(v)(in vacuum)  65.3 . 6x10"1  980.1070 " 25,4718
SLAF(s) - LisF5(v)(in vacuun)  Thi9’ . 510-1  980-1070 u C 258
Graphite ¢{s) ~» c(v)(in vacuum) i . 2x107t 2500 " 49, 50
2¢(a) = Cp(v)(1n vacuum) 195 - 3x10™1 2500 . 49,50
3¢(s) = Cy(v)(1n vacuum) 187 . Ux10°2 25010) " 49,5
P(red) up(s) ~ Py(v)(in vacuum) 28 . 52 1(""6 560-670 polycrystalline 156,9]
P(white) P,‘(a) ~ P, (v)(4n vacuum) 28 « 28 1 560-670 " . 16;:1‘
Az bas(s) - Asy(v){in vacuum) 33 N Lht2 10-T  SW5.675 single crystal 16,51
A5203 ASQO5 - xA5203(v)¢ . 22.)d 55.5d 10_6 373-573 polycrystalline 5k, %o
(claudetitite) (1-x}/2 As)0g(v}(in vacuum)
A3)0 Asu06(s) —;Ashoé(v)(in vacuum) 22,}d 2).0d 1 300-370 “ 3,56
{arsenclith)
Feclj 2Fecl)(s) - Feecls(vv)(in eq‘uti) 32.6 (38.9)° '{xlo'5 575-675 " 35
a. At 298°K in kcal/mole of vapor unless otherwisé noted.
b. At average temperature of evaporation,
c. Egtimated value.
d.. Average values in kcal/mole of solid.
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Table 3

Representative values of activation energies of

vaporiiation for several NaCl single crystals.

- * *
Experiment monoIner(kcal/mole) . AHdimer(kcal/mole)
Crystal 1 465 ¢ 2 53.5 1 2
(100) face -
Crystal 2 54,0 = 2 63.0 £ 2
(100) face ‘
R.E.K.LL8 61,7 + 4.6 67.2 = 4.6
(100) face

: .55 o » o
Equilibrium M = 535 % L AHV = 574 +2
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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

B. 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 in
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.








