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DISCLAIMER

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

Gabor A. Soﬁofjai
Inorganic Materials Research Division, Lawrence Radiation Laboratory

and Department of Chemistry,
University of California, Berkeley, California

'Exploration of the'structural and chemical rearrangements at

the vaporizing surfacé‘leads to a better control of the rate of

sublimation.

- Studies of subliﬁati§ﬁ méchanismé‘afe carried out to uncover the
' reacfion steps-by which atoms Bregk away from their neighbors in the
crysta; lattice énd are rémoved ihto‘the gas phase. Detailed under-
standing of these steﬁs‘should allow us to control vaporization, in-

crease or suppress its rate by suitable adjustment of the conditions

of sublimation.
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Most previous studies of sublimation were carried out under conditions
of equilibrium between the solid and va?or in order to obtain the?modynamic
data (vapor.pressufe,-enthalpy, free enérgy) for the vaporizétion reaction.
Vaporization expefiméﬁtéréf this type, however, do not yield information
about the reaction path.” = Little attention ﬁas been paid to studies
of the kinetics 6f'vaéoriﬁétibn which are éarfiedﬁout féf from equil-
ibrium and éhould‘pré%ide inférmaﬁioﬁ'abouf'the mechanism of'Sublimatiqn.
Thésé'iﬁvestiéatibﬁs'ﬁéée been carried out .only fecehtly on a relatively
small number of solids in a few laboratories;1

I shall discuss here séme.of the.prinéiple; and techniques of sub;
limation kinetics studies and describe our present physical picture of
the vaporizatioﬁ proceéé; Finally, I éhall discuss investigations of the
sublimation mechanismsvéf foﬁr_éolids which may be taken as representatives
of laréer groups‘of ﬁaterials;f

Consider thé;#aporization 6f ohe cfystal face of a monatémic golid
A(solid). If we assume'ihatvfhe ovérqll vappriéation,reaction is |

A(solid)gg.AKyapbf), the net rate of vaporization, J, can be expressed as
k t : .
J(moles/cm?sec) = k(A)S -'k'(A)vv ' (1)

where k and k' are the rate constants for vaporization and condensation,
respectively, (A)S is the concentration of molecules in the surface sites
from which vaporization procéeds and (A)V is the vapor density. For
studies of the kinetics of véporization the éondensation rate, k'(A)v,

- must be smaller than the rate of sublimation, k(A)S. In such investiga-

tions the evaporation rate of the solid is measured under non-equilibrium



i UCRL-18226

condltlons,.most frequencly in vacuum.l For sublimation into vacuum
or as it 1s frequentLy called, "free vaporization,” the rate of con—
densationican be taken:as zero and Eq. (1) can be simplified.to,

J (moles/cm sec) k(A) k'(A) ‘exp(-E /RT) where k is a constant
related to the frequency of motlon of vaporizing molecules over the

energy barrler, E*, R is the gas constant and T is the GCemperature.

The makinunvﬁheoretical rate of vaporization from the surface, '
Jmax’ would ce'ettained at a given temperature if the solid were in
udynamlc equlllbrlum w1th the vapor [k(A) = k'(A)V]. Under these con-
ditions the net ratey J,'ls zero. Such conditions may be studied
however, byvcarrylng out the vaporization experlment in a cell (XKnudsen
cell) with a very small orifice'through which onie may "sample" the vapor
.phase w1thout 51gn1f1cantly perturbing the solld-vapor equilibrium.
Thus, from equlllbrlum (Knudsen cell) studies one can determine the
maximum evaporatlon rate of most substances. The vacuum sublimation
rate, on the otner hend, may have any value depending on the mechenism
of uapcriZaticnvbut'itsvupper limit is that which 1is obtained under
dynamic equilibrium conditiqns at a given temperature. It is customary
to express.the deviation of the vacuum evaporation rate, Jv, from‘that
of the maximum equilibrium_rate, Jmax’ in terms of the evaporation
coefflclent a, which is given by a(T) = J (T)/J (T).1 We shall see
that~the vacuum evaporatlon rate for some substancec can be equal to
the maximum rate (a(T) 1) while for others it can be orders of magnitude
smaller than the maximum rate (Q(T) << 1).

There is strong experinental evidencégéndicating that the surface

of the solid is heterogeneous, one can distinguish several atomic
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pbsitiéﬁs which differ in the number of neighbors surrounding them.
figure l'dep{cts some of these poéitions. Atoms in theée differen%
surface sites havevdifférént binding energies. Vaporization is con-
sidered to be a muiti-sfepvprocess in which atoms break away from a
kink site, may diffuse on the surface until they are ready to vaporize
most likely from én adsdrbed étafe.‘ This simpie sequence of reaction
steps beco@eé more complicated if the surface atoms or ions must undergo
rearrangements such as aséociaﬁion, dissociatibn or chargé transfer prior
to désdrption from thé'vapbrizing surface.l The rate of any one of these
reaction steps may’éontfdl the dverall sublimation process. Certain
solids may'vapériZé by‘iwé different reaction paths which can operate
simultaneously a£ different surface sites.

During vépofization'the Struéture of the surface adjusts iﬁself to
the particular conditions bf sublimation as to attain optimal vaporiza-
tion rate. During these rearrangements in the surface strﬁcture there

5

is an initially traﬁsient evaporation rate. After'a short induction
period}uieveg a steady state vaporizatipn rateAis obtained which can then
be maintained at a givéﬁ temperature.

tudies of_sublimaﬁion mechanisms may Be divided into twd-categories.
(1) Chemical studies which are carried out to uncover the chemical re-
arrangements (associétion, dissociation cﬁarge pransfer)}which take
place during vaporization, and (2) studies of surface topology which
reveal the surface structure (arrangement and concentration of atomic
steps, ledges, dislocations, etc.) to give the optimum sublimation rate

under Gifferent experimental conditions. The sublimation of substances
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which uhdergo mafkéd'chemical rearrangehents during vaporization is, in
general;_coﬁtroiled by fhe‘rate of é chemical reaction which takes place
at a particﬁlar"Surfaéé siﬁé. For solids which do not undergo marked
atémic rearréngements during sublimation the surface structure plays a
more dominant role in determining the rate of vaporization.
StudieS"of';ublimation meéhéhisms shouid; in general, be carried
. qut using "Staﬁlef sihgle”Cryétal éurféces.; (The surface area of a
ﬁstable" erystal face Temains éonstant thfoughout the vaporization.)
The use 6f'pdiycryéfailiﬁé samples'can'lead to serious difficulties of
interprététion?of thé-exﬁerimental result§.6 The measuring techniques
are of two ﬁypes; (lj'total weight loss measurements which are carried

7

out using vacuum microbalance techniques. . .Such studies give reliable
absolute evaporation rates but do not provide information about the

‘ COmbosition of the Qapof. (2) The vapor composition and its temperature

: depehdénce'can Bé monitored'using a mass spectrometer.8 This technique
should certainly Bg used if the vapor is éomposed of more than one species.
This way the vapor constituents are identified and their activation energies
of vaporization detéfmined separately. Mass spectrometric measur ements,

in general,_yieidvonly relative evaporapion rates., .Preferably, both of
these tecﬁniéues should be used to obtain complete information about the
sublimation I{lechanism.u’8 Since sublimation is an endothermic reaction,
heat has to be supplied to the vaporizing surface continuously in order

to avoid sprface cooling. TFor the same reason vacuum sublimation studies

should be restricted to temperatures at which the flux of vaporizing

molecules is small to avoid introducing any temperature gradient between
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the bulk of the crystal and its vapori;ing surface (approximately J < 5x10_5
moles/émesec).l >Studies of the velocity distribution of the vapor fluxes
indicate that thermal equilibrium between the solid surface and the
vaporizing molecuies can be easily maintained.”

From meaéurements of'the vacuum evaporation rates at different
temperatures using one face of a clea; sinélé crystal one can determine
thé'acﬁivaéion éherg& of‘éaﬁofiiation;'.Theéé &Aﬁa'however, do not tell
us the mechanism oflthe:vapbfizatién reaction. Suitable cdmplimentéry
experiments should be bérforméd to uncover'the %eactién steps which con-
trol the desorption rate of the vaporizing species, Here I 'list some of
the experiments which, for certain solids,JWere found usefﬁl in identifying
the reaction steps of the cqmplex vapofization reaction.

1. . Sublimatioﬁ rate measurements using crystals doped with im-
purities.h’lQ  |

| 2. | Study of the sublimation rate of crystals with defects (vaéancies,
dislocations)‘in'éxcesé of'theif steady staté,'concentration.l]f’l2

3. - Sublimation fate_measuremenfs as a function of the surface
concentrétion of the &aporizing Spécies.l3
L, Measurement of the sublimation rates in a temperature range where
ph%se transiﬁiong occur or in the presenée of a liquid phase.ll*’l5

5. Illumination of the vaporiziﬁg surface by light of suitable
wavelength aﬁd intensity.l

‘It should be noted that as the conditions'of sublimation are changed
the rate conirolling reaction step may change as well. Thus, the evapora-
tion vate, a(T), the activation energy_ or even the vapor composition can
Sifver from that observed during vacuum vaporization of the clean single

crystal surface.
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.I”shali now discuss studies of the sublimation mech-
“anisms of éodiﬁmfchloride; silver, arsenic aﬁd cadmium sulfide single
crystal surfaces. The"fiféﬁ two solids show evaporation rates which,
ﬁnder &ﬁ$éble>conditiéhé, aré’neafly equal to the maximum rate. Arsenic
and cadmium sulfide‘however, are representatives of a large group of
solids,iwhichvundergé'marked.ghemicélnrearrangements during sublimation.
Thesé materials have éublimation rates which are appreciably smaller thén

the maximum equilibriun rate.

FSﬁblimétiotheéhéniSm'df‘SOdiumvChioride

| "Thé'suﬁliﬁatiOn mechanism“éf sodium chloride has been investigated
‘using the'(iOO)‘féce;dfvthé.singlé'érysfal in the temperature range
M5C-650°C. The sodium chloride vapor is.composed of mostly monomer
(NaCi)'éﬁd dimer’(Nagélé) molgéules With'the dimer concéntratién in-
creasing with increasing temperature (5-30 mole%).

The activation energies of vaporization of the monomer and dimer molecules
uﬁder céndifibns of vacuum vaporization were found to be E¥(NaCl) = 52.6
kcai/mole of vapor and E*(NaEClE) = 62,1 keal/mole of vaporu’8 - nearly
equal to the équiiibrium_heats of sublimation [AHV(NéCl) = 52,1 kcal/mole
of vapqr; AHV(NaEClg) = 59f5 kcal/ﬁole of vapor].l7v It was found that
the vacﬁum évapbrétionlfété is depeﬁdenb oh_tﬁe disiocatibn density in
the clean singlé érystals. Samples with low, approximately ~lO6 dig-
locations pér cm? have showed evaporation rates one-half of that of the
maximum eVaporationirate (Fig. 2). Other crystals which were strained

7

to introduce high dislocation densities (approximately 10 cmhe) vaporized

2).11

with the maximum rates (Fig. The activation energles of vaporiza-

tion and the relative concentrations of monomer and dimer sodium chloride
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molecules in the vapor remained unchanged for the different dislocation
density crystals. When the samples were doped with approximately 200
pafts per million of calcium, the vacuum evaporation rate of the (100)
face decreased markedly to about one-tgnth of the maximum rate.of sub-
limation (Fig. 2). Also, the activation energies of vapbrizatidn have
increased by several kilocalories for the doped crystals. Caléium enters
the.sodium.chidride'crystél lattice as a divalent ion and simultaneously
excess sodium ion vacanci€s are created. . Monovalent ion impurities, Br ,
OH™, O;, on thelgther hand, had no apparent effect on the sublimation rates
of sodium chloride singlé erystals. o

-Thesé obserations provide a great deal of information about the
mechanism of sublimation of-sodium chloride and of other alkali halides.
Increasing the dislocation density.seems to proportionately increase the
concentrafion of surface sifes (kinks in ledges) from which vaporization
can proceed. This is a surpfising resuit, for most other solids which
have beeﬁ investigated show a constant evaporation rate (affer a short
induction period) at a given temperature, indeﬁendent of the dislocation
density. It appears, that, for alkali halides the mean free path, (X),
of molecules away from ledges is short, they must vaporize near the ledges
so that surface diffusion cannot play an important role in the vaporization

reaction. The mean free path can be estimated by the equation,

* * *
X=a exp(m des” E diff)/2kT_where a is the interatomic distance Ediff

.)(.
and Edes are the activation energies of surface diffusion and of desorp-

C A . . 18 . ~
tion from the free surface, respectively. Calculations™ give X ¥ a,
tnus, of the order of a few lattice spacings. The lack of any appreciable

surface diffusion inhibits the establishment of a steady state ledgze
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concéntratibn fér the low dislocation dénéity crystals. Therefore,
gréatef'ledgé density and kink concentration could be created around
dislocationé. ThistgiVeé f;se to an inérease in the sublimation rate
with increasing dislocation density.

The observation that the ratio of monomer (NaCl)land-dimer (NaECIE)
molecules remains constant for the different disloéation'density éfystals
even though thé toﬁél evaporation fate changes markedly indicate that
there is no equilibriumlon fhe surface between these two species. ’

Their reaction paths which lead to sublimation appear to be independent
of each'othef. This_résultvgives additional evidence for the short
residence time of the adsorbed molecules on the vaporizing surface prior
to desorption into vacuums.

The'marked decrease of -the sublimation rate for calcium doped crystals
indicates that the removal of a sodium chloride molecule from a surface
site beéame the rate controllingvstep in the presence of neighboring
divalent ions or sodium ion vacancies.

Sevefai édmplementary vaporizatidnbstudies have been carried out

. . ‘ . . . ) = ﬂo
using other types of alkali halide crystals in different laboratories.L9’d

Sublimation Mechanism of Metals

The vapor of most metals is composed of dominantly monatomic gaseous
species. Vaporization studies using single crystal metal surfaces are

. ' . . . 21 .22
scarce, they have been carried out only recently using silver ~ and zinc
surfaces. The results indicate that the evaporation rates, after a short
induction period, reach the maximum sublimation rate within the accuracy

th

Fi
4]

o experinents. Also, the activation energy for vacuum vaporization

was Tound to be egual to that of the heat of sublimation determined from
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" equilibrium vapor pressure measurements (E* z AHV). It appears that
equilibrium can be estaﬁliéhed in all of the surface reaction steps
whiéh lead to.vaﬁorization'and that the desorption of metal atoms from
the vapdrizing'surfaéé:reqﬁires no extra activation energy. Oxygen was
found to increase the evaporafion rate of silver.

If we assume that thé'sﬁiface area of the veporizing cfystal face is-
equal ﬁo tﬁe geometrical surface area; such a large vacuuh evaporation
rate, Jmax’ implies that efery surface gﬁom-should be available for sub-
limation with equal probability.' Thié, of courée, is veryvﬁhlikely con-

4 sideringAthe héterogeneous nature of tﬁe surface (many different atomic
sites with varying:atdmic binding enefgies). Closér ingpection of the
metai surfaces (using eléétfon microscope) reveals, however, a éon-
siderable roughness thus, markedly increased surface area. The largér
total sﬁrfaqe'area with respéct to the geometric aréa;could make 1t
possible that onLy>a fréctibn of the tota; surface atoms, which are in
suitable atomic positions ana have sufficientlenergy, would vaporize per
unit area and the maximum sublimation raté could still be maintained.
Melvilil.ee3 and.otherseu have shown that no'matter}how rough the surface
becomes tﬁe evaporation ;ate may never be larger than the maximum sub-
limation rate from a crystal with the smooth, geometrical surface area
(for_a condensation coefficient near unity).

At the onset of the vaporization experiments the sublimation rates were
reported to be lower for both zinc and silver single crystals and only slowly
approached the higher steady state rate at a given temperafure. It appears
that dgring this induction period the vaporizing surface area or the concen-

tration ol surface sites from which sublimation occurs gradually increase

urrtil the limiting maximum rate is obtained.
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Hirfh‘énd Poﬁhd25 haVe defived an equation for the evaporation rate
6f monétomié'solidé using a model'with a probable series of surface reac-
tion'stéps; For "small" crystals the baximum Sublimation‘rate'was pre-
dicted for their model cryééal; For "largeﬁflow index crystal planes a
limitiﬁg evéporati&nfiaté which is one-third of that of the ﬁaximum rate
was obtained from théir theory due to the limiting velocity of ledge
motion. 'So far, there is no*exﬁerimental confirmation of this latter

‘result. It isvposSible that due to the imperfect structure of réal
crystal surfaées whiéh always.contain a large concentration of ledge
sources (like dislocations) the maximum evaporation rate will be cbtained
in steady'staté”for metélvcryStals of any'size.' More experiments using
clean metal singlé:crystalbsurfacés have‘to be carried out to ascertain
the sublimation ﬁeéhanism of monatomic solids.

We have seen that clean sihgle érysfals of sodium chloride, silver,
and zinc show néarly maximum sublimatibn rates under proper experimental
éonditions and activation éﬁergies which are approximately equal to that
of the equilibrium heat of sublimation. For these clean materials the
structure of the vaporizing surface'(dislocations, step or ledge concen-
trations) plays a dominant,fole.in determining the sublimation rate. Im-
purities of ceftaiﬁ types, when iﬁtrodu;ed in thevcrystal lattice, could
also markedly change the vaporizatioﬁ characteristics (calcium in sodium
chloride, oxygen in silver). It appears, however, that for these materials
equilibrium can be achieved in all of the surface reaction steps and that
descrptién of the vaporizing species from the solid surface requires no

.....

additional activation energy. We chall see below that this is certainly
4-

not the case for the sublimation of colids which undergo pronounced

chemical changes such as association or dissociation upon vaporization.
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Subiimation Mechanism of Arsenic

‘The vaporization of polycrystalline and single crystal arsenic has

been studied by Bréwer and Kahelhand by Rosenblatt’

in the femperéture
range of 270437O°C; The véfor 6ver.thé rhombohedral éfystal is composed
of dominahtly’feﬁfahédral gaseous molecules (Ash).. Evaporation studieé
using'thei(ili) éf&stal faéé revealed vacuum é&épbfation rates which were
five to six'ordérs df'maénitudé smallér,théh the maximum sublimatioﬁ rétes

(a 5*10'5 at 277°C). The activation energy of vaporization is

.E*

h5.8 kcal/méle'of Vapbf while the equilibrium enthalpy of sublimation
is much lower (AHz = 33.1 kééi/mole of vapor). Low disloéation-densit&
crystals éhcw iﬂifiall&'low évapbration rateg which gradually rise to
reach a hiéher steadyvstaﬁe Qalﬁe.. Studies of the surface topology re- -
vealed that most ofvthe\vaﬁprization occurs ffom'shallow triangular pits
which appéar'attthé'point ofzémergence of spiral dislocations. The rate
of vaporizatién increases és ﬁhe piﬁé‘grow“until they intersect; Oﬁce
the whole surface isvébveredlﬁy pits constant vaporization rate ié
obtained: |

| The evaporation rafe of a;sehic can be increased by orders of mag-
nitude in the presence of liéuid thallium which is placed in intimate
contact with the vapofizing surface.lh’ Iflappears fhat the formation. of
Ash molecules is catalyzed by the pre;encé of the liqﬁid metal.

5

. . © o ' . 1
The sublimation characteristics of antimony” and red phosphorus
were found to be similar to that of arsenic.

These experimental resulis appear to be consistent with the mechanism

that the slow reaction step in the vaporization process is associated with
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the formation of the,tetréhedral Ash molecule at a kink on é spiral
ledge [U4 As(surface) —)Aéu(surface)]; These adsorbed moleculés then
difque'rabidlyfon the surface and are subsequently desorbed into vacuum.
As in any compiéx milti-step reaction it is expected that changing
tﬁe conditibﬁs of the eXperimént can‘change‘the reactidn rate. - The
greatly enhahced‘vapbfization rate of arsenic in the presenée of a liquid
metal.&héliiuh)‘shdws fhiS’cléariy. Sublimation catglysisﬁhas been also
observed fof_otherfsdiids sucﬁ as gallium nitride26 and galiiﬁm arsenide.?éa
Bbth of these compéunds show markedly increased sublimatibn rates in'fhe
preéence'bf liquid_gallium. This effeét may be due to the dissolution of
the Qapdrizihg crystél in the.liquia metal thus, providing an alternate
.réactioh,path for subiimétion.l |
‘It is interesting td»note that for sodium chloride crystals the
steady stateievapprati§n rate was dependent on the initial density of
disloéations vwhile for aréenic the same gteady étate evaporatioﬁ rate
was reached at a givén température regafdless ofvchanges:in dislocation
dénsity (after a short inducﬁion periéd). This difference in vaporiza-
tion behavior is thought to be due to the much shorter.mean frée path
for surface diffusion'of sodiuﬁ chloride ion pairs as oppésed to arsenic

‘molecules.

Sublimation Mechanism of Cadmium Sulfide

There are large groups of substances which dissociate to their
atomic constituents or molecular aggregates of their constituents. For
dlatomic substances of this type the dominant vaporizatioh reaction can

be written as AB(solid) — A(vapor) + % By(vapor) where y = 1, 2, or k4 in
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most cases. If the vaporizing substance retains a nearly constant com-
position during vacuum vaporization the sublimation is "congruent.”
Some of the congruently vaporizing dissociating materials exhibit partly .

ionic character-(NHHC1,27'ZnO,28 29

GaN,Qo GaA32 %.. The vaporization kinetics of these materials have been

CdSl)vor more covalent bonding (Snoe,
'investigated. T shall diécuss the sublimation mechanism of only one of
these substanceé; cadmium éulfide which has been investigated in detail.
The vapor emanating from the (11l) face of the hexagonal cadmium
sulfide’singie crystal is composed of dominantly cadmium atoms.(Cd) and
diatomic sulfur molecules (82).' The vacuum evaporation rate is épprox—
imatély an'order'éf magnitude smaller (a < O;l) than the maximum sub-
limation rate in the £empérature fangé, 650-800°C. The actiﬁation
energy of vaporization ié E* = 50.5 kcal/mole'of solid, much smaller
than the heat éf'sublimatipn, AHs = 75.2 kcal/mole of'the'vapcrizing
solid.l .[It should be noted that E* can be either larger or smaller
for the rate liﬁiting.sublimation step than the equilibrium heat of
sublimation since the rate’ofithe slow. reaction step depends on the
product, k(A)S and not on k alone.v Thus, even if E* < AHs either the
surface concentration of vaporizing species or the pre-exponential
factor might be small and can make that particular vaporization step
rate determining.] 1In order to explore the mechanism of sublimation
of cadmium sulfide several studies were carried out.

(a) The vaporizing surface was illuminated by light of greater than band

[1e]

ap energy [Egap(25°c) = 2.41 eV] in order to increase the charge carrier

concentration (holes and ele¢trons) at the surface of the semiconductor
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. 16,30 L .. ; | . n . .
crystal. 23 . For high resistivity crystals the vacuum evaporation rate
was found to increase l;nea ly with Llight intensity.

(v) Cadmium suifide crystal
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vaporized.” Copper is an acceptor in C4S whlch reduces the free carrier
concentration of trhe pure crystals by orders of magnitude. It was fourd

thet copper doping reduced the vacuun evaporation'rate by more thah S0P

&

- -

from that of the eveporation rate of the undoped sample.

N

(c) The crystals were doped wita e}uese cedmium or sulf:r.lg These
' treatments'have reduéédvthe initial evaporation rates of botn cadmiunm
 and>sulfur_deed crystals by almost an order of magn itude with respect

to the_ﬁndéped crystal at the same tempefattre. The excess‘0aam¢am or
sulfur, hovever, diffuses out of the C;Jstal during vaporization. Wnen.
all of the excess‘crystalbconstituents are rem”#ed and the erystal
attains its steady sta te composition ﬁne_evapora ion rate under rgoes &

teedy state rate characteristic
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(¢) The surface concentration of the veporizirg species were varied
by using an atomic beam of cadmium or & woiecular beam of sul’“ waich

were allowed to impinge on the vaporizing given temperature.
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It was found that the evaporation rate of cadmium sulfide

13
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determining the sublimation rate. The~vapofization reaction steps which
can be deduced from'the available experimental dété are (1) diffusion of-
excess cadmium or sulfur from the bulk of the crystal to the vaporizing
surface, (2) electron tfansfer‘fo‘conﬁert the éadmium ions‘at the surface
to neutral atoms, (3) hole transfer to neutralize the sulfur ions at the
Surface,‘(h) association of sulfur atoms, (5) desorption of diatomic
sulfur molecules and (G)Idesorption of _cadmium atoms.

Under‘conditiéns df'vacuum'sublimation for undoped crystals tﬁe
reaction sﬁeps:(2) and (3) are indis@inguishasle and rate limiting.
For sulfur and'cadmiﬁﬁ‘dopgd crystals step (1) controls the rate.. For
copper doped samples, step (2) is the possible slow step. |

It>is'intéresting to note the éelf-correcting vaporization process
of cadmium sulfide. The crystal composition which produces-the optimum
evaporatioﬁ rate at a giﬁen température ié established whén steady state
sublimation rate is.reached. Any deviation from this solid composition
decreases the rate and is seif—corrected 5y ﬁhé out-diffusion of the ex-
cess during vaporizafion. Similar results ﬁere obtained for'oxygen doped
zinc oxide crystals as well.28_ This self-correcting composition change
indicates that although the compound dissociates upon vaporization the
vaporization of'éadﬁiﬁmvand'sulfur Speéies ére not independent but must ‘
be controlled by the same slow reaction Step at fhe vaporizing surface.

Most of the oxides (Al Ga, 0., SnO

2050 G2y 30 O

while remaining congruent during the vaporization. For all these sub-

etc.) vaporize dissociatively

stances the vacuum evaporation rates are markedly smaller than the max-

imum rates which were determined from equilibrium vaporization studies.
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Several oxi&éS‘exhibit a marked discontinuity in the evaporation rate
‘at the melting point‘where'the'rates show a ‘sudden (three-fold) increase

15

‘as the crystal lattice collapses.

" Noncongruent Vaporization

~ Substances which”bélong to this group of.solids ha&e-éonstituents
 ﬁith greaﬁly diffefent evaporation rates...Thus; the s0lid composition
‘may'éhange markedly dufiﬁg vapoiization; This kind of véporizétipﬁ
procésé indicates that'thé compound cbnstitueﬁﬁs Vépbrize'by‘independent
reaCtién:paﬁhs.Bl' A'iéfgéffrAéfion'ofvﬁhe metal nitpides,.carbides,
borides,vand‘éiiiéidéé vaporize in this,manner;

Compouhds of4ﬁhe IIIA-VA elements of the periodic table exhibit
an:intqresting_transition from congrueﬁt to noncongruent vapdrization.v
Thése compbunds vaporizeﬁdissoéiatively; bbth gallium nitride and arsenide
appear tovvapofize*cohgrugntly(élthough the presence of liquid gallium
droplets.are:feadily discernible on the surface of the gallium arsenide
'crystals.. Bdron nitride on the otherfhand‘shows noncongruent vaporization.
: Splid boron condenses at the vaporizing surface and further vaporiiation is
1iﬁited'by the out-diffusion of hitrogen throﬁgh the boronvlayer.31 So far;
sfudies of thévgublimatién mechanisms ﬁhiéh lead to nohéongruent vaporiza-
:tién haveﬁnoﬁ.been repdrtéd.. | .

Summary

Sublimation rate sﬁudies which afe carried out far from'equilibrium '

_provide informatioﬁvabout the mechanism of sublimation. The activation

energy of sublimation is obtained from measurements of the vacuum evapor-

ation rate of single crystal surfaces as a function of temperature.
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Complementary vaporizatioﬁ'étudies are carried out to ﬁnco?ef the re-
action steps leading to the desorption of the vaporizing speciesi The
rates of vacuum sublimation of solids which undergo marked chemical
rearrangements'(aSsociaﬁion ofzdiésociation) upon vapérizatioﬁ afe lower
(@ << 1) than the raximum equilibrium sublimation rate. TFor these solids
a partiéuiar chemical reaction is the rate controlling vaporization sﬁep.
Solids which do not exhibit.appreciable structural fearrangements during
sublimation may‘have vaéuﬁm evaporation rates equal to that of ﬁhe
maximuh rate. For cleén materials of this type the strucfure of the
vaporizing surface (disloéations, atomic steps, ledge concentrationé)
"plays a more dominant role in determining the rate of vaporization.
Once the reaction steps which lead to sublimaﬁion are known the sub-
iimation rates can be changed by orders of magnitude by a suitable ad-
justment of the conditions of suﬁlimation (additioﬁ of impuritiés,

illumination, introduction of dislocations, vacancies, etec.).
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- *FIGURETCAETIONS =

,' Model of a surface deplctlng atoms 1n the follow1ng n051tﬂons'

"E:(a) in surface, (b) klnk (c) at ledge and (d) adsorbed on

‘;s'Fig;_Q"fQ

‘the surface.-

Vaporlzatlon rates of clean NaCl single crystals w1th dlfferert o

7"s"dlslocatlon densltles and of calc1um doped samples.
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