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I. INTRODUCTION

Investigations of the chemical reactions which control the vaporiza;
tion.of solids has become one of the most rapidly growing fields-of

thermochémistry. In these studies the vaporization rates and vapor compo-

‘sitions of solids are measured fFar from equilibrium,. in order to obtain

information about their kinetics of sublimation (Somorjai and Lester,

1967 ). Vaporization takes place under non-equilibrium conditions for
most systems of technological importance. It is only reasonable to assume’ -

that an understanding of the kinetics and mechanism by which the vapori-

. zing species break away from the surface of the condensed phase will

permit one to control the rate of vaporization, reduce or inecrease it,

as desired.

The vaporizationbrate of many solids into vacuum have already been
found to be much smaller than the'maximuﬁ vaporization rafe which can be
calculated. from equ&libriumhvapor pressure data (Sbmorjai ahd Lester,
11967 ) For many solids (Asr[Brewervand Kane, 1955], P [Kane 1955], GaAs)
the ‘presence of liquid metals 5n the vaporizing surface may incieése the
sublimafion rate by ordérs of magnitude to thatbof the maximum rate. For
other solids (WaCl [Lester aﬁd.Somorjai, 19687, Cas [Somorjai and Lyon,
l965j the presence of frace impurities (in part per million quantities)
or smali changes in defectICOncentration can deéfease the sublimation
rates by orders of magnitude. All of these s#riking changés in the
vaporization rates are due to changes in the vaporization mechanism. By
making minute changéé_in the composition of the vaporiziﬁg solid or in
the conditions of sublimation we may change the rate liﬁiting reaction

step in a series of reactions (Somorjai and Lester, 1967 ) which finally
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lead to the desorption‘of the vaporizing species;

Recent studies of<vaporization have'uncoveredla.great deal.éf-in_
formation about the vaporization mechanism of different monatomic and .
diatomic solids (Somorjai, 1968%;,{Rosenblatt and Iee; 1968). It is
hoped that és mofe materials will be iﬁvestigated we'shali be able‘to
identify the important structural or electrohic'pérameters which afe
controlling the sublimétion process. Weicaﬁ7fhen use this information
to develop a unified theory of vaporizatioﬁ which can be used,t§ pfedict

vaporization mechanisms for different groups of materials.

We'have been studying the vaporizaﬁion characteristics of several
solids to obtain information about the relationship between their chemical
bonding and their sublimstion mechanism. -Fér these investigations we
have selected binary compounds from groups IA-VIIA, IIB~VIA and IIIA-VA‘
in. the periodic table. In this paper we'$ﬁall discués énd éomparevfhe
sublimation chgracteristics of sodium chlofide, cadmium sulfide and
gallium arsenide. It is HOped that other compounds with similar bonding _

characteristics have similar vaporization mechanisms.

L7



IT. PRINCIPLES OF VAPORIZATION STUDIES
Consider a perfectly*flat face of a monatomic single crystél in
which the binding energies of. all surface atoms ére'equal to each other.

Since all atoms in such a crystal face have equal probability'tb vaporize

the overall evaporation rate is given by (Somorjai and Lester, 1967)§

v : 2 max
I o (moles/cm”sec) ﬂbkv (A)S (1)

- where k_ is the rate constant of the vaporization reaction and (A)gax

is the total concentration of surface atoms. The maximum rate of conden-

satibn of the wvapor flux on such a face is given by

E <m°1es/cmesec> =k (8), = (mrem )2 (a) (@)

where (A)gvis.the vapor density, R is the gas constant, T is the absolute

temperature and M, is the atomic weight of (A)g' In equilibrium, the

A
vaporization and condensation rates are equal [kV(A)S ='kC(A)g]. Thus,
the evaporation rate can be expressed in terms of the condensation rate

and the well-known equation-(Hértz, 1882; Knudsen, 1915; Langmuir, 1913)

v ' 2 -.]_/2 ' :
Tnax (mqles/cm sec) = Peq (EFMART) (3)
is obtained assuming the ideal gas law, If the condensation rate is
smaller than the eﬁaporation rate due to external "pumping" there is a net
rate of removal, R, of vapor flux from the vaporizing surface which is

given by

‘In equilibrium the net rate is zero (R = O) and fbr vaporization into



vacuum, R = J.,

Now let us cbnsider a "real" surface; iniwhich there are many atomic
positions. These are distinguishable by theif different numbers of nearest
‘neighbors. Sufface atoms have different.binding energies debending on
which atomic pésitiops they occupy. Under‘theée conditiohs, only a small
 fraction of fhe total number of surfgce atéms will occupy posifions of :'
ldwest bindiﬁg energy from-which vaporizafion can most feadily'proceed;

We may rewrite Eg. (1) as
., , . . o
J° (moles/cm” sec) = L3S (A)S-exp(-E /RT) ‘ (5)

where (A)S is the concentration of atoms in sﬁrface sites from Which
vaporiiation takes place,_ké is a constant related to the frequency of
attempted motion of vaporiéing molecules over the ehergy barrier, E?. Thus,.
the_eﬁaporation rate of'éf"feal":cryséal,surface_cén be different ffoﬁ
the evaporation’rate éf a "homogeneous" surface due to'variations of the
surface concentration (A)S or on gcCount ofvé different activation energy
of vaporizatién, E*. lIf the concéntrétion of surféce sites from which
vaporization can occur is smaller than the total concentration of sgrféée
atoms_,_[(A)S < (A):ax], the evaporaﬁiop Qaﬁe will be smallef'than if all
surface atoms .could vaporize with eéual probability.

A hetefogeneous-surfaée however has manyvatomié ledges and stéps

and exhibits '

‘roughness” on an atomic scale. Therefore surface area
of a "real" erystal could be appreciably larger than the geometrical
surface area. - Although not every surface atom may have low enough

binding energy to vaporize the concentration of those which vaporize

can be sufficiently greater on a rough surface than on a "homogeneous™
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surface. Melville (19%6) and Winterbottom (1966 ) havg'shoWn that no matter.
how rough the surface becomes the evaporation rate may reach but:cannOt
éxceed the maximum sublimation rate from a crystal with the smooth geo-
metrical surface area (if.the condensafion;fates are near to maiimum).
Thus,ﬁthe surface conéenﬁrétion of gtoms of.weakest binding energy in a
"real&'surface may inérease'énd become.equal to the surfacevdenSity of atoms
in a homogeneous éurface. The,Qacuum evaquationvrate wouldisimultaneouslyb
increasé until the maximﬁm rate, Jlax’ is reached;
It is customary (Somérjai and Lester, 1967) to express the deviation

of the vacuum evaporation rate, Jv; from the m@ximum, equilibrium rate,

v

Jﬁax in terms of the evaporation coefficient, &, which is given by,

am) = 37 (D5, (D S (®
If the vacuum'éyapofation rate is equal to the maximum rate,’a(T) =1,
of if J' << Jzax, d_(T) << L. |

Thé activation energy of vaporization;_E*, can be larger or smaller
than the equilibrium heat of vaporization, AHV, or can be equal to it;
Tts magnitudé reflécts‘the overall energy‘necessary for.the surface atoms
to participate in the rate limiting reaction step (orvsteps)‘(Somorjai
and Leéter, 1967);0 .Vaporizafibn is a multi-step process in‘which atoms
break away from fheir lattice sites, may diffgse.on the surface until they .
are ready to vaporize. Forbmany solids the sufféce atoms must undergo '
rearvangements such as_association, dissqciation ér.charge transfer prior
to desorption from the vaporizing surface (Som§rj?i and lester, 1967);
The rate of any of these reaction steps may control the overall sublimation

process. Certain solids may vaporize by two different reaction paths
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which can operate simultaneously at differént surface sites (Lester and
Somorjai, 1968). |

The activation energy of véporization”may change as the experimental
vaporization conditions!are varied. In ordéé'to be‘able to compafe acti~ -
vation energies of differen£ sublimation reactions, values, which. are often
listed (Somorjai and Lester, 1967) are determined from measurements using

the pure solids and are’carried out in vacuum (Jc =0; R =-JV).

&



IIT. EXPERIMENTAL CONSIDERATIONS

Ihe experimental techniques which are most frequently used in'subli—
mation studies are 1) total weight loss measurements_usiﬁg mierqbalance
or torsion bﬁmmceandIQ) mass-speetrometric’sfudies of the composition
of the vapor flux. The twe teehniqﬁes are complementary; weighﬁ loss
measurements give absolute evaporation>rates. From.these studies, as a

function of ﬁemperature, the activation energy of vaporization (per‘mole

of solid) is determined. Mass spectrometric investigation of the vapor

flux allows one to determine &nd monitor the vapor composition. The ac-
tivation energies of vaporization (per mole of wvapor) of ‘each Vaporizing'
species 'can be caleulated from the variation of thevcompositien with

temperature.  Typical microbalance and mass Spectrometer systems which

‘are used in our vaporization studies (Lester and Somorjai, 1968) are shown

in figs; 1 and 2.

| For purposee ofndéfinitive etudies of sublimatien-ﬁechanisms one
face of a single crystal'should be used. ZEvaporation rates obtained using :
polycrysfalline'eamples are very difficult to interpretvdue to their
unknown free surface area (Brewer and Kane, 1955; Rosenblatt, 1963).
These samples confain a large'inner surface fromnwhich the vaporizing
atoms will undergd many collisions_before leaving the eolrd. Thus, a
certaih fraction of the powdervsqrfacevacts a; an equilibrium source.

The crystal face which.is.tojbe used in the sublimatien.studies
should be well characterized. It should be a "sfable” surface which re— 
tains its crystalldgraphic'orientation thrbuéhout the experimeﬁfs
(Somorjai and Sfem?le,-i955);. It ie”important to'determine its dislocation

density using etch~pit'couﬁt techniques (Lester and Somorjai, 1968) and -



~8=

to investigate its surface topology using optical or electron micro-

scopy (Searcy, 1968). It has been shown that the surfaee structnreecan
markedly influence the evaporation rates of manj solids (ILester and |
Somorjai, 1968; Rosenblatt and Lee, 1968; Searcy, 1968). ‘The bulk proper-
ties of the wvaporizing erystal sampies shoulq.also be well characterized.
There is, in general, communication between_thevbulk and. the vaporizing
surface via atom or defect.diffusion or via charge transfer (Somorjai

and Lester, 1967; Somorjajvand Lyon, 1965). Thus, changes in bulk proper- -.
ties may greatly influence the evaporation rate. The defect, impurity

and cnarge concentratiens in the bulk solid should be determined.

Since_the structure, composition and other physical chemical proper-
ties of both, the surfaee and the bulk depend on the thermal history of
tne solid, it is necessary to devise a-suitable heatltreatment to standard-
ize these parameters at the onset of the vaporlzation studies (Somorjal
and Lester, 1967 ; Somorjal and Lester, l965a).

Several additlonal techniques have become avallable in recent years
which can be applled to studies of vaporlzatlon kinetics. These include
1OW'energy'electron diffraction (Mbrablto and Somoraai,'l968), Auger
spectroscopy (Palmberg and Rhodin, 1968), ellipsometry (Morabito, et alQ,

1968), and scanning electron mieroscopy (Searcy, 1968).



IV. STUDIES OF THE SUBLIMATION MECHANISM
OF SODIUM CHIORIDE SINGLE CRYSTALS
Sodium chloride vaporizes according to the dominant net reaction

(Lester and Somorjai, 1968; Berkowitz and Chupka,, 1958) |

N&Cl(solid)-+ (1<x)ﬁaCl(vapoz)+ x/2vN32C12(vapor) .
‘In the temperature range of oor ihvestigation, Ls0° to 650°C, and under
the different vaporization.econditions, the dimer is roughly 5-30 mole
percent of the vapor.

The majority of the cryStalS»used in these vaporization studies
were obtained from tﬁe HarohéW‘Chemical Company. These crystals are
99.95% pure. The major impuritioé are anions containing bromine and
 oxygen (probably Br~,_OH_ and-Og-). Polyvalent cation impurities were
present at levels not exceeding 5 ppi.

Dislocatioﬁ densifies were determined by'éounting chemioally formed
etch piﬁs on.é;(lOO) cieévage faoe‘whioh was used>in all of the vaporiza-
:tion studies. iMoéﬁ of the pure NgCl'crystals had etch pit denéi#ies of
0.8 - 4*106/cm?; We have assumed a constant proportionality between
observed etch pits and dislocationsvwhich ihtersect the surface under ob-
servation and that the proportionality factor is close to one. The dis-
location density of a erystal could be increased byvﬁlastioally deforming
it. Crystals wifh dislocafioh‘densities‘(etch pit'oounts) as high as
l,5x107/cm? wero_produced in‘this'wayu “Etch pits in the unstrained cfystals
generally oore uniformly diétributed; howevor,‘in the_strqinéd crystals
they tended to’appeor in "slip bahds," Thero%ore, the etch pit density was
_counted in several éréﬁsooﬁ.the>surface and the results averaged to obtain

the reported figure for these crystals.



=10~

A. Effect of Dislocatlons on the Evaporation Rate

The (100) face of sodium ehloride‘was used in these studies. This
 face remained stable throughout the vaporization run, i.e. it did not ex~
 hibit faceting to other ‘low index ecrystal planes. Thus, steady sfate'
evaporation rates could feadilyvbe ebtained at a given temperature.. Ingtial
experiments showed large veriations in fhe toﬁal efaporation rates from
erystal to cr&stal (factor of three). . In every case, however, steady state
Vaporizatioh’rates for a given samélevcould readily be achieved and
maintained. It was discovered_tﬁat the total evaporation rate of sodiuﬁ
chloride crystals depends on the dislocation density in the sample. Figure
3 shows a plot of the lbgarithm of the evapoiation rates‘bf.sodimn |
chioride erystals with two different'dislecation densities (~lxlO6 cmm2

and ~1X107.cﬁ;?) as .a fhﬁetioﬁ of reciproeal temperature. Here we can

also plot the maximum evapofation rate_as calculated from equllibrium vaﬁor
pressure meesuremenfs.n The steady statele§aporation rate was approximately
doubled by inereasing the dislocation density by an order of magnitude.
Sodium chloride crystals with dislocatien densities of ~lO6 cm'-2 gave
evaporation rates which were iower than the equilibrium rate by about a-
factor of tWo, The crystals with'larger eteh pit eeuhts (~lO7 em-2) had
‘evaporation rates equal - to the maximum equiiibrium rate.. AExcept for
dislocatioﬁ‘density these erystels should be identieel (impurities and
preparation technique). These curves give an average actiﬁation energy

of vaporization of approximately 55 kcal/mole. It should be noted that
this value is a weighted a§erage of the activation energles of vaporization

of the monomer and dimer moieculeé for the different dislocation density

crystals.

T
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The composition of the vapor flux emanating from the subliming (100)
crystal face of sodium chloride was monitored by a quadrupole mass spec~-

trometer as a funetion of temperature. The ion peaks detected in the mass

spectrum of sodium chloride vapor were m/e =23 (Na ), 58,60 (Nac1l’) and

81,83 (N32C1+). A representative curve showing the logarithm of the ion

' , ' + ot . : '
intensities (Na , NaCl , NaECl+) as a function of the reciprocal temperature

is given in.Fig. 4. These slopes were used to calculate the activation
energles of vaporlzatlon for both NaCl(vapor) and Na Cl (vapor) ‘We also
plot representative values of the computed’monomerbto dimer ratio on a
semilogarithmic scale as a funetion Qf temperature.

‘We have also mpnitored the vapor‘compositien from the (111) crystal
face of sodium chloride as a function of ﬁeméerature. Within the accuraey:
of our measurements both the monomer to dimer ratio and. the activation |
energies of‘vaporlzatlon, E

D

face of sodlum chloride crystals of 31m11ar dlslocation dens1tyu Inspec-

and EM were identical to those for the (lOO)

tion of the: (lll) face after the vaporizatlon studles revealed the
development of facets of (lOO) orientatlon¢ Tt is llkely that after a
short transient the unstable (lll) ;urfaee has virtually disappeared and
the largest fraction of the vapor flex:ceme fremvthe freshly formed (100)
facets. IhﬂTableﬁI we“lastjthegactivatigngenergieswef.vapofization~~
for the monomer an§'£he dimer'frem erystals of.differeht dislocation
densifyy' It is apperen£ that1the activation eﬁergies vary somewhat for
Crystals:with differenf etch'pit dehsities. Therebseems te‘be a small.

increase in the actilvation energies with 1ncreas1ng dlslocatlon den31ty

“which is_not significantly outside our experlmental error. The monomer

to dimer ratio appears hot.to change appreciably wiﬁh increasing dislocation
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dengity in the crysﬁaléﬁ: There may be a small increase in tﬁe monomer
concentration relative to the dimer for the highly strained sampies

-2 | ' :
(1 % 107 cm )

.

B. Effect of - Dlvalent Impurltles (Ca ) on the Evaporatlon Rate

Sodlum chlorlde.s1ngle crystals contalnlng 330 50 ppm Ca2+ ions
used in these studies show the effect of dlvalent 1mpur1ties on the
vacuumvevaporatlon‘ratepof-NaCl;* Flgure 5:shoWs the evaporatlon rafes
ofvthese.crystals as e function'of the;reciprbcaiytemperetpre on-a.semi-
logarithmic plot. Thefe is'a'lergevdecreeée of the total evaporetion rate
(by & factor of five).fer‘crystele'doped with caletum. ‘These ca™t doped
crystals not only shew :':drasti‘callyl re.dqced 'eve;poi’ation.rates but aiso a
marked increase of tﬁe average-acfivapieﬁ-energy'ofvvaporization; While
the average vaporizetioﬁ.coefficientﬂhas dropped fo a ~ O. l from a ~ O +5
obtained for the ‘pure Low dlslocatlon density sodium chlorlde crystals the
average actlvatlon energy of vaporlzatlon has increased to E 65 kcal/mole
with respect to that obtalned for the pure crystals (E = 55 kcal/mele)..
| There is experlmental ev1dence 1nd10at1ng that the concentratlon of
calcium ions slowly 1ncreases at the vaporlzlng sodlum chlorlde surface
as a functlon of time durlng vaporlzatlon._ The evaporatlon rate was found
to decrease. Qlowly for 8 glven sample during. the experlment. Simultane- |
ously, the~apparent actlvatlenAEnergy of:vaporlzat;en alsoe;ncreases._'The
vaporizatidnvdata given in Fig, 5 are represeﬁfetiﬁe of}thefresults

obtained early in the measurements using several éalciﬁmedoped‘samples.

In addition to Ca , sodium ion vacancies in excess of their steady
state concentration have algo been introduced in the sodium chloride'

crystal lattice.

(-
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Sodiuﬁ chloride saﬁbles,doped with Br~ ion showed vaporization
characteristics which weré’identical to ﬁndoped high burity single:crystals
of the same dislocation'density.v The presence of oxygén o; OH ions in
the crystals also had_no obsérvable effect on the evaporation rates in the
temperature range of this study. o

Cs ﬁiscussioh

We find that the steady state vacuum vaporization rate of the solid

is determined by the dis;ocation density. These resultsvindicéfe that the
diélocation»density in thé'sodium.éhloride crystais remains largely
"unchanged thfoughout the vaporizationﬂana'that dislocations control the
conecentration of surface sites from‘Whiéh vaporization is to occur. An
order of magnitude incrgase'in the dislocation density inc?eased the
evaporatidn rate by a factor of tﬁb or the average evaporation éoefficient
from'&4 § 0.5 to &? ~ 1.0; The.activatibn energies of vaporization exhibit
a.small upwéra ﬁrend‘with increasing dislocation denSitieé and‘correspond—
ing increased rates.of vaporizaﬁion; .This changevin activation energy

is less than 3 kcal,ﬂ It ;hbﬁld.be noted that an increase of two kilo~

| calories in E* would dec#é;se the evapdratiqn rate of NaCl by a factor of
three at 800°K if'there were no accompanying chénges in the pre—exﬁonential'
factor. Wé observed an inerease in the rate by a fgctorvof two (QX)- |
Thus the preexponehtial factor ﬁould have to increase by a factor of six

to aqcommodate thevincreased evﬁporation-rate in this cases It is aﬁparént
from our data thét.ah etch pit density of 107 cm-2 cbrreséonds to a |
dislocationvdehsity suffiéieht to‘estabiish'the maximum equilibrium
vaporization rate. -Wé cannot say what is the lower limit on the vaporiza~-

tion rate of high purifyadfystais‘as we were not able to prepare samples
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with disloecation densities.lower than ~.8x106 cﬁ—ea

The monomer to dimer ratios were essen%ially unchanged for all of the
sodium chloride erystals within the accuracy of‘the measurement (with the
exception of the crystals of the highest dislocation density which showed
lafger relative monomer concentrations). - If the dimers férmed by an
equilibrium association of two monémef molecules-adsorbed_on'fhe'éurface
then the monomer to diméf ratio, M/D, shouid decrease as a function of the
increasing mpnomér conéeﬁtfation, i.e., M/D 0 l/M; at a given temperature.
This does not.happen. For crystéls wﬁich have high vaporization fiuxes
(and high.disiocation densities) ﬁhere'afe more monomer molecules on the
surface, but, if anything, the monomer to dimer ratio increases with
respect to the lower vapo;izétion rate erystals (low dislocation density).
Thus, there.is no equilibriuﬁ between the monomer andidimer molecules on
the vaporiziﬁg sodium chloride surface. It seems that the monomer to dimer

ratio is fixed by the relative energies necessary to remove a monomer or

dimer, respectively,vfrom a surfaée site. The absence of any appreciable

equilibrium interaction between the absorbed monomer and/or dimer molecules

could be due to the short residence time of'these molecules on the wvapor-
izing surface prior to desorption into vacuum. The mean free path (i)
of molecules away from the ledge depends on the activation enérgies of

, and of desorptioh, E._ _, from the free surface

%
, Ediff des
and can be estimated by the equation X = a-exp [(Ed

surface difoSion,
.

es 4Qiff

a is the interatomic distance (Burton et al., 1951). For KCl these

)/2kT] where

energies have been calculated to be Edes = 0,35 eV and Ediff = 0,23 eV

(Hove, 1955). These energies should be similar for WaCl. Using these

values,.at T = 800°K, we have ¥ = O.lMa. = Thus, at the vaporization

~
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'temperatuie the mean free pafh of‘the sodium chloride molecule would

not be more than a few lattice spacings. This implies that most of the

_monomer and dimer molecules vaporize near ledges and that surface diffusion

cannot play an important role in the vapoiization'rgabtion.- The lack of
any appregiable surface diffusion also inhibité-the estabiiShment of a
steady'state ledge concenfiation at the vaporizing surface which céuld

be approximated by the equilibrium value. It is apparent that the removal
of a sodium éhloride moleculebf£om'a surféce site became more difficult

in the presence of neighboring diVaiént ions or sodium ion vacancies which
éie in%roduced in excess of the steady state coneentration. Such a marked

effect on the evaporation rate by‘doﬁbly chaiged impurities indicates

that the breaking away of sodium chloride molecules from lattice sites

" (kinks) on the vaporizing surface is a rate controlling step.

These vaporization characteristies of the sodium chloride single

crystals can be explained in terms of the stepwise model of vaporization

of the heterogeneous solid surface (Stranski; 1928); We postulate a
pbssible mechanism of vaporization of sodium chloride which can explain
most of fhe data. |

1. Ledges»(of approximately mbn&tomic:height) ére formed invl&rge
concentrations at positions where dislocations intersect the surface (and
at the edges of.the crystal).

2. Both mdnomer and dimer.molecules are formed at the same siteé
(kinks) on these ledges. |

BQ The.desorption rate Qf 5oth mondmerfénd_dimer molecules from thé

proximity of the ledges is rapid.
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The first step explaiﬁs the observed'increase of the evaporation
rate of sodium ghloride suffaces with-inéreased density of dislgcations.
Dislocations have been shdﬁn to be ﬁucléati@nvsites for cryst@l groﬁth
and thermal etch pits have‘been observed on alkaii halide crysﬁalé af
‘the point :of emergence éf dislocations’ét the‘surface. : | |
| The second and fhird step, the breaking awaj of bqth monomer.and dimer‘
molecules indepehdently from”thekﬁimﬁxand the ap§areﬁt absgnce of any
surface diffﬁéion explaihS'the inéensitivity<of the monomer to dimer ratio
to increased-dislocation_density.‘ The marked decrease of the evaporation
rate (factor of five)féf”éalcium doped erystals‘and the simultanééus large
increase in the éctivation energy of vaporizétion indicate that the
breaking away of sodium chloride molecules at ledges is a rate détermining

step in the vaporizatiohfprocessi
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V. STUDIES OF THE SUBLIMATION MECHANISM OF
CADMIUM SULFIDE SINGLE CRYSTALS

Cadmium sulfide vaporizes according to the dominant reaction (Jeune-
homme, 1962),

Cds(ﬁolid)'—{ Cd(vapor)+%-82(vapor)

Crystals are available in high purify,.cfysfélliZe'in the wurtzite
structure and shOW'electronic'cohductiVity._ They are n—typev(electrons
are the majority charge carriers)vunder 2ll conditions of stoichiometry.
'This_is thought to be due to ionized sulfur vacancies,'vz, which predomi-
v_ﬁate ovgf ionized cadmium vacanciles, ng (Somoriai and Jepéen, 1964b ;
Woodbury, 196k). It has been found (Somorjai and Stemple, 1953) that the
c~[(OOOl)]~face is stable under conditioné éf'vacuum.evaporation while
the othér l§W'index face,_the'(loio) orra-face, is not. The c~face remains
invériaﬁt duriﬁg the experiments, ﬁherefore, this faée was ﬁsed in most
.of the studies. | | |
_ 7» The teﬁperatu:e dependence (Somorjai, l964§ Somérjai and Jepsen,
| 196A&) of the vacuum evaporation iate‘of the (OOOl)-fgce of CdS has been
:wméasured in thevfemperature range 650-800°C, (Figure 6) ‘The rates
are.more than an order of.magnitude loﬁer than the maximum evaporation
rates‘calculated froﬁ equilibrium vapor preésure'meagarements (Somérjai,
1964 ; Neuhaué and Rettiﬁg, 1958).' The activation enthalpy and the heat
of evaporation are AH%.= 50.5‘kca1'and‘éﬂ§:= 75.2 kcalvpér ﬁole'of

vaporizing solid, respectively.

A. Effect of Doping of CdS on its Evaporation Rate

1. Excess Cadmium:and Sulfur in CdS -

Theifree carrier concentration (electrons and holes) can be changed



- -18-
by more than ten ordérs of magnitude by dopipg the CdS crystals'with.
cadﬁium (o ~ 0.1 mho cm-l)?or_sulfur (d ~ lO-]fO mho cm—l) at eleﬁated
temperatures (900-1100°C) then éuenchiﬁg to freezé in the high temper;-
ture solubilities. Excess cadmium or'sulfur in the crystals give rise
to decreased initial evaporation raies;. These crystals undergo a sharp
transient and finally reach the steé,dy state which is characteristic of
undoped specimen. 'Thé conductivity chénge of the cadmium doped crystals
indicates fhe outAdiffuéion ofrgxceés cadmium with a éorresponding three to
four orders-of magnitudé~decrease, inrcéfrier concentration. The loss of
excéss cadmium is.algo indicéted by thé color change in the erystals.
Cadmium doped samples qre.hlack t§ gray duevto ﬁrecipitated éadmium in
the crystal lattice (Woodbuiy, 1964). Crystals, showing steady state
evaporation rate, are yeilow. |
‘For cadmium— or éulfuf_doped C&S crystals the evaporation is
_éontrolled by:the 6ut—diffﬁéion of -excess cadmium or sulfur from the
crystal lattice. As'thé excess éurface cadmium evaporates'it is replen-
ighed from‘the.bulk by diffﬁsiop;” A§vloﬁé asltﬁe.diffusion rate of ex-
cess cadmium or sulfur is of the same prdervof magni£ude or gfeater than

the evaporation rate at a given temperature there is a-constant "communi-

cation" between the bﬁlk and the surface of the vaporizing crystal. Thus,

buik diffusion, which contrdis the_surface,cdncentration of excess cad-~
muim_or sulfuf, is the iate limiting step in this case.

If the diffﬁsion rate_df electrically aétive impurities is smaller
fhan-the|evaporation rate, the iﬁpurity céuld not diffuse out of the
crystal. Thus, there would be hO“transient evaporation, the constant

impurity surface concentration would establish the evaporation rate

4
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This is the case for copper impurity in CdS.

2, FBffect of Copper-Doping of CdS

CdS single crystals can be unifbrﬁly_doped'by diffusing the surface
evaporated copperfinto the crystal; When the CdS crystal is uniforml&
saturated with copper at thé température of eQaporation,vthe evaporation
rate of Cu~doped CdS is decreased by mere than 50 percént as shown in
Figs 7, over that of the evaporation rate of the undoped crystal (Somorjai
and Lyon, 1965).

In order to investigate the dependehce of CdS evaporation rate on the
surface concentration of diffused copper, copper was vacuum deposited on

only the (OOOi)—face of the undoped erystals. Then the (000L)~face was

-allowed to vaporize while copper diffuses into the crystal from the back

surface (Somorjai and Lyon,vl965). This way the vaporizing surface retreats
while the copper diffusion frontmoves toward the vaporizing face. As the

copper profile reaches the vaporizing surface a‘rapid change in the copper

 surface concentration occurs which gives rise to an exponential decrease

of the vaporization rate. When the copper surface concentration reaches its
maximum, which corresponds to the solubility of copper in Cds at the
evaporation temperature, a new lower steady state evaporation rate is

established which is characteristic of the constant surface concentrations

of copper ions.

B. The Effect of Light on the'Evaporation
Rate of CdS (Somorjai, 196k4; Somorjal
and Lester, 1965a)

The room temperature band gap of CdS is 2.4l eV and the temperature
dependence of the gap is -5x1o‘% eV/deg. Photons of energy greater than

or equal to the band gép energy creates electron-hole pairs at the
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Vaporizihg CdS surface, in excess of the equilibrium carrier concentration.
If the vaporization is controlled by charge transfer an increase of the
evaporation rate is expecteéed invlight with respect to the steady state
rate iﬁ the dark, at a given temperatufe; For light to have an observable
effect on the evaporation rate it is necessary that the electron-hole pair
concentration produced by illumination should be of the same order of mag-
nitude or larger than'thelfree carrier éOncéntfation in the dark at the
evaporation temperature (680—7&0?0). This criterion was met by using

> . 2.0x10° pw/ch. In addition, the

light intensities in thé'range 5+ 0X10
trapping lifetime of'photoeiéctrons and. holes must be long enough, relative
to the residence time of the neutral cadmium.and/or sulfur species on the
surface, to avoid direct electron-hole recombination prior to the desorp~
tion of the neutral species.

These conditions have.been met for sulfur-doped CdS (o ~ 10-10 mho
cm_l). The effect of light on the evaporation rate of these crystals
is shown in Fig. 8. The evaporatiOn"rate inereases iiﬁearly withy the

light intensity in the studied range as shown in Fig. 9.

Cs Surface Concentration Dependence of the Evaporation Rate
CdS- (Somorjai and Jepsen, 1964b)

The surface concentration of the final species of the reaction w"er'e
varied using a molecular beam of sulfur and/or an atomic.ﬁeam of cadmium
(Somorjai and Jepsen, 196ha); Care was taken in all of the molecular
beam experimehts to maintain a sufficiently lafge mean free path of all.
vapor species in order to exélude possible gas phase interactions between
the beam and species being evaporated from the Cds. |

The molecules beams of Se(vapor) or Cd(vapor) were prepared using
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a double-oven arrangement which allowed'preheating the'impinging beam
to that of the surface temperature of the vapoiizing CdS crystals The
welght loss was monitored with a micfobalancé vhile the vapor flux was
determined in separate measurements (Somorjai and Jepsen, 196ka). At low.
impingemen? rates, thére is no oEsefvaﬁle effect. As the sulfur flux

increases and becomeS;the_séme order of mégnitude as that of the evaporation

rate of CdS, the evaporation rate becomes proportional to the —1/2 power

of the sulfur flui_(JV ~ ng/ %)

Cadmium atomic Béams had no appreciable'efféct on the évaporation rate
of Cd8 in the range.éf impingement rates studies (Somorjai and Jepsen,
196kn),

-Frém the résults of the experiments we' can now deduce the mechanism
of Cds-evéﬁbration. The presence of excesses_df cadmium, sulfur,.and
copper in Cds.de;reased the evaporation rates markedlj. These impurities
have low solubilities in caﬁmium sulfide, but'they éan change the free
carriér concentration in the vaporizing crystals by orders of magnitude;

Tt is apparent that the concehtration bf charge carriers ﬁlays an important
role 1n the va?orization proéess. The.effects of electrically active
impuritieérahd of‘light on the evapofation rate indicate thgt the

vaporizafibn is controlled'by'a charge transfer process.  The vaporization

reaction steps which can'be-dedﬁged from the available experimental:
infofmation éref a) diffuéion‘of ekpess cadmium or sulfur to the surface,‘
b) electron ffansfér-to neutraliZé the cadmium lons at the surface,

¢) hole transfer to naut?alize the'sulfur ioﬁs_at the suff&ge, d) association |
of‘sulfur atoms, €) Qesofption of sulfur mblécﬁles, and f) desorption

of cadmium atoms. Under vacuum evaporation conditions for undoped CdS
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crystals in dark or in light, steps (b) and (¢) are indistinguishable

and rate limiting. For Sulfurland cadmium,doped crystals, reaction (a)

controls the evaporafion rate. Fof the'vapbrization of coppér doped CdS, -

~gtep (b) is the possible slow step.

-
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VI. STUDIES OF THE SUBLIMATION MECHANISM OF
GALLTUM ARSENIDE SINGIE CRYSTALS

Gallium arsenideuhas_zinc blende strueture and a melting point of
12%8°Cs It is a semiconductor which is’available in the highest puritye.
The compound vaporizes according to the dominant net reaction (Gutbier,

GaAs(solid) — Ga(vapor) + g-Asz(vapor) +v££i§l~Ash(vapdf)

in ﬁhe temperature range'750°—900°Cg Thé tetramervarsenic concentration
is about 25765”mole % of the total arsénic flux and it is increasing with
increasing ﬁemperéture. |

Tﬁe\vaporizationjcharactsristics of_b§£h, the (111) or gallium face
and the (iii) or arsenic face were studied in thils temperature rangea.
These two low index faces should Be-compOSed dominantiy of oﬁly one type
of atoms and ﬂaVe'been shown to have different_oxidation (Miller, et al.,
1961) and etching rates (Russell, et als, 1966; Gatos and.Leviné, 1960).

under a variety of experimental conditions.

' The crystals which wefé used in the experiments were n-type, had
room temperature resistivities of 0.1-0.2 ohm cm and mobility in the
N 5 o,

~range 5x10° em”/volt sec)s

Purchased from Cominco American Ine,, Spokane, Washington
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- A. Results

l. Microbalance Studies

The weight losgs of the sample was measured as a function of time
at a given temperatﬁre. From these data and the geometric surface area,
the evaporation rate,{mg/cm? ~sec) was calculated. The surface area was
not flat, of course, during the vaporizatioﬂ. The presénce of small
droplets of liquid gallium are readily discernible on both Crysfal
. faées (Lou and Somorjai, 1969). The'areé‘ﬁnder the liquid is always
smooth and deeper lying.which indicates that a larger vaporization flux
is emanating from the gallium coated afea than from the uncoated portiai
'of the surface.

A reproducibile Stéady étate vaporization rate could eventually be
dbtained at any temperatuie in the.rahgé of our study, regaidless of the
.thermal history of the Vaporizing crystai. There 1s however, always
an inductioﬁ period of trgnsient,evaporatiOn at any given_ vaporization
tempéréture' beforé'the steady sﬁafe evaporation rate is obtained and ‘
this transient behavior'vefy.much deﬁéﬂds-'oﬁ the - thermal histéry;
Figure 10 shows the ﬁacuum.évaporationl‘faﬁé éf‘the gallium (lli)'énd
arsenic (TII) faces as a-fuﬁctién of time at-,800°C,l The sample .
wa,s (a) heated or (b) cooled tq 800°C prior tovthe,onset 6f the vappri;f;
zation run., After heating to 800°C there is.an initial iﬁductiqn periodf
of slow vaporization éfter ﬁhichvtherévapoiation rate increases to attain
the higher steédy stéte rate. After cooling'fo 800°C there ié B somewhaf‘
shorter initial iﬁduction period of rapid vaporization aftef which the
evaboration fate decreaées to attain the lower steady state rate. The

observation that the steady state vacuum evapordtion rate can bé‘
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established for the (lll) and (TIT) crystal faces indicate that both of
these facés of gallium arSenide_vaporizeﬁéongruently even in the-pfesance
of liguid gallium on the vaporizing surfaces. The initial @ransieﬁt
period during whichvthevvaporization faﬁe is changing is longer for

the arsenic (III) face then for the gallium (111) face.

The steady state vacuhm evaﬁoration raﬁes were measured for both
crystal faces of galliﬁm arsenide as a funcfion of temperature and.aré
plotted in Fig. 11. The log_R (mg/cmgséé) vs. 1/T (°K) curves give
straight lines above.750°C for Bdth crystal faces which seem to overlap
within the accuracy of the meésuréments. Hefe,’we have also pldtted the
maximum evaporation rates obtainéd.from equilibrium studies (Hove, 1955)
as é function of temperature. These. curves are parallel aﬁd their
slopés:give E* :-¢AH% =90 * ﬁ kcal/mole of gblid, The vacuum evaporation
rates however are less than oné-third'of the maximum_raﬁes in the tempera-
ture ragge 750°C—900°C.- Thus, the awefgge eVaporafion coefficient, a(T)

is about G(T) = 0.27. °

B; ,Mass‘Spectfometric Studies

During the vﬁpo:ization ofvgalliumvaréenide the'ions'réadily
detectable in the mass:spéctra are AsZ,-As;;_AsT, ahd‘As;. The dimer
and‘tetramer ion peaks had the largesﬁ intensities and they were of
‘comparable magnitude in the temperature range of ourIStudy. The experi-
méntal geometry (Fig. 2) hasithe advantage of allowing us‘to gcample
directly the wvapor céﬁpoSition which emanates from the Qapofizing
galliﬁh arsenide surféﬁe, Thus, any association reaction which may

take place on the heater or chamber walls (Arthur, 1967) would only change
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the background inmtensity distribution which can be measured independently

and has been subtracted from the signal. Both the As a,nd'As2 can be
identified (Louvand Somorjai, 1969) as fragmentation products of the

electron impact ionization of Ag, and AslL molecules.

2
The intensifies of the As+ and.AsZ peaks which were detected during

the vaporlzatlon of the galllum face (111) of galllum arsenide are plotted
as a function of temperature in’ Flg. 12. The actlvatlon energles of
vaporization are ED = 9&.5 kcal/mole.and[ET = 95.9 kcal/mole'of vapor
respectively. The inteﬁsity‘ratios, As;/Aéz_which_were'obtained at
qifferent temperatures once steady state vaporization was reached are
given in Table II. Thé log IfT'Vs l/T (°K) plofs for the arsenic (I11).
féce.are shown in Fig. 13. The activation energies of vapofization are

* ’ C* ;

Ey = 99.6 keal/mole and ET = 142 Kcal/mole of vapor, respectively. The
inténsityvraﬁips, As;]Asz;-which were obtéined at different températures.
in steadyvstate éré aléo given in fable IT. Thé results indicaﬁe that
“the activation energies of vaporlzatlon of tetramer arsenic molecules

are markedly dlfferent for the two crystal faces. The actlvation energy
for As) vaporlzatlon is 1arﬂer for the arsenie (lll) face than for the
gallium (111) face, [ET(Iii) > E (lll)] whlle for ASE’ it is ‘gimilar

for both faces. ThlS is clearly reflected in the tabulated intensity

ratios.

[ A
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C. Effect of Liquid Gallium on the Vaporization of GaAs

When the crystal faces were covered with excess liquid gallium and

-were then vaporized in vacuum the total evaporation rates (microbalance

runs) increased more than three-fold and'reached:the maximum equilibrium velue

throughout the studied temperaturebrangeh vMass spectrometer'studies-also
showed that the intensities of the Asgvand'AsZ peaks incrgased markedly
for both (111) and (III) crystal faces wiﬁh respect to the intensities
detectable in the absence of liquid gallium. However, the infensity
ratios, ASZ/ASZ: and the activation energiles of vaporization for all of
the arsenic épecies remained the same as that for the pure samﬁles. Thus,v
the presence of liquid gallium on the vaforizing surface merely increases
the evaporation rétes of all of the vaporizing molecules. It does not

change the vapor composition or the energetics of the vaporization surface

. reactions..

D. Discussion
The vacuum evaporation Tates. from both faces are roughly one-third

v

of the maximum evaporation rate (V.(r)AY _(T) =& = 028)while the

max
average activation energy of vaporization (kcal/mole of solid) is the same
as the equilibrium heat of vaporization (kcal/mole of solid), B = AHV =
90%k keal/mole of. solid. Thekvaporization rate seems to be controlled

by the magnitude of‘the'pre~exponehtial_factdr of the overall rate
equation J(mole/sec) = KO(S) exp (-E /RT) where K, is a constant related to

the frequency of.attempted‘motidn of a molecule over the energy barrier,

* . : - . , .
~E ,- and (S) is the concentration (moles/ém?)‘of the molecules in the

surface sites from which vaporization proceeds.
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The vapor compositions (Asg/Asu) ovef the vaporizing (111) and (III)
faces of gallium arsenide were found to be‘different. This appears to be
due to the markedly different activation energies of vapofization of the
tétramer (ASM) molecules f?om‘the gallium'(E%h¥:§5;9 keal/mole.of vapor)
and the arsenic (E*;;:ihzgkéal/moleiéf'vaporjmﬁrystal faces; resbectiﬁelyﬁf
This result.iﬁdicates that the formatiqn of the teﬁramer molecules is
dependent On some physical-chemiecal or structural property of the particuar
crystal face. Differences in.diélocation'déﬁsities (Lester and Somorjai,
1968), charge density'distributions (Somorjai‘and Lester, 1967), or
impufity concentrations (Somorjai aﬁd Lester, 1967) in'thé'(lll) and (III)
faces may play an'impqrtant role in determining the surface concentration
of the véporizing species,

In the piesence of liquid gallium the total vaporization rate in-
creases to obtain‘the maximum eéuiiibriﬁm rate. At the same time,
‘however, the vapor compositions on both facgs remain unaffeéted by the
pyeéénee éf the liquid metal, It appears that liquid galiium merely
increases the»number of surface sites from which vapdrization_can proceed.
It does-not change the’mechénism of vapérization which would be reflected
in the lowering of the activatiorn energy of vaporizatibnror in the chaﬁging-
of the vapor composition, 'Thus, Ga(l) does not shift the equilibrium in
any way between gallium and‘arsénic speciéé-on'thé gallium arsenide
sufface.' There is evidence from other vaporization studies ﬁhat different
liquid metals of lGW'Vapor.pressure (In and Ga on GaN [Schoonmaker, et al.,
1965], Tl on As [Brewer and Kane, 1955}) can also accelerate the evaporé—
tion of ITIIA-VA or VA compounds. Therefoie, liquid gallium may not be

the only liqdid’metal which can increase the evaporation rate of gallium
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arsenide; other metals most likely could alsq,speed up the evaporation
proceés. |
Several observations indicate that>there'is no équilibrium between

the dimer (Asg) and tetramer (Ash) arsen&c nolecules on the vaporizing |
surfacé, If the tetramersvwererformed_via the'equilibrium association
_of dimers, 2D 5 T (an exothermic reaction [Arthur, 1967] AH ='62,kcal/mble),
then the dimer to tetrémerfratio;ﬂ ASQ/ASM’ wQuld have decreased while

the evapor#tion rate indregses ih the préééhce of liquid gallium

D/T & l/D. This does not‘happena The preséhce of the liquid metal does
not change the vapor.compositioﬁs on‘the two studied surfaces. In ‘
_addition, the experimental faect that theidimér to tetramer ratios are
differenf on the two crystal faces indicate that equilibrium between
these molecules cannot pe éstablished at least on one of the crystal
faées. |

We:find from micrbbalance.studies thét the aﬁeragé:activation ener-

gies of vaporizatioh and the tptal sublimatiqn'fates are identical for

" the two [(lli)‘and (iii)j erystal faces invthe'tempefature range of our
- study. Mass specfrometrié Studies indicéte however, that the activation
‘energy of vaporization Qf_éhe tetraﬁer arsenic molecules is markedly
different for thertwo crySﬁal fﬁ¢és; If the,subiimation qf gallium arsenide
is.cohgruéntvthe’sum sf”tﬁe actiﬁation energies of vaporization of all
‘vaporizingvépecies has-td be theJSame_for both faces. Thus, it is likely
that the setivation éﬁergy of sublimation‘bf'gallium may also be_differeﬁt
for the (lll)‘ahd (iii)'orientatiohs of gailium arsenide, Studies to

ascertain this_efféct are in progress.



VII. IOW ENERGY ELECTRON DIFFRACTION (LEED) STUDY
OF THE VAPORIZING SILVER (100) SURFACE

The diffraction of low ene?gy electrons (5~5OO eV) from single
crystal surfaces can be used to obtaln information about the structure of
‘surfaces on an atomic scale (Somorjai, l968b).»ITh¢ diffraction'patterﬁ
1s representative of the periqdié arrangemént; of‘atoms iﬁ the surface.
In thése experiments a monochromatic electron beam is back—scaﬁtered
from one face of a single crystal and tﬁé eiastically scattered fraction
of electrons post-acceler&fed onto a fluoresceﬁt screen where the
dlffractlon pattern is- dlsplayed. The studies have to be carried out
in ultra high vacuum (< lO -8 torr) to avoid poss1ble contamination of
-the sample surface by'the adsorption of gases from the ambient (Mora—

" bito, ‘et al., 1968; Somorjai, 1968b)

One 1mportant dlscovery of low energy elecﬁron dlffractlon studies -
in recent years is that surface atoms may reside in dlfferent kinds
of surface structurés (Somorjai, 1968b ). The presence of these struetures
:is indicated by the apﬁearance_of extré'diffraétioh:featuresvin the LEED
pattern which are superimpqsed.oﬁ ﬁhe diffractionFPAttefn of the surface
unit mesh which is prédicted by_thé bulk unit céll. The sﬁrface strucf
tures can be characterized by léttice parameters which are integral
multiples of the unit cell dimensions‘which characterize the bulk unit
cell. Most semiconductors (Si, Ge, GaAs, CdS) and "insulators (A1, 05)
which have been studied so far, exhibilt surface rearrangemeﬁts (Somorjai,
1968b ). Améhg the ﬁetals only Au, Pt, Bi-and Sb were found to fearrange
while Al‘or N1 have surface unit mesh which are expected from thelr bulk

unit cell (Somorjai, 1968b).
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. The purpose of these éontinuing studies-is to obtéin‘information
;bout the atomic strdcturé'of the vaporiziné surface. We would like to
determine whéther vaporiédtion bccurs froﬁ‘an'ordéred surface where most
atoms occupy eéuilibriumtlattice sites of whéthef vaporization takes_place
from é 1iguid=like surface layer in which lohg range order, which is
characteristic of the bulk érystal, haé'been destroyed. LEED should be
sensitive to detect and monitor changes in the sufface structure.

It is well known (Somorjai énd Leéter, 1967; Lester and Somorjai,
1968) that the surfacé which.vapdrizes.intd vaéuum becomes "réug ", deee
exhibits high density'of steps,1pits and ledges. These macroscopie
changes in.the surface structure cannat, in general, be detected by low
energy electron diffrécfion. The iaterai cohérence leﬁgth of low energy
electrons is of the orderOf'~lOER; .As long as the distance between
steps is lafger than the ébhérencé length the éonditions for eonstructive
~ interference between the scaﬁtered electrons is not affectéd. Thus, the
presence of steps in the surface would not alﬁer the diffracted electron
beam intensities. | |

If the sfep or’defect-deﬁsities-in the surf@ée becbﬁefso high that
the ordered domains are reduced in sizé belOW'(y 102)22?, the intensity 
of the diffréction featuresvdecreases markedly, i;e., LEED becomes
sensitive to.surface roughness. Figures lha and lﬁb show diffraction
patterhs of the (lOQ)kface of plétinﬁm,'a).before ion bombardment (by
300 eré¥goﬂ ions) andtb) afﬁér ion bombardment. As a result of ion
bombardmenf damagé,the‘spots become less inteﬁse and large._ It should
'be noted fhat the spot width ié ﬁfoportional to l/N'where N is the number

of atoms in the ordered domains.
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Ordered arrangéments-of surface defects or steps coﬁld, of coﬁrse,

also beldetectable by low energy electron diffraction. Reeently, the
. presence of ordered rows of stéps in the ( ) face of uranium dioxide
has been reported by Ellis. .

Silver is a face centered cubic metal,.it has a melting point of
961°Ce The metal has a high vapor pressure at the melting‘poiht (> lOiB'
torr) and its vapor is composed primariiy of monatomic gaéeous specles.

. Vacuum sublimation studies (Winterbottom and Hirth, 1964) indicate that,
after a short induction periOd,‘the'maiimum subiimatiqn rate is obtained
within the accuracy Qf.ﬁhe experiménts‘ The activatiqn energy of sublimation
is equal to the_heatlof sublimation (E* ol AH%); It appears that equili-
‘brium can be establiéﬁed'in all the surface reaction steps which lead to
vapériZation énd that thé_desorption_qf silver atoms from the vaporizing
surface requires no activation énergy;

The (100) crystal faée ofvsilvér was vépbriZed.in a lOW'ehergy
electron diffraction chamber under conditions of free vaporization in
the temperature range of 600-930°C.  The diffrgétion.pattern_WHSG
detected and monitored'during vapofiZation., The sémple was then Quenched
‘té room tempgrature and the intensities of thé diffragtion spots were

~ recorded. It should be.noted that the intensity of the diffraeted beams
decreases expohentially ﬁith increasing tempgrature'of the solild. This
well-~known effect (Débye-waller.éffecf) is due to the increaséd'meah
displacement of surface afoms witﬁ increasing temperature (Somorjai,'
1968b). |

The results of this low energy electron diffraction study indicate

v

that the Vaporizing Ag(100) surface retains its structure and long range
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order. No significant changes in elther the arrahgément or the
intensity of the diffraction spots were found to oceur during vaporization.
Thus, it appears that the vaporizing silﬁef sgrfdce is ordered and certainly

not liquid-like as far as'it-canibe detérmined by the LEED technique.
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VIII. CONCLUSIONS

AN

The sublimation meéhanisms'of sodium éhlofide, cadmium sulfide and
gallium arsenidé simpie crystals havevbeen_sfudied in coﬁsiderablé detail.
Although the experimental inférmation is'insufficient to develop a more
general theory of vaporization we can idéntify several important parameters

which seem to-control tﬁe'sublimation rate of different-groups ofvcompouﬁds.

A. Composition of the Surface

Minute deviations from the sdlid_state composition (excess vacancies)
which produced a steady state sublimation rate have markédly changed the
evaporation rate. Chanéeévin fhe surfaéé'concentration'of gallium in
GaAs, cadmium or sulfur in~CdS,give rise td transient evaporation rates
whiéh apprbach ﬁhe steady étate value only slowly. It is likely thaf
the marked lowering'of the subiimatibnfrates of ecalcium-doped NaCl may
also be due tb changes in thebcomposition of the surface:. The presence
of divalent ions in the,éikali ﬁalide crystal léftiée Creafes a large
concehtration of sodium ion vacancies in excess of théir;steady state
concentration in the pure crystalé. In addition to point defects, liné
defects such as dislocainns_could‘also markédly influence fhé sublimation
rate (NaCl). This_effect should be detectable in solids vwhere there is
a low mobiiity of dislocations s0 thgt they cannot anneal out at the

sublimation temperatures.

.B. Charge Transfer -
It is apparent that the capture of-mobile charge carriers'(electrons_
and holes) by the cadmium and sulfur ions to form neutral species which

may vaporize is a rate controlling step in the vaporization of CdS. Charge
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transfer may also. play an important role in the sublimation of gallium

‘arsenide although conclusive experimental evidence is lacking at the

‘present. The effect of liquid metals whieh accelerate the sublimation

process of ITIA-VA compounds may be through their‘prOViding.avsource of

-free electrons which facilitates both; the dissociation ofvthe crystal

and the association of the vaporizing species (Asé, Asu). In alkali
halides where the electrons are tightly held and sublimation occurs by
ion pairs charge transfer may not Dbe expected to be an important reaction

step.

C. Imgurities

Impurities which are electrically active (copper in CdS)_or change
the solid composition (ealeium iﬁ NaCl) can markedly change the sublima-
tion rates. It is likely that similar effecﬁs wili be found in GaAs as
well.

There are several observations WhichISeem'to hold for all three

groups of compounds which we have investigated.

*

'D. Concurrent Vaporization Mechanisms -
'For:NaCl'and GaAs the vapor flﬁxes are composed of more than one type
seems to be no equilibrium on the vaporizing

surface between NaCl and NfaECl2 or As, and As) moleciles. Sublimation
oceurs by two indepedent reaction paths under all conditions which we
have investigated. Surface diffusion which would allow reaction between-

the molecules does not seem to take place in these surfaces,
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E. Invariance of Vapor Composition

We have studied all three cqmpounds under a variety of experimental
conditions wﬁich have changed their eVaporation rates b&'one to two orders
of magnitude; The steady state vapdr compositions however remained
virtually unchanged within the accuracy of the experiments uﬁder all.

conditions of sublimation.
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Table I - Activation energies of vaporization for NaCl crystals with different dislocation densiti es
Dislocation - : v S . : |
Density  8x107m 1% 0%’ 2 x 10 Ax10%e?  6x10° 315 x 10%/en?

By (keal/mole)50.7 "+ 1 52.4 £ 1.5 54,0 £ 1 55.6 % .6 5%.8 1.1 56.6 + 1.1

g, (Kealfmole)58.2 *. 1  6l.5% 1.6 62,0 %4 65.6 £ .6 65.5 + .8 62.8 + .

--['f(—
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Table II. The intgnsity ratios, As2+/Ash+, for the gailium_
(11}) and arsenic: (III) faces at different tempera-

tures.
Ga(1l1l) face .~ As(ITT) face |
T (°C) - asy/as)" T (°c) Asy /As)”
?8 oW 705 o ssT
730 0,18 s w 0.81
758 R S 798 . 0.78
780 0k 809 - , | 0.7
78 051 8l - om
g2 ok | |
. o oh8 -

May not have reaéhed-steady state
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- FIGURE CAPTIONS

Scheme of the experimental ar;ahéement used in the micro-
balance studies of the total.vaperization rate.

Scheme'of the mass spectrometer;system.

Evaporation rate bf”ieW'aﬁd high disiocatibn density eodium

chloride single'cfysﬁals as a_fhnction'of temperature.

2; A -.1x107 em™2.

v Equilibrium data from ZimmeandﬂMEyer- (19kh),

Representative curves of the ion intensitles, Na+aj),
NaC1® (O) and Na201+va[) and the monomer to dimer ratio,

M/D, as a function of temperature.

v Evaporation rates of‘calcium-doped sodium chloride crystals

(®) and of pure crystals with different dislocation densities.

Rate of evaporation of CdS single crystal c-face as a

function of reciprbcal temperature.'

Eﬁapore%ion rate of the (ObOl)-face of CdS at 700°C . The.
crystal was cepper doped A£ 700dC.' Dotted line shows the
evapofatioﬁ rate of undoped crystal. _ | |

The evaporation'rate'of'sulfUr-doped (1200°C, 20 atm) CdS
single crystel c-facé, X - in'dark; and @ - in light at
696°c. | ‘
Lightﬂintensity dependence,of the evaporation rate of selfur—
doped,(l200qc; 20 atm) CdS single crystal c—face_at 696°C.'
100 percent = 2;Ox105 uW/cm?e

The evaporation rates of the (ill)'and (III) faces of

gallium arsenide &s a function of time at T = 750°C.
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Fig. 11 The evaporation rates of the (111) and (III) faces of
| gallium arsenidé:as‘a function of temperature. Equilibrium
.data from Arthur (19 ).-i
Fig. 12  Representative cufvgs of the,ion:inﬁensities, Asg-and ASZ.
" as a function of temperature for the (111) face of GéAs.
Fig. 13 Representative curves of thg'ion intensities, Asgvand Asz
as a function of temperature for the (III) facé of GaAs.
Fig., 14 a) pifffactidn pattern of an annealed face centered cubic _
| ﬁetal (100) face at E = 58 éV; B) pattern after ion_bom-

bardment.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, 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 informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, 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 Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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