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INTRODUCTION

Since present and future technology may require substances with
krnown and controlled physical propertiea such as sublimation and
evaporation rates, it is important to know what factors affect these
properties. The behavior of solids at high btemperatures and in differ~
ent environments hes been a serious topie in industry, especially in
the aerospace field. Although much experimental (empirical) data has
been collected about the sublimation behaviour of metals and other
solids, very little fundamental research has been carried oul in order
4o determine the mechanisms which may act or control the sublimation
ﬁehavior of ionie or near-ionic compounds. In light of this present
situation, the few previocus experimental studies of II-VI compounds
have been reviewed and an extension of the multistep process theory
hag been developed and compared with experiment.

Humerous experimental and theoretical investigations of the
vaporization of solids have appeared in the literature since the lalter
part of the nineteenth century. In 1882 Hertz1 proposed that the maxi-
mum rate of vaporization, Jﬁax’ of a condensed phase can never exceed
the rate at which atoms or molecules strike the surface under equili~

brium conditions. Using kinetic theory, he showed ‘that

J = nv/ 4 (l)

max

vhere n (molecules/cmB) is the equilibrium vapor density and v (em/sec)
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is the.mean speed of the molecules striking the surface. Later experi-
‘ments by Khudsen? showed that impurities could reduce the predicted
rate of vaporization by several orders of magnitude. By introducing

a factor P, the condensation coefficient, into the right-hand side of
equation (1) he accounted for the possibility that a fraction of the
molecules striking the surface are reflected. This yields the classic

N

Hertz-Knudsen expression,

J, = ﬁ)nv/l# (2)
for condensation onto a surface. Substituting the appropriate expres-
sions for the factors in equation (2) yields the more familiar form

7, =PBr, /(ewmer)'/? - (3)
where Pe i.s the vapor pressure of the condensate at the absolute temper-
ature T, m is the atomic mass, and k is Boltzmann's constant. l

In Xnmdsen experiments, the effusion rate through an orifice of
the specimen container is used to determine equilibrium vapor pressureg.
Normally ﬁ is assumed to equal wnity (neglecting geometric and.surféce
diffusion effect) for the temperatures at which measurements arec made.
These equilibrium studies yield thermodynamic data such as enthalpies
and free energies of formation, but give only limited information
about vaporization mechanisms. Hence, the evaporation rate from HR "
equilibrium (Knudsen) cell is essentislly determined by g;ometry and
the ‘thermodynamics of the system. In order to investigate the vapori-
zation mechanism, experiments are usually performed under non-equili-
brium conditions for which kinetics of vaporization are studied closely.

-
The study of the kinetics is usually accomplished by the Langmuirj~



type experiment in which the gross rate of vaporization, J, into a
high vacuum is measured by the specimen weight logs. Kinetic measure-
ments of this type are commonly referred to as "free evaporation" or
"vacuun evaporation' experiments, It is usvally assumed that J is
independent of the vapor pressure of the condensed phase so that the
.measured flux is set cqual to the flux under the. equilibrium vapor
pressure. From

J= oP, /(24Tnﬂ<’l‘)1/2 )]
the equilibrium pressure may be calculated if oL, the vaporization coef-
ficent, is taken to be unity. However, quantitative comparisons of
Langmuir and Kunudsen expsriments indicate that & may have values

2,4-6

ranging from 10"6 to unity for monatomic solids (metals). Tor

these substances values of o largely different from unity efe assumned

’ For substances which vapor-

to be caused by surface contamination.
ize as molecules or which dissociatle dﬁring vaporization; the defini-
tion of X and the measurement cf its depariure from uvnity have not
been established unequivocally.

In addition to the Tangmuir technique, the kineticé of sublimation
can be studied by vaporizing the solid in the presence of a foreign gas.
This method is essentially & modification of the entrainment oy trans-
piration technique. Analysis of these experiments is complicated by
the diffusion of the gaseous molecules into the foreign gas, but valid
information about mechanisms can be deduced under proper conditions.

This method has been used for the experimental part of this investigation.

Since it is normally assumed that sublimation or vaporization is



2 multistep process, atomic or molecular rearrangements may take place
or a diffusion controlled reaction may occur on the vaporizing surface
and precede the final desorption step. I the vaporization reactions,
rearrangenents, and subsequent processes occur consecutively, the parti-
cular process which is the slowest will determine the net sublimation
rate.

In order to understand the behavior of atoms or molecules vapor-
izing from an arbitrarily oriented surface, a model is needed which
corresponds to an equilibrium surface structure, yet can also be ex-
tended to vaporizing surfaces. Mechanistic theories based upon struc~
tural models should he useful to predict the relationship between posi-
tions and movements of surface atoms and the observed phenomena. The
most commonly used model is based upon the anisotropy of interfacial
surface energy discussed by Frankg and Cabrera1o. Crystal surfaces are
characterized as: (a) singular surfaces, being those for which
grooved minima occur in & three-dimensional pl&t of surface energy
versus orientation (vsually coinciding with low index orientations);

(b) vieinal surfaces, with orientations very close to those of singular
surfaces and composed of low index planecs separated by monomolecular/
monoatomic ledges or steps; and (c¢) non-singular sﬁrfaces, being those
which have interfacial free energies roughly independent of orientation.

A schematic representation of a vicinal surface showing the differ--
ent atomic or molecular sites that can be occupied is shown in Fig. 1.
The importance of ledges and kinks in the processes of vaporization and

condensation were discussed in the late twenties by Kossel11 and



Figure 1: Schematic view of crystal-gas interface
showing ledges and atomic position. Site
a is in the crystal, b is in ledge, ¢ is
a kink, d is at ledge, and e is adsorbed on
the surface,



A Stranskij2’13 ’\I’olmer“l proposed a model for vaporization of solids
which involved a multistep process in an attempt to explain the existing

15,16

experimental evidence. FPollowing the theoretical development of
the condensation process presented by Burton S&,ﬁl"17 the kinetics of
vaporization by a ledge mechanism were treated by Knacke and Stranski18
and Hirth and Ppund7.

This model is presently known as the terrace-~ledge-kink (TLK)
model of vaporization. Since crystal edges are favored sites for
monomolecular ledge formation under vaporization, a2 perfect crystal
bounded by singular surfaces may exhibit vicinal surfaces as the newly
formed ledges move onto the singular surface.8 TFor singular or vicinal
surfaces the kinetics of vaporization may involve: (a) dissociation
from kink sites to positions at ledges; (b) diffusion along the ledge;
(c¢) dissociation from the ledge %o an adsorbed position; (d) diffusion
of the adsorbed atom or molecule along the surfacdé; and (e) desorption
from the surface to the vapor.

Using monoatomic ledge kinetics, Hirth and Pound7 considered the
possibility thal surface diffusion of adatoms may limit the rate of

9

vaporization. Following an absolute rate theory approach1 to deseribe
the kinetic importance of the different unit steps, the authore estimated
values for the surface concentrations of the species. - After estimating
the relative values of the activation energies involved, the found that
the net vaporization al equilibrium occurs predominantly by the disso-

ciation of atoms from positions at ledges followed by desorption. The

authors demonstrated that many pure metals vaporize with this dissozia-



tion~desorption process as the controlling step.

Observation of topological features formed during the sublimation
or non-equilibrium vaporization of cadmium sulfide and zinc sulfideao
and cadmium selenide21 can be interpreted in terms of the TLK model of

7,17,22 Munir and Hirth?o sugeest that the sublimation

vaporization.
rate and surface morphology of certain II-VI compounds can be related

to the existence of a charged defect distribution at the surface of AB
type compounds. By anzalogy with the determination of the effecetive
charges on erystal corners, edges and faces and on dislocation jogs,
kinks on surface ledges of II-VI compounds can be shown to have effective

> 4
20,23 The surface charge, one-half of the charge distri-

charges of +e.
bution, manifests itself structurally as a differerice in the concentra-
tions of positively and negatively charged kink sites.

Frenkel first proposed the existence of a space-charge region
near the surface of a pure ionic erystal in thermal eguilibrium. Simply
stated, for IFrenkel defects, a charged surface and a space-~charge
region of the opposite sign arise because of the difference in the
individual {ree energies of formation of a cation vacancy and a cation
interstitial. Qualitatively, if the free energy to form the interstitial
is more ncgative than that'to Tform the vacancy, then at any finite
temperature there is a tendency to form an exéess of interstitial
cations. Under these conditions, a positive space-charge region and a
negative surface, i.e., the previously mentioned charged defect distri-
bution, are formed and exist at thermal equilibrium. :Lehoveczu, and

. 2
later, Kliewer and Xoehler > refined these early calculations to include

[



defect associations and impurity effects but only included the state of
the surface impliecitly in their developments. Poeppel and Blakely26
{hen considered the separate energies involved in the creation of
defects and showed that the results depended on the enexrgy levels of the
surface sites. The latter authors alsc investigated the binding states
of surface ions and the density of the surfaces sites. However, they
did not consider specific types of defect sites at surfaces.

In this paper, the surface defects are identified as surface
kinks and detailed aspects of surface~bulk equilibrium are established
for this case. Surface vacancies and adsorbed species represent albter-
native possibilities for surface defects on singular surfaces. Such
entities can be treated by analogy to the kinks considered here, with
identical results in terms of the concentrations of the appropriate
surface defects. In addition, the earlier analyseszufzé are extended
to include surface-vapor equilibrium. More specifically, the charged
defect distribution theory is developed mathematically and the concen-
trations of the charged kink sites and the strength of the dipole are
related qualitatively to the observed vaporization behavior of several

II-VI compounds.



THEORETICAL DEVELOPHMENT

Calculation of the Distribution Potential

As a simple example we consider a sodium chloride single crystal
with the Schottky-Wagner disorder, i.e., where charged sodium vacancies,
Vﬁa’ and chlorine vacanciés, Vél, are the only defects present.‘ The
defect formation proceéses are illustrated in Fig. 2, In sketch 2a, a
cation vacancy is formed together with a kink of charge +e/2, while a
kink with charge -e/2 is removed. In sketch 2b; the corresponding
process ie shown for an anion vacancy. Let;&F+ and /P be the free
energies to form the charged 9odium and chlorine vacancies, respectively,
together with the formation and annihilation of the corresponding
charged surface kinks. We note thntAFﬁ and AF have sometimes been
called formation energies of vacancies alone;ga’25 but the associated
defect must also be included in the analysis, whether it be a surface
kink, an adsorbed ion, a surface vacancy, an electronic defect or an
ion in the vapor phase. Also, while defect formation at a surface has

24-26,28

been discussed previously, the identification of a surface de~

fect has not been made, leading to some confusion.28 Suppose thatAF+ is

¥ According to the notation of Kroger and vink,27 V& is a vacancy on
a sodium site with a unit negative charge, -e, wi%ﬁ respect to the
normal site occupation; V., is a vacancy on a chlorine site with a
positive charge, +e, with Féspeet to the normal site ocecupation.

9



Figuré 2: Defect formation processes for a sodium vacancy,

Vﬁa,v and a chlorine vacancy, vCl'

10
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more negative thandF . Then, at any-finite temperature a stoichio-
metric crystal has a tendency to form an excess of sodium vacancies
resulting is a positive surface charge and a negative space-charge
regién within the crystal. At equilibrium -there exisfs a Debye-~Huckel
dipole region with an associzated potential difference, #. For a
sufficiently large neutral crystal, distributions from different sur-
faces do not interact and the effective free energy of defect formation
is the energy to form the defect in the presence of the potential
difference from a single surface. The model in such a case conéists
of an ideal ecrystal baving infinite extent in the y and z directions,
thus reducing the problem to a one-dimensional one.

The equilibrium defect conecentrations in such a case are

[Vi, 1 (%) =N exp -(aF" - eff(x))/ke (5)
Vi, 1 () =N exp -(aF" - eff(x))/x2 (5)
where [Vél J (%) = N exp -(AF + e@(x))/kT (6)

.[Véitwhere EVﬁ;](x) is ‘the local number of sodium vacancies per unit volume,
N iSAEVéi](x) is the local number of chlorine vacancies per unit volume, and
tion is assumed to be smooth enough to satisfy Poisson's equation for
a medium with a static dielectric coefficient, ¥W. Therefore, Poisson's
equation can be written as

V4 = )/ = Wpla)/KE, (7)
vhere éo is the permittivity of vacuum and fis the charge per uvnit

voluie ( the space charge), given by

P ) = etlvgyT6o - L] ) (8)



12

For this example only ionic defects are supposed to contribute to the
space charge. The boundary conditions required for an analytical
expression of the potential function are @ (0) = 0 and df(ee)/dx = O
for a semi~infinite erystal. The constant, asymptotic electric poten-
tial is found by the substitution of equations (5) and (6) into (8)
with the additional condition that the space charge in the center of

the crystal is zers. The result is
—~

’ oJe -
g (o2) = (8F" - AF)/2e (9)
Equation (7) is solved by changing the parameters to the dimensionless

variables w(x) = (e/kT) [:95 (e0) - ;b’(x)] and m = x/A. yielding

dPu/dne = 2 sinh(wP (10)
and
AZ = KE Jer/arre®lvg I (e0) (11)

The parameter A is the Debye-Huckel distance. Note that ;k.is pro-
portional to the square rool of the equilibrium coneentration (bulk
concentration) of cation vacancies or anion vacancies since at x =060,
their concentrations are equal at equilibrium. The solution of equation
(7) as a function of the original parameter is found to be
F(x) = -(4x1/3)tamn” (exp( AZ/A ) tanh(ef(x)/HKT)) + P(e) (12)

Equation (12) allows us to calculate the magnitude of the surface
charge., By applying Gauss's Law,

E-dA = o/A, (13)

to the surface of the erystal, where £ is the electric field intensity

and dA is a unit of area, the charge per unit area can be calculated.

The assumption made at this point is that the surface is a flat sheet
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of charge. This assumption greatly simplifies ealewulation and provides
adequate knowledge about the functional dependence of the surface
charge. layer. Moreover, for all but nearly singular surfaces, where
the kink densities would be very low, the planar approximation should
closely correspond to ‘the actual charge. The planar model will also
indicate qualitatively the behavior in the more complicated near-
singular (vicinal) surface case.

The surface charge per unit area, Q, for this case is given by
Q= q/A = ZEOEn where E_ = —(dﬁ/dx)x=o is the normal component of the
electric Tield intensity exactly at the surface plane. For a crystal
having a dielectric coefficient,|<; the surface charge density is
written

Q = -2KE (ag/ax), (14)
Equation (12) can be differentiated and substituted into equation (14)
to give the dependence of the surface charge on the defect concentration,
o = -8(2[ny, JokExm) /2 ainn(ef(o=)/2xm). (15)

Evidently, the surface charge can influence the sublimation
mechanism in three different steps: (a) desorption, (b) disconnection
from ledges, and (c¢) a molecular combination process in the adsorbed
layer.

In general, the desorption of a molecule having & natural dipole
moment is treated as the removal of a dipole through the field oftthe
charge distribution. The energy required to move the dipcles apart
will depend on the magnitude and sign of the surface charge, the

Deybe-Hﬁckel distance, the orientation of the molecule with respect to



14

the surface of the crystal, and the orientation of the ecrystal. The
energy to remove a godium chloride molecule from a planar surface to
infinity at QOOOK is easily estimated. See Appendix A. The moleéule
is treated as a rigid dipole which is mbved over a given distance to
infinity while in the presence of the charged defect distribution.
Tor the present congiderations, the degree of hindered rotation of
the molecule in the dipole field is sufficiently small that the rigid
model is a valid approximation: tThe model can easily be extended to
the.hindered rotation case.29 We assume the surface charge is distriw
buted in a square grid of positive unit charges separated by a distance,
d, where d = (e/Q)1/2. A corresponding grid of negative unit charges
is located in the»crystal at a distance A. from the surface. The
potential at any distance normal to the surface is the sum of the
potentials due to the individual charges. We also assume that the
dipole can approach the surface no closer than a chlorine ion diameter,
3.622. The actual distance of approach is uncertain since the position
of the charge on a kink has not bzen identified. When calculating the
potential by computer, we considered all the neighboring dipoles which
contributed more than 10"6 volts to the total potential. This cutoff
occurred with the three hundredth neighbor. Using for AFT and AF  the
va.lue525 art = 0.80 eV-3.1kT and AF = 1.3%2eV-3.1kT together with
N = 2.21}.}{1022/0m3 and K. = 5.62, we find the energy to be approximately
0.25 eV.

The second case is one where the erystal sublimes with desorption
of ions followed by combination in the vapor. In this caze the energy

to remove an ion from the surface is given by a aimple potential



15

calculation and depends strongly upon all the previous factors except
the orientation of the ion with respect to the surface. The energy
+to remove a chlorine jon at 900°K, calculated in a similar manner, is
app;é¥iﬁ;;;1y 4,0 eV, which would preclude this process.

The last case is that of the desorption of a neutral atom. Here
the dipole~dipole effect is small since the induced atomic dipole
moment is very smsll. This energy is approximately 0.05 eV. Although
the induced dipole moment is small here, it could possibly be large
enough in certain systems to give a significant energy contribution.

Because ‘the measured activation enthalpies of vaporization and
enthalpies of sublimation for sodium chloride are approximately 2.7 eV
and 2.3 6V,30"32 rcapectively. the above calculations demonstrate that
+the total dipole-dipole interaction energy can be a gignificant part
(15%) of the total sublimation energy.

Shown in 'fable 1 are calculated values of binding energies for
the sodiuwmn chloride molecule, sodium ion, chlorine ion, sodium atom,
and chlorine atom adsorbed on the surface of a crystal at 900°K.

TABLE 1. DBinding Energies for Particles on the Surface of NaCl at 90005

Particle Distance,z U(eV) U(cV) for qeff
NaCl molecule PRy Ty -0.316 -0.222
NaCl molecule 2Ry Ty -0.380 -0.303%
Cl ion 2RC1- ~0.997 = meew—-
Na ion R +4.999 ——————
Cl atom ZRCl -0.095 —————
Na atom 2R 03~ J—

N8
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In all of the above situations, the dipole field near the sur-
face of the crystal depends upon the atomic packing of the crystal.
For symmetrically packed crystals like sodivm chloride, the double
layer dipole field is essentially the same for (100) surfaces as for
(100) surfaces. For crystals such as zine sulfide, zinc oxide,
cadmium sulfide, and others possessing the "wurzite" structure, the
atomic packing leads to small surface dipoles on the (0001) and
(oooi) sur:t‘acesBj’34 which are independent of the charged defect
distribution and have opposite orientations with respect to a given
coordinate system. This surface effect adds to or sublracts from the
total field and should lead to a difference in observed sublimation
rates from opposite c-axis faces. Any increase in Q will result in a
decrease in the net rate of desorption.

The surface charge also can enter the sublimation mechanism
during ‘the discomnection of a particle from a ledge position. The
analysis of the particle-distribution interaction is mmch more complex
gince the actual microscopic surface structure is difficult to describe.
The value of the activation energy for an ion ‘o move from a ledge
position to the adsorbed position depends on the values of the surface
charge, the Debye-Hﬁckel distance, and the ledge spacing. The ledge
spacing enters the mechanism since movenent of a particle away from
the ledge involves an additional energy contribution. This contribu-~
tion arises from the slightly different dircecction of the local field
intensity and the corresponding dipole-dipole interaction. The local

Tield about a ledge will.follow a Bessel funation solution analogous
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fo that about a dislocation line23; however, it will smoothly merge
into a planar field at distances from the surface equal to the ledge
spacing. This is the basis for the earlier assertion that the quanti-
tative planar model should apply closely to all but singular surfaces.
As in the desorption situation, an increase in @ results in an inerease
in the energy for movement from a ledge to an adsorbed position. For .
mo;ecules possessing permanent dipoele moments, more complex ledge
interactions can occur since reorientation of the molecule is possible
in order to minimize the total energy. Hence, the charge Q influences
ledge kineties qualitatively in the same way as it influences the
planar surface desorption kinetics.

Combination processes in the adsorbed layer can also be influenced
by the presence of the Debye-Huckel distribution. If atoms or molccules
must associate to sublime, the presence of the distributions field can
regtrict their motion. For example, an adsorbed sodiuvm chloride
molecule may have to diffuse over the surface and reorient itself with
regpect to the dipole field in order to form an adsorbed dimer.
Changing its orientation would involve an energy change which would be
dependent on the value of the distribution potential through the asso~
ciated surface charge. Hence, the energy change is greater if the
surface charge is larger. Thus an increase_in the surface charge can
redue the rate of the combination process and then reduce the net .sub-
limation rate.

Application of this theory to II-VI compounds is slightly more

complex., The erystalline defects can consist of interstitial cations,
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intergstitial anions, cation vacancies, anion vacancies, compensating
electrons and compensating holes.  If the energies of formation for
the defects were known, we could calculate all the concentrations and
the actual surface charge subjecl to geometric considerations of
surface morphology. Unfortunately, complete data of this nature is un-
available. Boswara and Franklin35, in a recent review, discuss the
theory used to calculate the energetics of simple defects in oxides.
Most attempts to calculate individual vacancy formation energies in
relatively simple alkaline earth oxides have been unsuccessful.
Similar difficulty is expected for sulfides and selenides. Moreover,
the use of the present models to characterize oxides which are more
covalent, such as the ITA-VIA oxides, would be invalid, No attenpt
will be made in this paper to explain the theoretical method used to
approximate the vacancy formation energies. The development of the
charged defect distribution theory assumes that the individual defect
formation energies will eventually be available.

36

Krsger outlines a method similar to Lehovec's which allows
interaction between a ecrystal and its environment. Two cases are ex-
amined: cadmiwn sulfide having the Schottky-Wagner disorder and zinc
oxide having the Frenkel digorder. These are non-stoichiometric
cerystals and contain electronic defects in addition to those considered
for the stoichiometric case of the preceding section. The consequences

with respect to dipole formation, however, are the same as for the

stoichiometrie case.
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Cadmium Sulfide

In pure cadmium sulfide, the disorder is of the Schottky-Wagner
type. We assume that in the bulk or interior of the crystal four
types of charged defects are present in eppreciable amounts: wvacant
Cd sites, Véd; vacant S sites, Vé; electrons, e'; and holes, h'.

A Knger_ and Vink apprpach 27 can be taken to calculate the equilibrium
concentrations o;f' each of the defects in the interior of the crystal.

Assuming thal the concentrations of vacancies, electrons and
holes are so small in comparison with the number of lattice sites that
their activities may be replaced by their concentrations (Henry's Law),
we write six relations which define the concentrations of the defects:

1. Crystal-vapor equilibrium,

o X X .. _ X- 1/2
1/2 5,(8) 85 + Vg, with K82V = [de _I/PS2 (16)

2. Native defect equilibrium,

- X . o X x
OF= Vgy + Vg » with Kg = [V, 7] [V ] (1)

3. "Ionization" of the defect V., |
. 3 * x
v‘g;—:vs + e’y with K = [ViIn/VS ] (18)
4. "Ionization" of the defect Vé )
X .l ° s — v T
Vog Vg + 0y with K = [:VCd] p/[:vgd_] . (19)
5. Intrinsic defect equilibrium,

O2e' + h', with X, = np (20)

6. Electrical neutrality condition,

n + EVéd] =P+ [VS:] (21)
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Since there are six quatiops involving six unknown quantities,

one can solve for their simaltan 8 solutions. Each unknown concen-
trétion can be written as a function of the sulfur partial pressure
and the given equilibrium constants. Conductivity experiments have
shown that cadmium sulfide is an n-type semni-conductor leading to the
assumption that the preponderant lattice defect is &n ionized sulfur
vacancy. The electrical neutrality condition simplifies to n = [Vé]
if n??fvcéj and [Vé]ﬁ?p. Solving equations (16)~(21) simultaneously
in terms of the equilibrium constants and the sulfur partial pressure,

we find expressions for the mole fractions of defects:

v ngvps;/2 (22)
VEl= (k% ) g ™2 (23)
[V = (%, (KS'QVKS)'/ %/%,) PSQV ' (24)
[Vg] = (KaKS/KSZV)V 2 PSZ’V 4 (25)
n = (Kaxcs/}{szv)v 2 PS:/ 4 (26)

1/4
2

(27)

ke
t

. .\ 1/2
= I\i(KSZV/KaI\S) Py

Specifically the concentrations are in numbers of defects per unit
volume.

Calculation of the Potential Function

The earlier reasoning leads to the expectation of an electro-
static potential, @(x), which is zero atl the surface and some constant

value, f(=2), in the interior of the crystal. This potential would
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enter into equations (22)-(29) in the following manners

[ ] Kb(K 2.\, S ” Véd+e;6(x) .
VL) (%) = - S P exp N (28)
cd x° 5, RT
1 .
04,0 1/2) -UV.—eﬁ)'(x)
s =1/ S
§ v -2 kT
2
ke N2 [ sepi(x)
n(x) 28] p V¥ gepltl (30)
Xq v 32 T _
2
and
o0 <00 (2 RN (31)
i KgKg ] 32
vwhere UV , and UV' are the energies, respectively, to remove a cadmium
Cd S

or sulfur ion from a particular pogition in the bulk phase and form
positive or negative kinks on the surface; Uy and Uh' are the energies,
respectively, to form excess electrons or positive holes in the interior;
the Ko's are the nominally temperature-independent, pre-exponential
portions of the equilibriwm constants K.

The charge density (coulonbs per unit volume) at any position within

the erystal can be written

P o) = e ([15] (1) = n(x) =LV, (x) + p(x)). (32)

at x = oo equations (27)--(31) can be rearranged to give
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Vg (o) exp (L) Koy o 5 Ps;/u (33)
"U 0’
2 v i )
Ve (o°) exp (gicgl = K&, exp (‘“";'& p, ~V4 (34)
8 k K Vg \ KT S5
o) e {ZEC) o (et} p - )
n exp\ ke /T et TP ATRY) s, 3
and=
e;ﬁ'(bi [ Uy 1/4
p(e0) exp | =< = KE. exp § -y s, (36)

where the K*'s contain all the X°'s of equations (28)~(31). Upon sub-
stituting the expressiona (33)-~(36) into (32) we find the charge
density written as a function of @(x), #(c°), and the equilibrium concen-

trations of the defects in the form

P =e{ vl o eﬁ(’“‘;:%“ef’“"’) - (7] ()

oo (—eﬁ}({‘;")-&e’/(x)) (%) exp (“‘ﬂﬁwﬁ(x)} + plo?)

exp (%fé_(?_k;‘):_ﬁfl) (37)

Since the original electrical neutrality condition in the bulk of the

cry;s'bal is, in nunber per unit volume,
[Viqd () + n(d) = [V ] () + p(a), (38)

equation (37) can be reduced to
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f (x) =e {};VSJ (o0 + p(cxo)} {ex.? ggfi({_gg_)_:ggm) )

oo Ceg(ai%mmx))} | )

Note that either side of equation (38) can be used to generate equation

(39). By defining w(x) = (e/kT) (f(e®) -~ ﬁ(x))<<0 and substitubing it
into equation (%9), we find the charge density to be

S) (w) = 2e (E\fé] (oo) + p(oO)) sinh (w) . (40)

Inspection of equation (40) shows that it has the same functional
form as equation (10). Therefore, the solution of equation (7) for the
non-stoichiométric CdS erystal will be identical except for the value
of #(e=) and A. ‘fhe functional dependence of the surface charge on
the sum of the equilibrium defect concentrations is analogous to that

given by equation (15),

Q= -8 ([13] (=) + p(oo)) 2 (2wepm) /2 sin-oBl2) ()

Zn0
Zine oxide is usually assumed to possess a Frenkel type disorder,
with interstitial zinec, Znie, and zinc vacancies, V! , being the pre-

Zn e
et Equations analogous to (16)-(40) can also

ponderant ionic defects.
be written to describe this II-VI compound. The electrical neutrality

condition for Zn0 takes the forms:
(20, (e2) + p(e2) =[5 T (o) + n(c2). (42)

As in the CdS case, either side of equation (42) can be used in the

expression for the Zn0 space charge. The substitution of the left-hand-
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side of equation (42) into equation (40) yields
PW) = 2 2 ([zn]] (°) + p(e=))  sinh (w). (43)
The solution of Poisson's equation is exactlly the same as presented

previously. The surface charge for a zinc oxide crystal is given Ly

Q= -8 ([zn](c2) + (o)) /2 (2:#'{.601:'1*)1/ 2 snn €02) o

Relationship Between Surface Charge and Surface Structure

Given that an ionic crystal in equilibrium possesses a surface
charge, the problem remains to relate this surface charge to the micro-~
scopic surface structure, i.e., the relative concentrations of positively
charged and negatively charged kKink positions with charge b Q.

Viewing & packing model of a typical IT-VI compound, Zn0O, we find
four different geometric kink structures on the (0001) plane and four
different structures on the (0001) plane. Shoun in Figure 3 is a
sketch in which the negative and positive geometric kink sites are de-
fined in relation to a given coordinate system. When viewed along the
ledge in a positive y direction a positive kink position is defined as
a site where the ledge advances in the positive x direction. A negative
kink position is defined by an advance in the negative x direction.
Figures 4 and 5 illustrate the four different gecmetrie kink structures
found on the (000I) oxygen surface in zine oxide. let us examine a
double kink of the form in Figure 5 with an oxygen ion at the left
positive kink position. Removing this oxygen ion to the vapor, as
shown in Figure 6, removes a ~2¢ charge and leaves the double kink with

a net positive charge, g. A comparison of the geometrically positive
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Figure 3: Geometric kinks as defined in terms of the attached
coordinate system. Position a, b and ¢ are posi-
tive geometric kinks and d, ¢ and { are negative
geometrie kinks.



Figure 4: A hard sphere model of ZnO illustrating a8 double kink
on the (0001) oxygen surface. Dark spheres represent
zine ions and white spheres represent oxygen ions.
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Figure 5:

Another double kink on the (0001) surface of Zn0
which differs geometrically from that shown in
Figure 3.

27
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Figure 6: The (0001) surface with an oxygen ion removed from
the kink position on left, exposing zine ion.
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kink without the oxygen ion in Figure 6 and the geometrically negative
kink in Figure 5 shows that they are mirror images. Charge balance
requires that g-(~2¢) = -~ g or g = -e for the structure examined.
Figure 7 shows a double kink on the (0001) Zn surfaée. Removing the Zn
ion from the right kink site to the vapor, as shown in Figure 8, removes
a +2e charge and leaves the double kink with a net negative charge. A
comparison of the two structures in Figure 8 shows that they are also
mirror images. Charge balance here requires g -2e = ~ g or g = e. Other
kink structures can be inspected with similar results, showing that the
local charge at a kink site is Ie.

If one defines X' as the average number of cations in a kink position
per unit length of ledge and X as the average number of anions in a kink
position per unit length of ledge, the surface charge density can be

written as

Q=e (X" -x") L (45)
where Lt is the ledge lenglh per unit surface area. Another equation

is needed to solve for the magnitudes of x* and X ¢

A method for finding this second relation between x" and X~ is
suggested by Hirth and Lothe.23 The authors show how the equilibrium
concentration of kinks is directly related to their free energy of
formation. A similar approach is taken here. One simply minimizes the
total free energy per unit ledge length, F, with respect to a change in
the number of double kinks, Npr’ as derived in Appendix B. The final
expressions relating the concentration of positively charged and nega-

tively charged kinks to the surface charge are derived in Appendix B
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Figure 7: A hard sphere model of 7Zn0 illustrating a double
kink on the (0001) zine surface.
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Figure 8: The double kink in Figure 7 with a zinc ion removed
from the kink position on the right.
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and are given by:

+ - ~2Uk
X' X =4 exp i (46)
or
-20.
+ oyt Q K
S exp<kT (47)
and
X (0 + =) = b oex D (48)
el T PATRT
vwhere U, is the kink formation energy.

k
Since the kinks and point defects are therinelly activated, x* and X~

should asymptotically approach zero as the temperature, T, approaches
zero. Although this result is not readily evident in equations (47)

and (48) and it is the case since Q also approaches zero as T approaches
zero. These limiting conditions are consistent with general entropy
considerations. Moreover, analogous to the result of Poeppel and

2
Blakely 6 the influence of surface orientation on the sublimation

y

rate is given by the parameter L, the total length of ledge per unit

area.
Discussion

Theoretical Analysisg

The value of the defect distribution potential and its associated
field will depend upon the magnitude of the surface charge density, Q.
If one postulates that during the sublimation of a particular spescies,

work 1is required to overcome the dipole-particle attraction, then the
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total energy required to remove particles from the solid to the vapor
also will depend upon the magnitude of the surface charge density in
the mammer discussed previously. If Q is decreased, the sublimation
energy is decreased. This should yield an increase in the net subli-
mation rate.

If disscciation from a kink is the controlling mechanism in the
consecutive sublimation stevs, any change in the kink concentration
will also affect the net rate.8’22 Since with all other factors
remaining constant, any increase in Q results in an increase in
either X¥ or X through equations (47) and (48), and there should be
a decrease in the net rate. Also as discussed in the section on the
poteﬁ%iéi value, an increase in Q could increase the activation energy
of the disconnection from the kink step of the process, and this would
also decrease the net sublimation rate. Thus, a change in any parameter
which tends to increase the surface charge density should decrease the
net sublimation rate. Observations of the sublimation behavior of
several II-VI compounds now are discussed in terms of ‘these predictions.

In the following analysis of cadmiuvm sulfide sublimation experiments,
atomic packing and the effects of doping and illumination on the equi-~
librium concentrations of ionic and electronic defects are considered
in relation to the double layer dipole theory.

If the crystal is in equilibrium with a gaseous environment, one

reaction describing the state may be written as

1/2 8,(8) + V5 + ¢! T ssx (49)

with a corresponding relation betwean the reactants and products



given by
~1/2

Cvidn =k PSZ . ~ (50)

For the pure CdS crystal at suffieiently high PS , where electrons and
Y2
sulfur vacancies are the preponderant defects the electrical neutrality

condition can be approximated as
For the pure CdS crystal, the calculated concentrations of electrons,

n, and vacancies, EVé]y result from the substitution of equation (51)

in to eguation (50) which yields

[Vyl=n-= }(11/2 I>32"1/4 . (52)

Tor a copper-doped CdS crystal at sufficiently high PS s the

2
simplified neutrality condition can be written as

[oubyd+n=0v] . : (53)

As the concentration of copper increases in the crystal, the electron
concentration is reduced until eventually the sulfur vacancy concentra-

tion equals the copper concentration, i.e.
' - L]

We can write an equation showing the effective ionization of a
copper atom as it goes into a substitutional position in the lattice as
U [] .
Cu(s) ==Culy + V; (55)

Tts corresponding concentration expression -is
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[Cuédj Evéj'—" K2 aCU. = K3 (56)

where Acu is the activity of copper. After substituting equation

(56) into equation (53) and solving the quadratic equation, we have

the general expression for the sulfur vacancy concentration,

2 1/2
vl = 2o & 7 (57) -

For the pure CAS crystal where n2>>4Kj, i.e., a very small concentra-

tion of Cu is in the lattice, equation (57) reduces to equation (51)
T 2

and (52). For the very slight Cu doping where MKB))n , equation (57)

yields

vy = K;/ 22 (x, a,)"? (58)

and

1/2

n =K (Kj P327 (59)

which are the same results obtained from the direct combination of
equations (50), (54), and (56). Equations (58) and (59)show that for
a heavily doped erystal, the concentration of charged sulfur vacancies
is a function only of the temperature and the copper activity. The
concentration of electrons is inversely proportional to the square
root of the sulfur partial pressure and the copper activity. Xrbger,

37

Vink, and Van den Boomgaard”' asgssume that this explanation, i.e., that
of vacancy creation, holds for the incorporation of silver in cadmium

sulfide and suggest that copper behaves similarily.
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An alternate reaction involving copper as a dopant is the displace-
ment of some cadmium by the dopant, resulting in the precipitation of
cadmivm and corresponding to an increase in the cadmium activity. This

reaction can be written

cu(s) + Cd~, + e' <= Cd(s) + Cu, (60)

cd a°?
with the equilibrium concentration of substitutionally added copper

given by

Louggd = Kyn (8 /204y - Kgn. (61)

After substituting equation (61) into equation (53) we obtain
EVé]= n (1 + KS). (62)

The sulfur pressure relationships for [Vé] and n are found by combining
the last equation with equation (50); thus,
e 1/2 1/2 -1/4 P
Lvgd=% 7"+ i) P82 (63)

and

n= /20 KS))V 2 Ps;/ 4 (64)

Whether the vacancy creation or the cadmium displacement explanation
is accepted as the actual mechanism, the equations yield an increase
in the charged sulfur vacandy concentration and a decrease in the eleec-
+tron concentration when the copper is incorporated into the crystal.
When a pure CdS crystal is illuminated with light of energy greater
than the band gap, both holes and electrons of equal concentrations

are produced, i.e. both n and p increase. At suffieiently high Pg
s



37

this light effect tends to increase the value of n in equation (50)
and thereby decreases the charged sulfur vacancy ccnecentration. At
the same time, thé increase in the hole concentration can yield an
annihilation of the charged cadmium vacancies which are only a negli-
gible fraction of the total number of defects.

For the copper-dored case, where initially the electron concentra-
tion ig small and the sulfur vacancy concentration is large, illwnina-
tion causes an increaze in the former end a decrease in the latter.
Both changes, however, are negligible when compared to their original,
non-illuminated concentrations. The resvlting increase in the electron
concentration also could be associated with the precipitation of
cadmivm metal in the crystal.39

In sumary, the following effects are expected:

1. Changing the stoichiocmetry of CdS toward a more sulfur-rich

composition decreases both EVé] and n.

2. Changing the stoichiometry of CdS toward a less sulfur-rich

composition, by adding cadmium or lowering the PS increases both
2

EVSJ and n.
3. Doping with copper decreases n and increases [Vé].

4, Tllumination with radiation greater than the bank gap energy

for the pure CdS increases n and decreases [Vé].

5. For the copper~doped crystal where initially n is small and
EVéJ is large, appropriate illumination causes an increase in n, to a

value still small compared ‘o the undoped case, and a decrease in EVé].



Cadmium could also be precipitated.

Comparison with Experiment

A number of experiments have been performed on the sublimation of
II-VI compounds as summarized in Table 2. These results are discussed
individually and compared with the preceding section below.

Somorjai and Jepsen“O reported that the basal faces of cadmium
sulfide single crystals vaporize in vacuum with a rate approximately
one tenth the value of the gross equilibriun rate. L*:aonardlH confirmed
this observation and also reported that the cadmium face, (0001),
vaporized with a rate approximately 30% faster than the sulfur face,
(OOOi). From his scamming electron microscope photographs, he showed
that the sulfur face seems to have the larger srea, negating the
possibility that the observed rates are due to a simple area difference.
Observations of topologiecal features by Munir and Hirthzo, and Munir,
et at.21, different enthalpies of vaporization measured by Leonauf'd,)H
and differences in surface morphology evident in all the experiments
suggest a definite link between the surface structure and the mechanism
of vaporization.

The asymmetry in the free evaporation rates of cadmium sulfide single
erystals reported by Lreonarcl,lH is expected if the surface charge is
considered to have a significant effect. According to the theory pro-
posed here, tthe presence of positively charged sulfur vacancies near
the surface of the crystal creates a Debye»HﬂEﬁel distribution with a
negative orientation, i.e., the surface possesses a negative charge

with respect to the underlying space charge. The asymmetrical behavior



TABIE 2: Sublimation Results for Several ITI-VI Compounds

Single Crystal Observation References
Conditions
Pure €4S, Vacuum net / et
Sublimation normal’ “equilibriva = 0.1 ko
et ~ net
(0001) Cd face 1.3 J(oooi), 0 face b
S-doped CdS, Jnet < Jnet
vacumum sublimation S doped normal 45
s-doped CdS,
irradiated net ~s5 Jnet
(n+)>Egap), vacuum irradiated normal 46
sublimation
ca-scged cas e
i Cd doped 2% high T €“Cd doped at low T s

for same elapsed time

6¢



Cd-doped Cds,
irradiated
(1 v > Egap),
vacuum
sublimation

Pure Cds, in atomie
or molecular beams
of Cd and 52

Cu-doped CdAS
vacuum
sublimation

Cu-doped CdS,
irradiated
(h 9DEgap),
vacuum
sublimation

net
irradiated

Cd precipitated

net

-1/2 :
in S, beam % [Sp(gy) /" for nign[s ]

Jnet
in Cd beam
to impingement flux

relatively insensitive

et .
insensitive to radiation
Cu doped “ ¥

4o

48

48

47

47

Of



Cu deposited on
one face, opposite
face sublimated

Pure Zn0 vacuum
sublimation

net

With time J first increases to above Qgggal

rate, then decreases to approximately-% J

Jnet

(0001), Zn face

= 2.8 J?g

t—
001), O face

normsl

47

443

Ty



u2

is explainable if one considers that because of atomic packing, a
small intrinsic distribution of dipoles of positive orientation exists
on the cadmium surface and a similar distribution of negative orienta-
+ion ig on the sulfur surface, both distributions being independent
of the Debyc-Hickel distribution.32’33 The net effect produced by
sunming the dipole fields is an increase in the total field strength
at the sulifur surface and a decrease in the total field strength at
the cadmium surface. The observed dissimilarity in rate values are
predicted by the proposed model. Leonard's data,41 support this pre-
diction. lLess energy is supposedly nceded to remove a particle from
the vicinity of the weaker distribution (the cadmium surface) than
from the stronger distribution (the sulfur surface).

1
42,43 and Das, et al.q} reported an asymmetrical

Leonard and Searcy,
free vaporization rate for zine oxide single crystals. Leonard's
dataM’43 showed that the (0001) face, the zinc face, vaporized approxi-
mately three times faster than the (0001) face, the oxygen face. The
zine oxide crystal, assumed to have a Frenkel disorder, also has a
negatively oriented Debye-Hﬁckel dipole, equation (44). Since both
Zn0 and CdS have the same "wurtzite" erystal structure, the small sur-
face dipoles possess identical orientation. The explanation of the
asymmetry is the same as that given previously for cadmium sulfide.

Somorjai and Jepsen245 doped single crystals of cadmium sulfide with
excess cadmium in closed quartz tubes. After heating at high tempera-

tures (9OO°~—110000), the crystals were quenched to room temperature

to retain their high temperature defect concentrations. The crystals
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were then sublimed at temperatures near 700°C. These cadmiwn-doped,
high conductivity crystals showed the behavior seen in Figure 9, which
is also ccnsistent with the theoretical model. Increasing the cadmium
concentration by quenching from higher temperalures leads to an in-
crease iIlEVé:]. The crystals quenched from 1100°C retain a greater
sulfur vacancy concentration than those quenched from 90000. Upon
sublimation at 700°C, for the same elapsed time, the crystal with the
initially greater cadmium concentration has the lower rate. This con-
forms to the condition where the surface charge is larger, equation (4#1);
thus, the rate is smaller. As the cadnium diffuses out to the surface
the sulfur vacanecy concentration decreases slowly, thereby leading to
a decreased Q and the observed increase in the net rate.

Tor a cadmium~doped crystal of CdS, a possible reaction of the ex-

cess cadmijum with the crystal is the following:

o oD * ¢ of- '

Then exposed to radiation of energy greaﬁer than {the band gap energy,

the formation of free metallic Cd(s) or Cddg is favored.39 The con-
centrations of defects are related by
Vel = Kag, (66)

Illumination of the crystal can therefore increase the activity of
cadmium. This increase may be accompanied by a corresponding inerease
in LVéJ . The occurrence of the latter possibility would lead to a

4y

decrease in the net rate, as observed under proper illumination.

The illumination of sulfur-~doped, low conductivity cadmium sulfide
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crystals with radiation of energy greater than the band gap energy
yields an inecrease in the hole and electrop concentrations. In both
cases, the increase resulis in much greater concentrations than the non-
illuminated concentrations. The resulting increase in n and/or the
decrease in [Vé] produces a decrease in Q, the surface charge. The
total effect is an increase in the net sublimation rate. These pre-
dictions are consistept vith the doped crystal observations of Somorjai
and Iester.u6 The predictions for undoped crystals are also in agree-
ment.

When crystals are doped vwith copper the sublimation rate should be
significantly decreased. An incresase in [Cuéd] gives an increase in
EVé], predicted through equations (54) and (62), and a decrease in n,
through (59) and (64). When a single crystal is doped with copper, the
resulting decrease in n and increase in Evé] causes an increase in Q
as shown in equation (41). The observed decrease in the net sublimation

Ly

rate ' is then consistent with the proposed model.

The absence of a light effect with copper-doped crystals of cadmium
sulfide is also predicted by the proposed theory. As shovm by equations
(58), (63), and (64) the presence of copper evidently controls both the
sulfur vacancy concentration and the electron concentration. An inecrease
in n through illumination has little effect on EVé], Q, or the rate.

47 reported that doping with copper makes the observed

Somorjai and Lyon,
rate insensitive to light, consistent with expectation.
Somorjai and Lyon plated copper onto one surface of a single crystal

and measured the net sublimation rate of the opposite face. They
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observed a pulse in the sublimation rate as shown in Figure 10. The
unusual pulse in the obser;eahfé£;—can be explained by postulating a
moving dipole within the crystal. The pulse is associated with the
increased sulfur vacancy concentration which approaches the vaporizing
surface with the diffusing copper. With time, the [VyI pulse will
approach the surface bringing with it a compensating distribution
which initially weakens the surface distribution potential and later
strengthens it. Initially the lowered surface charge brings about an
inereased rate. As ‘the dipole moves toward the surface, Q increases
and the rate decreases.

Somorjai and Jepsenao varied the surfaced concentration of the
vapor species by using molecular beams of sulfur and cadmium impinging
on the sublimating surface of a cadmiuvm sulfide single crystal. By
measuring the vaporization rate as a function of the molecular beam
concentration they found that the rate was proportional to the inverse
square root of the sulfur flux, provided that the flux was approxi-
mately of the same order of magnitude as the net vaporization flux.
Their observations shown in Figure 11 for a cadmiwm sulfide erystal with
an impinging sulfur flux, suggest a direct suppression of the net de-
sorption of sulfur gas. This behavior can be explained in terms of a
surface concentration control rather than surface charge influenced
desorption control. Sulfur atoms obtained from the impinging flux
would increase the concentration of adsorbed sulfur and its activity,
and this in turp could increase the concentration of sulfur adsorbed

at kinks and could in turn inhibit the kinetics of desorption from
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kink sites. The impinging flux can thereby override the effeef of the
Debye~Hiickel surface charge, which, according to the proposed theory,
should tend to increase rather than decrease the next vaporization
rate. Somorjai and Jepsenll'O and Somorgjai and Lesteru6 analytically
showed thatl ‘the above behavior is predictable if the sulfur flux is
assuned to be in equilibrium with the adsorbed species.

For short times the latter authors observed no appreciable effect
on the rate when the cadmium flux was varied from bhelow to above the
net vaporization rate. However, they reported a reduced rate after
long time exposures and a trend toward a reduced rate under large im-
pingement fluxes as shown in Figure 11. In fact, they found that afler
long-time exposures to the cadmium and sulfur fluxes, the normal free
sublimation rates could not be reestablished at once, i.e., lower
values for the rates existed for some time. The inereased sulfur and
qadmium surface concentrations led to a diffusion of the particular
gpecies into the crystal which resulted in the observed decrease in the
rate.

The metalldgraphic studies of the evaporated surfaces revealed
crystallographic features which indicate that kink formation and dis-
comection from kinks are influencing the sublimation mechanism.20’21’
41,43 The present analysis indicates that surface charge is influencing
a step in the process, and to be consistent with the structural studies,
this step is assigned as the disconnection of sublimation species from

kinks. A further correlation camnnot be made at this time.



EXPERIMENTAL APPARATUS AND PROCEDURE

Experimental Apparatus

The experimental apparatus for sublimation rate measurements is
illustrated schematically in Figure 12, and consists of the following
principal parts: | | |

1. erystal support

2. sublimation chamber

3. Zfurnasce system

4, gas purification and control system

The crystal support is shown in Figure 13. The brass fitting sup-
ported, in cantilever manner, a fused silica tube containing the
alumina specimen holder and was designed to place the holder in the
constant temperature zone of the sublimation chamber. This brass
Titting, with its standard-taper joint, formed a gas tight seal when
inserted into a corresponding Jjoint at the end ‘of the fused silica
furnace tube (sublimation chamber). Platinum and platinum + 10% rhodium
thermocouple wires were placed through holes in the brass fitting and
sealed w'i'bﬁ epoxy cement,

Several unsuccessful attempts to seal or mask off the back side of
the crystal surface under investigation finally resulted in the alumina
holder shown in Figure 14. This device is a 99.9% alumina tube, par-
tially drilled out to approximately 6 mm I.D., into which a thin section

of a erystal is inserted. The crystal is then held in place by a 1/4

50
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inch diameter alumina rod-which also serves to shield the back face of
the crystal. After insertion into the silica tube, the Pt-Pt/10% Rh
thermocouple is placed in contact with the front lip of the crystal
holder.

The furnace shovn in Figure 12 was a 1200°C resistance furnace
purchased from Marshall Products, Inc. Temperature control was main-
tained by modifying a.Barber-Coleman Series 400 and 340 on-off control~
ler with a Burtn8 modulator and a high-low current supply. With the
gas control system attached to the fused silica tube and Fiberfrax
insulation inserted into the furnace openings, the temperature inbthe
erystal chamber could be maintained to within 3°C of the desired tem-
perature.

The argon purification system shown in Figure 12 was a slight modi-~

fication of the system described by Rapp.l‘l9

Prepurified argon, typi-~
callly 99.998% pure, was purchased from Matheson Gas Products. The

impurities were essentially Nz, 02, Cozand hydrocarbons such as CH4°

The incoming argon, after passing through a calibrated capillary flow-
meter was purified further by passing it consecutively through anhydrous
magnesium perchlorate, Mg(ClOu)z, ascarite, reduced and oxidized BTS
catalyst (Cu and Cu20, respectively) at 250°C, and anhydrous magnesium
perchlorate. Water vapor was removed by Mg(0104)2’ while carbon dioxide
and other hydrocarbons were removed by the ascarite. By previously
heating the BTS Katalysator to 250°C in flowing hydrogen gas it was re-
duced to activaled copper. This was then used to remove oxygen present

in the argon. The oxidized Katalysator accomplished the removal of
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hydrogen. Any remaining water vapor was removed by the final Mg(C104)2

tower. The resulting argon, freed of any significant H20, H2, 02

y or
002, then passed into a special zirconia tube contained in a small
tube furnace.

The oxygen pump, a 7-1/2 wt % calecia stabilized zirconia tube with
ite platinum electrodes is shown schematically in Figure 15. This
device was used to control the oxygen activity in the argon gas passing
over the crystal in the sublimation chamber. According to Yuan and
Krﬁger5o, and experiments performed in this laboratory, a zirconia
+tube can be used to punp oxygen into or out of the flowing argon~oxygen
gas if a voltage of appropriate sign is applied to the internal and
externel electrodes. The pump is described in detail below.

After passing through the zirconia pump, the argon-oxygen gas flowed
into the fused silican sublimation chamber and across the exposed sur-
face of the erystal. During sublimation, gaseous components of the

erystal are carried away and condensed in the lower temperature regions

of the systemn.

Zirconia Oxygen Pump

Solid electrolyte galvanic cells have been used in recent years to
study the thermodynamié properties of many compounds. In addition,
several comprehensive books and articles have been published which
present summaries of ionic conduction in solids and solid electrolyte

. 36,51-55 ) . . .
techniques. Although solid electrolytic cells previously have

" been used successfully to monitor oxygen activities in several. systems,
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Yuan and Kr3ger50 first reported experiments using solid electrolytic
cells based on stabilized zirconia to remove oxygen from a streaming
gas. The authors investigated the effectiveness of stabilized zirconia
as an oxygen pump and found that it was possible to reach oxygen pres-

38

sures as low as 10 7 atmospheres. Since a precise debermination of
the oxygen partial preessure is important in our transpiration studies,
further investigation of this technique has been performed in this

laboratory.

The present work utilized the cell

Pé Pt ZJ:‘O2 + CaO Pt, Adr (PS = 0.21 atm)
2 (solid“electrolyte) 2
(Reference Electrode)

where PS is the oxygen partial. pressure in the reference gas and Pé
2 ' 2

is the oxygen partial pressure in the flowing argon plus oxygen stream.

The chemical potentials of oxygen on the two sides of the electrolyte

are expressed in terms of these partial pressures by the equations

[+
o= + RTIn P!
/’(02 /‘(02 0,
and i ‘
0= _[8 + RT1n Py .
o2 2 2
Thus, the difference in chemical potential is simply
DG =gt ~UM = RTn(PL /PM ). (67)
/192 0, 0,/ ‘o, ,

Since the relationship between the changes in the chemical and electri-
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cal potentials is given by the Nernst equation,

AG = -nFE (68)
where T is Faraday's constanty; n is the number of electrons transported
per molecule involved, and E is the electromotive force (emf), equations
(67) and (68) can be combined to yield

E = (RI/nF)In (ng / Pée) . (69)

In calculating this expression we have assumed that tion’ the trans-
ference number of the ion, is essentially unity over the oxygen pres-
sure range studied and that both temperature and pressure are held
constant. Since two electron charges are transferred with each oxygen

ion or four per molecule, equation (3) reduces to

E = (RD/4F)1n (0.21 / Po ) (70)
2

for our cell. As this is written our standard state is the pure gas
at wnit fugacity. If a potentiometer is used to measure the open
circuit voltage; the emf, the value obtained at the aspecified tempera-
ture yields the difference in oxygen partial pressures between the out-
side and inside of the zirconia tube.

If the two platinum electrodes are connccted by lead wires to a
constant vollage source or potentiostat, a current will result ffom

the applied voltage according to the expression,

B - vapp = lRionic (71)
where E is the cell emf duve to difference in chemical potentials, Vapp
is the applied voltage, i is -‘the current, and R, is the ionic cell

ionic
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resigstance. When vépp is greater than E, a current passes from the

side with the lower PO to the side with the higher P In this

0"

2 . 2

case, oxygen is pumped into the argon-oxygen stream. Similarly, if

Vépp is less than E, a current passes from the side of higher PO to
2

the side with lower PO s and oxygen is pumped out of the flowing gas.
2

Figure 15 is a schematic representation of the zirconia oxygen
punp. The zirconia tubes used in these experiments were high density
calecia stabilized zirconia having a nominal conmposition given by

Zr0, = 7-1/2 wt % Ca0 and were obtained from the Zirconium Corporation

2
of America. Tubes 18 in. long x 1/4 in. 0.D. x 3/16 in. I.D. were

coated with electrodes made from Hanovia fluxed platinum paste, No.6082, .
a mixture of platinum powder and resinous material suspended in an
organic solvent. Engllhard Industries, East Newark, New Jersey, sells
geveral different types of platinum paste, and we found that the fluxed
type adheres best to the zirconia. The two inner electrodes as shown

in Figure 15 were made by swabbing the bore of the tube with a cotton
wool plug, saburated with the platinum paste; followed by heating the
tube to BSOOC for approximately twenty minutes in a well ventilated
furnace. Xylene was used to dilute the paste to facilitate applicationi
Heating at this high temperature burns the carbonaceous material and
leaves a ‘thin but well bonded layer of sintered platinum on the surface
of the electrolyte. Several epplications were neceded to produce a

Jow resistance layer. The outer two electrodes were painted on by

using a small hair brush. The outer pumping electrode was 22 cm long,

while the outer measuring electrode was 1 ém long. A platinum--platinum
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plus 10% rhodium thermocouple was placed immediately adjacent to the
outer measuring electrode. Platinum wires were wrapped tightly around
the lengths of the ouber electrodes to secure good electrical contacts.
The inner electrodes were also attached to platinum wires, but were
clamped at the cool ends of the tube with spring steel coils. Between
the pumping cell and the measuring cell, 2 small ceramic bead was
inserted to accomplish convective mixing of the gas stream. The zircon-
ia ceramic was attached to a standard soft glass to pyrex graded seal
using Corning Glass No. 7560. This glass composition was found to

have the best properties and formed a vacuum tight bond with the zircon-
ia. The platinum wires from the inner electrodes were brought out
through the soft glass to form gas tight seals.

Desired changes in the exit gas composition were obtained by apply-
ing a voltage of the appropriate polarity and magnitude across the
pumping cell electrodes (I and II). The resulting change in oxygen
partial pressure was monitored by a measuring cell (III and IV) down-
stream from the pumping cell. Simultaneous measurements of the actual
pumping current, the applied voltage, the measuring cell temperature,
the measuring cell emf, and the total gas flow rate were taken. Elec-
trical measurements were made with Keithley Electrometers and a Leeds
and Northrmip volt potentiometer. Using these data we were able to
compare the actual pumping current with the expected (theoretical)
pumping current as calculated using Faraday's Law.

The relationship among the theoretical current, the gas flow rate,

and the difference in oxygen partial pressures is easily determined.
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Let no equal the number of moles of'oxygen in the argon--oxygen gas
2
-mixture. Then

n, (initial) + it/4F = n,

(final) (72)
2 2

or

U

it/4F n, (final) - n, (initial) (73)

2 2

nunmber of moles of 02 transferred through
the electrolyte in time t

where i is the current in amperes, + is the time in seconds, F is
Faraday's constnat (96,493 coul/g~equivalent), and 4 is the number of
equivalents per molecule of 02. Dividing equation (73) by t and

writing the equation in terms of partial pressures we have

i/4F = (ntotal/t) (Pozf:‘mal/Ptotal)
- (B pa1/t) (Poginitial/Ptotal) . (™)
But
n total/t = flow rate (moles/sec)

vwhere V is the volume, R is the gas constant (0.08207 1-atm/oK), and -
T is the absolute temperature (room temperature =.300°K).

initial); (76)

i/kF = (v/t) (1/RT) (P02 final ~ P \

0

hence,
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i = (4F/RT) (V/%) 4.902 . (77)

Substituting the values for the constants and defining the flow rate

as (V/t) = G (cm?/sec),

i = 15.68 GAP, (amperes). (78)

2
To determine the actual electrical and chemical characteristics of
the oxygen pump al high temperatures, the applied voltage was used

a8 ‘the independent variable and i and E were determined experi-
punp meas

mentally. The pumping voltage was applied and both the dependent
variables were monitored until steady state values were obtained. A

plot of 1 omp (caleulated and observed), and E as ( ~1log Po ) versus

2
are presented in Figure 16. Values for P, initial and P, final

0, 0,

a
Voump

were determined from the open circuit emf and the steady state emf,
respectively, using equation (75). Faraday's Law, equation (78), was
then used to calculate the theoretical current. As observed from
this plot, Faraday's Law was obeyed while oxygen was pumped in, but

not while it was pumped out at high V (ow P, ). Significant
pump 02 ‘

polarization may possibly have taken place at high values of vbum .

56

Yanagida, Brook, and Krgger found that the deviation from ohmic be-

haviour could be attributed to the potential drop at the cathode inter-
face between the electrolyte and the gas. At low applied voltages,

they found that the P, dependent behaviour could be explained by the

0
2
diffusion of oxygen atoms through the platinum paste electrode. At

high voltages, where the behaviour was independent of P, and polari-

0,
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2ation is strong, they conecluded that the rate determining step was

the combination of neutral, adsorbed oxygen atoms with neutra1, vacant
oxygen lattice sites ‘to form normal, charged oxygen ions. This reacbion
occurs in the region adjacent to the platinum electrode, where the
electrolyte becomes electronically conductive and permits the migra-
tion of electrons from the electrode.

In order to adjust and maintain a desired P, in the exit gas, an

0,

electronic feed~back control device was developed by R. A. Rapp, Y.
Agrawal, and R. Grunke. This instrument, when inserted between the
measuring and pumping cell, automatically applies a variable voltage to
{the upstream punping cell in response to an error signal which corres-
ponds to the difference between the actual voltage of the down-stream
open-circuit measuring cell and a desired voltage which is selected and
read into the equipment. An additional refinement in the feed-back loop
is the elimination of the temperature dependence of the open circuit
voltage. This was done by controlling the ratio of the open circuit
voltage to the absolute temperature (Emeag/T), since 'this quotient de-
pends only on the oxygen partial pressure difference.

The control properties of the device were tested by using it to
reproduce the previously mentioned, characteristic curves. However, in
this later set of experiments the device was used to set a certain emf
(set POZ) in the down-stream cell, and vﬁump and i were measured. The
data from the latter experiments coincide almost exactly with those

shown in Figure 16. Experiments performed by Y. K. Agrawal on similar

tubes also verify the effectiveness of the "potentiostsat" in reprocducing
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‘the steady state curves. The agresement of the two sets of experiments
makes it clear that the device works ag intended and that it is posaible
to contfol the partial pressure of oxygen in a flowing gas stream by
coulometric titration.

Additional measurements of PO with another zirconia probe in the
2

sublimation chamber farther down-stream were taken to check the accuracy
of the P02 indicated by the pump measuring cell. The PO? values obtain~
ed from the probe were essentially the same as those indicated at the
measuring cell. These results support the assumption that there is no

electrical coupling between the pump cell and the measuring cell elec-

trodes.

Sample Preparation

Semiconductor grade zine oxide (Zn0) single crystals grown by and
cbtained from the 34 Company were used in these experiments. The
cerystals supplied were hexagonal. needles approximately 10 mm long with
a diameter of less than 6 mm. Several crystals of Lot 307, Batch 160
were bought and sections subsequently identified as S1, 52, ete. The
M Company regularly cut the crystals with a diamond saw and lightly
polished the cut surfaces with 600 grit silicon carbide abrasive paper.
' Leonardu1 examined similar crystals with an electron beam microprobe
and reportedly found large concentrations of silicon and aluminum pre-~
sent. Even afler etching expensively with nitric acid these amounts
were present. Additional crystals were then ordered which were not

polished after cutting. His analysis showed that the silicon and alum-
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inum were absent. TIn either case, Leonard found no difference in
vacuum vaporization behavior between those crystals with these large
trace impurity concentrations and those without., Bvidently polishing
has no large effect on the vaporization rate.

Table % shows a typical emission spectrographic analysis of the
M Company crystals.

fhe sections used in our experiments were cut from single crystals
oriented so that the (0001) and (0001) surfaces were exposed. The
hexagonal needles were oriented with a Bond adjustable barrel holder
using the method describved by Wood.57 Crystals were held on the steel
stage by thermosetting plastic. The Bond holder was adjusted by trial
and error until ‘the <Oodl> direction was parallel to the x-ray beam. A
Polaroid XR-T7 System was used for x-ray crystallography. The procedure
was very rapid and gave a precise orientation. After adjusting the
crystal to within less than one degree of the {0001} direction, the
gpecimen and holder were removed from the x-ray machine. The holder
and sample were then placed on a precision cut-off machine and basal
slices were cut uvsing a thin diamond saw and an aqueous coolant with
rust inhibitor. The cut surfaces were polished successively with 260,
400, and 600 grit silicon carbide abrasive paper until the thickness of
each section was approximately 1.5 nm.

As previously mentioned in section II, the (0001) and (0001) basal
surfaces are not crystallographically equivalent. Mariano and Hanne-
man33 investigated this difference in erystal structure along the

c-axis and correlated the intensities of the zine K adsorption edges
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TABIE 3: Zine Oxide (Zn0) Crystals as Purchased from 3M Co.

Typical Analysis

% Ground in BI'C mortar and pestlé

Element ‘ Detection limit, ppn Quantity, ppm
Ag £1.0 41,0 .
Cu . 1.0 8
cd ' 3 -
Ti, . <1.0 e
v " 21,0 a1
Ca g ¢1.0 “1
Sn 1.0 1.5
Mo < ¢1.0 ----
Be . 1.0 -
AL -3 <3
Bi : 1.0 -
In 3 et
Ge 41.0 -
Fe ' 21,0 3!

Cr 1.0 <1
Ni. - £1.0 ———-
Si 5 45
Sb 10 R
Mg 4 1.0 ~ 1
Pd 3 Camme
Mn '+ 1.0 i
B * 41,0 5
Te 10 ----
As 10 --=-
Ba 3 -o-=
Li & 1.0 ¢
’ K 3 £ 3
e Na & 1,0 (3
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with chemical etching behavior. After using a 20 volume % nitric acid
etchant, they observed hexagonal pits on the zinc surface and non-
distinet hillocks on the oxygen surface. TFigures 17 and 18 are optical
photographs showing these surface features when the crystals are etched
for 90 seconds with the nitric etchant. Iigures 19 and 20 are micro-
graphs taken with a Materials Analysis Company scanning electron micro-
scope. From Figure 18 it is clearly evident that the chemically etched
oxygen surface, (0001), is really composed of crystallographic spires
having at least 6 sides. We have identified those surfaces having the
hexagonal pits shown in Figufe 17 as zine surfaces, (0001), in accord
with the results of Mariano and Hanneman. For cerbtain crystals these
hexagonal pits were not always present under optical viewing, but the
typica) "pebbled" morphology (spires) of the oxygen surface always

provided a means for distinguishing between the two surfaces.

Experimental Procedure

Before perforning eny sublimation experiments with single crystal
samples, the oxygen pump control device was set to maintain the desired
oxygen partial pressure, a value between 10-1# and 10-1 atmospheres.
The gas flow rale was determined by adjusting the fine metering value
until the pressure difference corresponded to the previously calibrated
flow. The cerystal support, with attached thermocouple, was placed in
the furmace and tightly sealed. With an ice-water mixture as a refer-
ence, the thermocouple emf was monitored and the furnace control set

point adjusted until the temperature in the sublimation chamber reached
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Figure 17:

Z7inc surface of chemically etched zinc oxide
gingle crystal (500x, optical, 90 sec. 20
volume % nitric acid).
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Figure 18: Oxygen surface of chemically etched zinc oxide
single ecrystal (500x, optical, 90 sec. 20
volume % nitric acid).




Figure 19:

7ine surface of chemically etched zinc oxide
single erystal (1000x, SEM at 49° tilt, 90
sec. 20 volume % nitric acid).

3



Figure 20: Oxygen surface of chemically eteged zinc oxide
single crystal (1000x, SEM at 45 tilt, 90 sec.
20 volume % nitric acid).

™
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é steady state value of llOOOC.

The erystal support was then removed and allowed to cool while the
crystal holder was being assembled. A crystal basal slice, with the
exposed surface identified as either the (0001) or the (0001) face,
was inserted in the holder as illustrated in Figure 14, After assembly,
the crystal and holder were placed in the gilica support and the thermo-~
couple placed in contact with the lip of the holder. The completed
agsembly was again inserted into the furnace. The time was recorded
and the temperature monitored until steady state was once more reached.
Simaltaneous measurements of the flowmeter pressure differencé, sublima-
tion furnace temperature, oxygen pump reference cell temperature, and
oxygen pump emf were recorded.

The crystal was allowed to sublime for several days to insure an
adequate mass losg. Upon removal from the furnace the entire assembly
was allowed to cool for approximately five minutes, after which time,
the crystal and holder were placed in a dessicator containing magnesium
perchlorate. The dessicator was then taken to the electrical micro-

balance.

Mass Loss Determination

The actual mass lost during the sublimation experiment was deter-
mined with an Ainsworth, series 1000, electrical microbalance. The
accuracy of measurcments was tl b4 10-5 gram. Since the sublimation
rate can be determined by knowing the exposed area and the relative

change in the mass of the crystal with time a method was devised to
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rﬁeasure this relative change. The mass of the crystal was compared to
the mass of a standard platinum tare.

Using both pans of the balance, the standard tare was approximately
equilibrated with the a set of tare weights. The mass difference, At,
between the tare and the standard was recorded. The standard mass was
replaced with the crystal and measurements again teken. The latter
mass difference, &3, was then subtracted from At to yield the differenée,
Aw, between the standard and the crystal. By using this method, we
eliminated any discrepancy due to dirt or dust on the pans or change in
the balance zero. Several measurements of a sample taken wee.ks apart
support the validity of this method. Differences between the Aw's
taken before and after each sublirnati011 experiment yielded the actual

mass loss which occurred.

Surface Morphology

After the mass change of the crystal was determined, it was re-
placed in the dessicator and transported to ‘the scanning electron
microscope. Photographs of typical surface structures were taken at
1000x magnification with a standard tilt of ~1+5°. Interesting features

were examined at higher and lower magnifications.



RESULTS AND DISCUSSION

Results of Sublimation Experiments

Very few kinetic studies have been reported for compounds which
dissociate during sublimation. As previously mentioned, many experi-
mental parameters can influence the sublimation behavior, and for this
reason most workers aﬁtempt to reducé the variables to a minimum.
Differences in crystallography (orientation) and line defect structure,
equilibrium defect composition, bulk impurity concentration, surface
composition, and structure, relative sublimation rates of impurity and
bulk atoms, temperature, composition of the gaseous phase, and the
total pressure are some of those variables which the experimentalist
must consider. In order to determine the gxgct sequence of steps
through which the solid transforms to vapor and the step which controls
this transformation we must decide which of the physical and chemical
parameters influences the vaporization behavior.

FPigure 21 shows the transpiration sublimation rate of zinec oxide
gingle crystal c-faces as a function of the oxygen partial pressure of
the incoming gas. This data is also found in Table 4. The rate is
given in grams of zinc oxide lost per square centimeter per hour. The
actual measured rate is about four or five orders of magnitude lower
than the average equilibrium rate calculated through the equilibrium

free energy change558’59 and the Hertz-Knudsen-Langmuir equation. The

T7
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Figure 21: Sublimation rate of zine oxide single crystal c-z’,;aces
as function of oxygen partial pressure at ~1100 C.
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TABLE 4: Sublimation of Zine Oxide in Argon-Oxygen Mixture

Run Orystal Surface 1T°C  -log Po,”*° (atm) -log Rate (&/cnnr)
1 52 (0001) 1099 9.335--9.372 4,151

2 51 (0001) 1104 9.317--9.381 3.987

3 52 (o001) 1100  12.172 4,237

4 52 (0001) 1096 12.184 4,567

6 52 (0001) 1096 1.964-~1,382 4.934

7 52 (0001) 1092  1.924--1,882 4.473

8 51 (0001) 1098 2.349~-2,054 4,311
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impinging oxygen flux may influence the rate through a change in the
surface charge density or by a simple surface concentration control.
Oxygen atoms obtained from the impinging gas may increase the concen-
tration of oxygen atoms adsorbed at kinks and inhibit the kinetics of
desorption from kink sites. Alternately, the impinging oxygen could
interact directly with the crystal and cause a change in the defect
distribution potcntial and thereby change the kink desorption kinetics.
According to the proposed theory, this latter possibility would tend
Yo increase the net vaporization rate.

A closer examination of the points show that in general the zinc
surface (0001) vaporizes with a faster rate than the oxygen surface
(0001) in agreement with the vacuum sublimation results of Lfeone.x‘d.){r"'"q3
The net rate for both surfaces decreases with inecreasing partial
pressures of oxygen,

Shown in Figures 22--28 are typical surface features found for the
crystal faces exposed for vaporization. Iigures 21 and 22 show the
zine surfaces for oxygen partial pressures of approximately lO-13 atm.

and 10"2 atm., respectively. Ledges and prominent peaks, many having
definite crystallographic features, are present in both photographs.
The peaks are regions on the surface which are restrained in some
manner from subliming. This reasoning is' based upon Figure 24 which
shows the back surface of a crystal which has sublimed on the opposite
face. Although the partial pressure is nolt known, the crystal is
clearly changing in appearance. This surface evidehtly changzes from

the structure shown in Figure 20 to that shown in Figure 24. The large
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Pigure 22: 2Zinc surface of zine ox:Lde crystalfjafter
sublimation at ~1100 C and ~10 atm. O2
(1000x, SEM at 45° tilt). .




Figure 23:

’

Zine surface of zine oxide crystéé after

sublimation at ~%1oo°c and ~10
(1000x, SEM at 45° tilt).

atm. O
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Figure 24:

Shielded zine surface of zinc oxide after
sublimation of oxygen surface showing peak
formation (1000x, SEM at 45° tilt).
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Figure 25: Zinc surface of contaminated zinc oxide crystalo
showing__)fsaks formed after sublimatign at ~1100°C
and ~10 atm. O2 (1000x, SEM at 45° tilt).



Figure 26:

Oxygen surface of zinc ox1de single ¢
after sublimation at°~1100 ¢ and ~10
02 (1000x, SEM at 49 +ilt).

%8

tal
atm.
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Figure 27: Oxygen surface of zigc oxide siqgl
sublimatign at ~1100°C and ~10
SEM at 45 tilt). '
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Figure 28: Oxygen surface of zir(}c oxide siagle crystal after
sublimatign at ~1100°C and ~10 ~ atm. O2 (1000x,
SEM at !is tilt).
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pit on the left of the photograph is a chemical etch pit. Since these
chemical pits do not contain the peaks and are sharply separated from
the immediate surface before subliming, these prominent peaks are
formed as the surrounding surface sublimes. The zinc surface of a
contaminated crystal, having a yellow color and a lower vaporization
rate under the same gas pressufe as the crystal in Figure 22, is shown
in Figure 25. The concentration of these spires is much larger, tend-
ing to support the contamination explanation. Figures 21 and 22 show
a qualitative agreement between the observed rate and surface roughness.
The nunber of macroscopic ledges per unit area is greater for the
crystal with the higher sublimation rate and low impinging partial
pressure.

Figures 26--28 show the typical oxygen surfaces of a single crystal
sublined under conditions similar to the previous experiments. There
is a more striking transformation from the mountainous etched surface,
as shown in Figure 21, to the hexagonally pitted surface, as shown in
the last three Tigures. These surfaces also show a qualitative agree-
ment between the sublimation rate and the surface structure. The
number of macroscopic ledges decreases with lower oxygen partial pres-
sure. ‘

In contrast to the results of Leonard,m-b'3 definite cerystallo-
graphic features were found on both surfaces of the zinc oxide crystals
examined. Whereas, he found a smooth, rolling, mountainous surface on
the zinc face, we found the ;gdges and peaks., Oxygen surface morpho-

logies were similar.
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Discussion of Results
Ve shall present a phenomenological model for the vaporization of
thie compound MX which dissociates to form M and X2 according to the

equation

w(g) = M(g) + (3/2)x,(e) . (79).. .

In order to reduce the number of variables to a miminum, the
analysis will be carried out for conditions of constant temperature,
using a pure, single, perfect MK crystal which has a known area exposed

for sublimation, and where the vapor phase contains only M or X We

2'
now define the net flwx of M or X2 off the surface, Jget’ as the sum
of the true sublimation flux, Jei;mss, and the condensation flux, J§°nd=
net _ _gross cond
3 = 35 Jg . (80)

Since we can impose the congruency requirement, that the composition
of the vapor coming off the crystal is the same as the composition of

the crystal, we have

net net net . 2
hy = Iy = 2JX2 (moles/cm“sec) . (81)

In general, the net flux can also be expressed using the vaporization

coefficient, qi, and the equilibrium partial pressure, Pi, as

net ; 1/2 _ expt 1/2
33°% = d,pr/(2 mrn) /2 - Py T/ (2miRT) . (82)

The values of Pf are found by combining the congruency requirement

from equation (81),
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1/2 .
P = 2Py (M1, )70 - - (89)
2 2
‘with the equilibrium expression from equation (82),
k=pp/2 (84)
2

and are given by

Pﬁ - 21/31(2/3(%2) 1/6

P§2 - 22/ 5}{2/ > (an/MM)V > . - (85)

Using the expressions above, we can write

expt _ oy o gas
Pi ~'0£Pi F%Pi

_ pourf _ gas
=P, . PY (86)

where we define F& as the condensatian coefficient of species i and

Pgas as the partial pressure of the ith species in the vapor phase.

Table 5 shows several conditions under which sublimation may occur,

TABIE 5: Sublimation Conditions for Thought Experiment

Condition Explanation
(a) Pt = P";“"f = p5%°  True thermodynamic equilibrium
(b) px = ST _ pBAS  pqoorbed atoms in equilibrium with the
o 1 i . . . .
crystal, no gas-solid equilibrium
(c) Pt = Pi“rf = P%%°  Adsorbed atoms in equilibrium with the
gas, no adsorbed~solid equilibrium
(a) P* = Piurf = P8 No equilibrium among species
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For condition (a) we can write

net net net
JM = 2JX2 = JM}C
or
Py (i) = 2 By /ety 7o) V2 @)
2

Since this is the congruency statement, we see that dM = éx « The
2

experimental rate of mass loss can be expressed as

Peyp /(27,\1[ T)1/2 _ P;{urf/(WT)‘l/2

pEAS /(s R 1/2
ﬁx W RT) (88)
thus,
Iﬁ"’pb - Jurf F) gas (89)
expt suri‘ gas
P = P . 90
S B, (00)

Since we have imposed condition (a), these reduce to

expt _ - gas _ e

By = QPP =hF = P (91)
and

expt gas

P = (1 ~ )P = P¥ = PX . (92)

X5 ﬁxe X5 osz L, X

Inspection of (91) and (92) shows that

Pu=Pr, =0 - (93)

The congruency condition (83) and the equilibrium condition (84) yield

a simple relationship between the measured partial pressure of subli- '
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mation rate and ngas s

P - w(pE®) "2 | (oh)
X5
and
expt _ ,gas '
PIVI = PM . (95)

In terms of sublimation rate, these partial pressure dependences

become
Jret (27;’VIP RT) 1/"‘)1{(.’966“3 -1/2 moles/cmgsec (96)
MX Xo

and —
J;Dit = (m, RT) 1/2Pgas moles/cmzsec (97)

In condition (b) the adsorbed species are in equilibrium with the

crystal species; neither are in equilibrium with the gas species. We

can again write equations (89) and (90) with P;;urf and Psurf replaced
2
by Pﬁ and P§ , respectively. Using the congruency relation and the

2

equilibrium expression we have

(Pexpt ﬁﬂpgas) (Pexpt Px Pg;as)1/2 K

or

(Pexpt ﬁMPgas) (%Pﬁxpt(l&e/]\h)1/2 . szias)ﬂz - }({98)

If such an experiment is performed in vacuum with no back flux of

either species, that is, if gas _ Pgas 0, then the sublimation
1 X2 >

rate will have the same partial pressure functional dependences as doeé
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éondition (a). If there is any back flux of M or X, species, the

2
sublimation rate becomes a complicated function of/%ﬂ,}ax s ﬁés, and
-2
Pfgas .
2

~ Equation (98) can be solved if the proper conditions are obtained.
By performing the experiment in vacuum with a known impingement flux
or by subliming the crystal in a fast moving gas stream containing
one of the subliming species, one can determine the condensation and
evaporation coefficients. Since values for equilibrium constants are
accuraltely knowvn one can measure ‘the sublimation rate as functions of
Pﬁés and Pgas and solve for the aforementioned coefficients. Equation
(98) reducei to a cubic equation if only one of the gaseous species is
impinging on the surface. The variables P?a’s and I%i enter the coeffi-
cient of the cubic and change the magnitude and position of the theore-
tical curve. With proper fitting of di and ﬁa one should be able to
find values which coincide with the experimental points.

The third condition, where the crystal and adsorbed species are

not in equilibrium but the gaseous species are in equilibrium with the

surf - Pgas
i

latter, can be analyzed analogously. Since Pi we can write

expt _ surf
By =R (- By) . (99)
and
expt _ Bas
P = P51 - ﬁi). (100)

Since congruency requires quz qx and the equilibrium condition is
2

pexpt y y (pexpt 4 y1/2 101
(Pyg M (x2 /‘%xz ? (101)
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we can write two equations relating Pﬁfpt, or the sublimation rate,

gas gas
to PM and sz :

(2P VI)(P%ZS)_& - [3)(2]/0&2)1/2 = K (102)

(50 - prdl/ogd)<1>expt[w5(2/w1/ 2/203(2)1/ =k (103)

Equation (102) yields a rate which is proportional to the inverse

" net -
square root of | r\/(Pias) 1/?, while equation (103) predicts

? l~V
X2 MX - X,
net

a rate proportional to the square of the inverse of Pﬁas, JMx ~s

X M

(Pﬁas)-z, for all values of P5*S ang pB2S,
. 2

The last condition, the most complex, is the nonequilibrium among

the solid, surface, and gas species. We again use congruency, but

expt surf

make no restrictions on the values of P P ’ Pﬁ, and Pgas other

i L

than that there is crystal equilibrium. Case (d) is very similar to
case (b) and the analysis is the same. The resulting equation, like

equation (98), is cubic and contains the additional factors 4i=
ot
< expu gas expt as\1/2 _
M PMP /et d l.'(px2 + ﬁxzﬁxz) /D{XZJ = K. (104)

The sublimation rate in vacuum with a back flux of only X, is indepen-

2

for very low partial pressures with respect to P§ s, but -
2 2

Pgas' For the
%o
s the rate is independent

gas
dent of PX

changes to an inverse square root dependence for high

gimilar case of an impingement flux of Pﬁas

of the Pﬁas for very low partial pressures with respect to Pﬁ and

changes to a simple inverse dependence for large impingement fluxes.,
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In each of these cases, for condition (d), the transition from the
pressure independent to pressure dependent region is smooth.

If eonditions (b) and (d) are plotted as log Rate versus

gas
i

log P , the difference between the two behaviors can easily be
determined. Case (d) is simply illustrated hy a downward displacement
of the whole condition (b) curve with the dependent region shifted
toward the lower partial pregsure regions.

As we mentioned previously, Somorgjai and Jepsen40 studied the
vacuun sublimation of cadmium sulfide and attempted to vary the surface
concentration of the two components by using vapor beams of cadmium
and sulfur. Although the authors found an invérse square root depen-
dence of the net rate on sulfur impingement flux and could predict
this functional dependence by assuming control by the sulfur surface
concentration, they were unéble to analyse the analogous cadmium experi-~
ment in the same manner. In their analysis of the sulfur beam experi-
ments, essentially our condition (e), they found a discrepancy between
the measured proportionality constant and that constant predicted by
using a unit condensation coefficient 9832 = 1) and the Hertz-Kundsen-
Langmuir equation. They postulated that a low ﬁc d could be responsible
or that the simple mechanism could be unsatisfactory. They considered
other mechanisms but could find none which gave the observed power
dependence with justifiable intermediate species.

Figure 29 is a repreduction of Somorgjai's data for vacuum sublima-

tion of cadmium sulfide single erystals with impinging beams of either

sulfur or cadmiuwm. Superimposed upon these experimental points are
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the theoretical curves which are generated by using condition (d) of
our thought experiment. The fitting of the curve to the points for
the S, impingement flux requires o{c 4 =o($2 = 0.086 and )332 = 1.0. For
high 32 fluxes the curve has a slope of ~1/2, in agreement with the
experimental points. For low 82 fluxes, the rate is independent of
the flux. Condition (d) has been used in the analysis since the

value oftxsz is much less than unity. For the data points from the
cadmium experiments we have again used q, = 0.086 and condition (4d)
to generate the theoretical curve. The predicted behavior with

ﬁCd = 0.30 fits the experimental points in the low flux region, but
nothing conclusive can be said for the high flux region. The very
small cadmium pregsure dependence of the sublimation rate does not
mean that there is no agreement with theory; further high flux experi-
ments are necessary to determine whether the slope has the negative
value of unity.

These present results can mean that the rate can be controlled by
the removal of only one of the species. If the sublimation is control-
led by surface concentration, as is clearly the case in these experi-
ments, the differences in IBC d and /382 indicate that the rate can depend
upon a mechanism‘invoiving only one species. We have predicted an in-
crease in the rate through a decrease in the surface charge for a
direct interaction of the gaseous species and the crystal. The observed
functional decrease in the rate with increased surface concentration

supports our suggestion that the charged distribution effect is over-

whelmed.
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We initially desired to determine the oxygen pressure dependehce
of the sublimation rate of zinec oxide in a similar manner and visually
correlate the rate with changes in surface structure. Only a qualita-
tive agreement has been found, as can be seen in Figure 21. The
structural features and their subsequent changes with increasing oxygen
bressure also agree qualitatively with the terrace-ledge-~kink theory.
A probable reason for thé lack of more conclusive agreement is the
giffusion complication brought about by using the transpiration tech-
nique.

The vaporization of a solid into a foreign gas can be treated in
a simple manner. The transition from the solid to gas is followed by
diffusion of the species into the gas. When a steady state exists

the net rate can be expressed as

net _ surf P -1/2
g, = o(i(Pi - P;) (2nM;RT) . (105)

Using Fick's first law of diffusion we can alsc write the rate as
net _ b
3% = (ny/ORD) (2} - P,) | (106)

where Di is the diffusivity of i in the foreign gas, is the thickness
of the boundary layer, Pg is the vapor pressure of i at the phase
boundary, and Pi is the vapor pressure at a distance S from the sur-
face. Equations (105) and (106) can now be combined to eliminate Pg
and yield
et _ "@L(P:urf - »9) (MiRT)-Vz
a L 4 & (RT/200) /2 (107)
(0,/§)
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Under conditions where (Di/ b )>>O(i(RT/21yMi)1/ 2, the rate is controlled

by the sublimation mechanism or phase transition. When (D / 8) <<O(-L
(REV@%NI) /2, diffusion of the species into the foreign gas controls
the rate.

Practical limitations in controlling the oxygen partial pressure
prevented us'from varying the gas flow rate and the temperature to any
great extent. In order to determine whether the experimentgl results
were indicative of mechanistic or diffusion control, values for the
variables in equation (107) were obtained from tables or calculated
for the simple model of a gas flowing over a flat plate.so A very
rough calculation shows that [ (D, /8) =3.3] < ):0( (R’I‘/ZYM )1/2 2{(;

hence, the measured rate is essentially diffusion eontrolled.

Suggestions for Muture Work

If further experiments are performed to measure the sublimation
rate of zinc oxide or other ionic or near ionic oxides as a funection
of oxygen partial pressure, we recommend that they be done in a near
vacuum. A continuously monitored mass loss, measured with an accurate-
1y calibrated helix, a torsion balance, or an electrobalance, will
eliminate some of the environmental contamination encountered in these
experiments. The elimination of the foreign carrier gas should reduce
the gas diffusion effect. By weighing the crystal continuously, small
variations in the sublimation rate will be indicated clearly. If any
diffusion of the oxygen into the crystal takes place and changes the

stoichiometry, there should be a definite change in the measured rate.
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Small changes were not observable in the discrete measurements made in
our studies. The scanning electron microscope could be utilized to a
much greater extent. Using proper photogrametric techniques61, one-
could measure pit sizes, slope angles, ledge heights and other surface
features more distinstly. Doping and irradiation studies of the type
made by Somorjai and coworkers, together with surface topography
gtudies of the type mentioned in the theoretical development are re-
quired to test the details of the postulated charged defect distribu-
tion theory. In particular, a determination of +the infiluence of the
ledge length, L, on the sublimation rate of a vicinal surface would

be significant.



SUMMARY AND CONCLUSIONS

1. Differences in the formation energies of charged defects in
ionie erystals are shown to lead ‘to the presence of a surface charge,

24,
in agreement with prior models. +-26,28

Hence, the surface charge is
explicitly related 1o surface kinks, and the appropriate relations be-
tween surface chafge, surface structure, and bulk and vapor concentra~
tions are developed.

2. The magnitude of the surface charge is shown to influence sub-
limation rates by affecting the activation energy for desorption steps
and by influencing the kink concentration.

3. Predietions of the theory are compared with a series of re-
sults on II-VI compounds and are shown to be consistent.

4, Experimental transpiration results have shown that oxygen in
the gas over a subliming zinc oxide crystal can decrease the rate
significantiy at high oxygen partial pressure values. Similar experi~
ments by others with cadmium sulfide crystals and impingement fluxes
of cadmium and sulfur have shown that the surface concentration of
either specie can control the rate. Since all of the above results
can be explained in terms of rate control by surface concentration,
control by the charged defect distribution effect is overwhelmed under
these conditions.

5. Since the sublimation rates of the zine (0001) surfaces are

larger than those for the oxygen (0001) surface, we conclude that the

101
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charged defect distribution is influencing the rate independently of
the surface concentration.

6. The correlation between surface strﬁcture, impurities, and
measured sublimation rates qualitatively support the terrace-ledge-

kink theory of vaporization.



APPENDIX A

One layer of the charged distribution is assumed to consist of
an infinite, planar, square grid of positive unit electronic charges
segarated by a distance, d, given by d = ( e/Q)1/2. A corresponding
grid of mnegative unit electronic chafges is located in the crystal
at a digtance A from the surface. The energy to remove a charge in
the field of this sei of point charges is estimated by first calculat-
ing the total potential, @, at any distance, z, normal to the planar
surface., This potential is simply the sum of the potentials due to
th;iindiyidual charges. The potential energy of a test charge q', if
placed at z, is U(z) = q'@(z). Its potential energy at an infinite
distance from the plane is U(e?) = q'f(o2). Since we can define the

zero of electrical potential as #(e2) = 0, the work, U, involved in

moving the test charge from z to infinity is simply

AU = q'fi(z) (a-1)

Figure 30 illustrates the assumed distribution of point charges.
Figure 30(a) is a view of the square grid normal to the surface showing
the neighbors and their distances from an arbitrary grid site. Figure
30 (b) is a view normal to the z-axis and represents the generalized
situation.

The potential at P is

103
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Tigure 30: The distribution and geometry of point charges
assumed to represent the charged defect distribution.



105

#(z) = (2€/ [€, + EN(@/AE) (V/r, -1 /fr, ) (a-2)

where €1 and % are the dielectric constants of the crystal and vacuum,

reSPectively-62 By inspection of Figure 30(a) we have:
| ro = (& + A2 4 2J? )2 2 (/2 + 21+ &% CR/2 + A1D)V2
Y0, T (2d° +[3/2 + z32)1/2 = (A2 + 2)(1 + 2d/[3/2 + %2,
To,c = (4 +[v2 « AOV2 2 (2 + 2)(2 + W%/ D2 + 2F)3

0,0 = (50 +Ly2 + 212 = (/2 + 2 + 58Dy + A1) V2,

and T0,i " (A2 + z)(1 + ]:hz + kz_:’a)v2 (A-3)
w_here
2. 2

a=d7/ @2 +z2) . (A~4)
From the given geometry and the law of cosines,

rl,i = (rg,i + [1/2]2 - 2:'0,1&/2]003 60'1)1/2, (8-5)

2 2 1

W (1'0’:.L + Eﬂ/a + 2ro’if}t/2]coseo’i) /2, (2-6)

and coseo’i‘ = (A/2 + z)/ 0,1 (A-T)

The general potential for one dipole can now be expressed as

By, 1(2) = {z'q/fel + ezlmr} {1/[1%,1 sy (/2)2 2(/2) (/2 + )]

/[ + (AR v 2(A/2)(R/2 + z)]} LB
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The sum of all the dipole potentials for a point located a distance
z above one of the grid charges is given by combining equations (A~3)--

(A-8). The geometric symmetry of the array yields

{8/5. + ghk]} {2q/ll~’|‘f [61 + sz} {[( A/2 4 z)2 (1 + Ehz + kzja)

w (A2)2 22y (/2 42] V2 [ 2/2 + 2021 + 62 + 12T

2 Al A InaNt A I~ ...\-,-1/21
a) + (A/2)° - (4-9)
2(A/2)( /2 +2)] "2 }

Tor the general texm in the sum where we define

1, if h£0,k=0; k£ 0, h=0; or h = k; h,k

5£k = are integers

0, if h # k.

Wékthé; sum all the contributions of nearest neighbors, next-nearest
neighbors, ete. to find the potential.

We assume that the dipole; atom, or ion could approach the surface
no nearer than the diameter of the respective atom or ion. The actual
distance of approach is uncertain since the position of the charge on
a kink has not been identified. When we calculated the potential by
computer, we considered all the neighboring dipoles which contributed
more than 10"6 volts to the total potential. This cutoff occurred
approximately with the three hundredth nearest neighbor.

The binding energy for the sodium chloride molecule is calculated
by substituting the appropriate charges in equation (A-1) for the sodium

ion and chloride ion. For example, the energy to remove the dipole is
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AU = + qﬁ(ZRclion) - q¢(2RClion + rd) (A-10)

where Ty is the interionic distance in the sodium chloride gas molecule.
According to Moelwyn-Hughes,63 the dipole moment of a sodium

chloride molecule can be described by
M= arga - B, (T /) (a-11)

where (Og +C(_) is the molecular polarizability. We can then write the

effective charge on one of the poles as.
=z
- - - -
Qgpr = e = [ + & T/r)) (a-12)

Using values given by the author for the variables in (A-12); i.e.

r = 2.22x10"%n and (f +o() = 3.27x10 ", we find

Qepp = 0.701e (A-13)

Thus, when we calculated the‘binding energy of the sodium chloride
molecule, we multiplied the charge by the factor, 0.701. Other values
for the polau:‘:‘.za.‘tn'.li't;y{))1l (O& +C(_) = 3.36x10-30m, and interionic dis-
mnee?5 ry = 2.55x10 %, yield

Qpe = 0.797 (A-14)

We used a simplified spproach suggested by West and Thompson65 to
calculate the induced dipole distance for the adsorbed sodium and
chlorine atoms. They assume the charge distribution around the atom
remains spherical in the presence of an applied field and the electron

cloud density is uniform. In an applied field the center of negative

charge shifts a distance d, from the nucleus. This distance is given by
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d = WmER> (-ap/az) _/q" (4-15)

2 atom

where q' is the charge on the nucleus. The work to remove the atom is

then given by

AU = 4Ry ) - AR, - d) (4-16)

om



APPENDIX B

let NP and NN

tive kink sites, respectively. Figures U4 and 5 indicate that each type

equal the number of geometrically positive and nega-

. . . . . . + -
of geometric kink can possess a cation or an anion giving NP y N,

NN+’ and NN- different types of sites. The configurational entropy

associated with the different geometric sites is calculated using

Maxwell-Boltzmann statistics.

A straight ledge viewed from the right can have N, and N, geome-

P N
tric kink sites. When this ledge is viewed from the left, the NP sites
become NN sites and conversely. In either case the number of positive
sites equals the number of negative sites, o
Np = Ny ‘ (B~1)
or
+ - + -
NP + NP = NN + NN
By a similar symmetry argument we have
+ + '
NP = NN (B-2)
and
- - L]
NP = NN (B-3)

where NP+ is the mirror image of NN+, and NN- is the image of NP-'

Equation (45) can be rewritten as

"+ w5 - T - N7 = "%E ' (B-4)

169
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From the combination of equations (45) and (B-1) to (B-4) expressions

for NN+ and N; can be found,

P8, g
My = Zer * Vp (B-5)
N* = 4 N - (B~6)

P 2el, N

We now distribute the four types of sites on the N available sites

using Maxwell-Boltzmann statistics. The NP+ sites can be distributed

on the N available sites in

L = N} -
A GV E T (B~7)
possible ways. Likewise, the NP-, N+’ and NN— sites can be distri-
buted in
L) = e (B-8)
- [}
(N NP ) NP !
D+ = e (B~9)
= 1 ]
(N NN ) NN !
and
QN- = N (B'-].O)

(N—NN‘)x NN'z

possible ways, respectively. Using the assumption that the number of
available sites, N, is much greater than any particular type of site,
and by applying Stirling's approximation, [in x! ¥ x (In x - 1)], one
finds

+ o + + :
1nQP ¥ oN, (In Nt -1) (3-11)
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The configurational entropy is given by

+ + - -
Sonp. = =k {NP (1n Np*-1) + N,™(an N,7-1) (5.12)

+ NN+ (1n NN+-1) + NN' (1n N "-1) } .

‘For Npr pairs of kinks we have .

+ - + -
Npr =N, 4 Ny = N+ N (B~13)

The differentials of equations (B~5), (B-6) and (B-13) enable us to

minimize the total free energy. Writing the free energy of the ledge as

F=Fp + 20N -1TS (B-14)

k pr conf.

where 2U1' is the energy to form a kink pair and FI contains all other
contributions independent of the number of kink pairs, we can minimize
F with respect to the number of kink pairs and find the concentrations

of the particular types of sites:

+ + - -
SF = 2ngNpr + kT (SNP "+ SNP 1nN,
+ + - -
+SNN RS SNN mN) . (B-15)
At equilibrium
F
LE__o, (B-16)
pr

hence, by substituting the differentials into equation (B~15) with con-

dition (B-16) applied, we obtain
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+o - -gUk
NP NN = exp v . : (B-17)
By symmetry,
+ - -2Uk
Ny, = exo \ 77 . (B-18)

Equations (B~5) and (B-6) allow us to express the concentration of each

type of kink in terms of the charge on the surface:

-2U
NP+ (NPJr - 'é%i) = exp (’——k'> ’ (B-19)
-2U
Ny (M7 ¢ ) = ( k) : (B~20)
~2U
+ gt LDy .k
Ny (NN T el T ( kT ) ' (B-21)
and
. ~ -2U,
(NN + 2eL) = exp | T . (B-22)

By invoking the symmetry argument again

+ + P -
Np =N = 1/2 X (B-23)
and
- = - _ - - )
NP = NN =1/2 X . (B-24)

Then the concentrations of positively and negatively charged kinks can
be related to the surface charge by combining equations (B-19), (B-20),

(B-23), and (B-24) to give:

X =te (——E—{‘i> (B~25)
=5 8P\ "kt
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or or
-2U,
- EQ’E) =1 exp <-—-ﬁlﬁ> (B-26)
and
=20,
X (@ +) = 4 exp <—3&£> (B-27)

where Uk is the kink formation energy.



REFERENCES

1.

10-
11.

12

13.
14.

15.
16.
17.

18.
19.

Hertz, H., Ann. Phys. (Leipzig) 17, 177 (1882).

Knudsen, M., Ann. Phys. (Leipzig) 47, 697 (1915).

Langmuir, I., Phys. Rev. 2, 329 (1913).

Volmer, M., and I. Estemmann, Z. Physik 7, 1 (1921).

Hartek, P., Z. Physik. Chem. 134, 1 (1928).

Eucken, A., Metallwirtshaft 15, 2763 (193%6).

Hirth, J. P., and G. M. Pound, J. Chem. Phys. 26, 1216 (1957).
Hirth, J. P., and G. M. Pound, Progr. Materials Sei. 11, 92 (1963).
Frank, F. C., in Growth and Perfection of Crystals, edited by R. H.

Doremus, B. W. Roberts, and D. Turnbull (John Wiley and Sons, New
York, 1958), p.3.

Cabrera, N., Disc. Faraday Soc. 28, 16 (1959).

Kossel, W., Nach Ges. Wiss. Gottlingen, 135 (1927).
Stranski, I. N., Z. Physik. Chem. 136, 259 (1928).
Stranski, I. N., Z. Physik. Chem. 11, 421 (1931).

Volmer, M., Kinetik der Phasenbildung (Steinkopff, Dresden and
Leipzig, 1939).

Volmer, M., and I. Estermann, Z. Physik 7, 13 (1921).
Kossel, W., Naturwiss. 18, 901 (19%0).

Burton, W. K., N. Cabrera, and F. C. Frank, Phil. Trans. Roy. Soc.
(London) __2__{#:5_1}_, 299 (1951).

Knacke, 0., and I. N. Stranski, in Progr. Metal Phys. 6, 181 (1956).

Glasstone, S., K. J. Laidler, and H. Eyring, Theory of Rate Processes
(MeGraw-Hill Book Co., New York, 1941). -

114



20.

21.

22.

23.

24,
25.
26.
27.
28.

29.

30.

31.

32.

33
34,
35

37

38.

115

Munir, Z., A., and J. P. Hirth, J. Appl. Phys. 41, 2697 (1970).

Munir, Z. A., L. S. Seacrist, and J, P. Hirth, Surface Sci. 28,
357 (1971).

Knacke, 0., I. N. Stranski, and G. Wolff, Z. Elektochem. 56,
476 (1952).

Hirth, J. P., and J. Lothe, Theory of Dislocations (McGraw-Hill
Book Co., New York, 1968).

Lehovec, K., J. Chem. Phys. 21, 1123 (1952).

Kliewer, K. L., ‘and J. S. K8ehler, Phys. Rev. 140, A1226 (1965).
Poeppel, R. B., and J. M. Blakely, Surface Sei. 15, 507 (1969).
Kroger, F. A., and H. J. Vink, Solid State Phys. 3, 310 (1956).

Lifshitz, I. M., A. M. Kossevich, and Ya. E. Geguzin, J. Phys.
Chem. Solids 28, 783 (1967).

Rushbrooke, G.S5., Introduction to Statistical Mechanics (Clarendon
Press, Oxford, England, 1949).

Kusch, P., in Condensation and Evanoration of Solidsg, edited by
E. Rutner et al. (Gordon and Breach, New York, 196%), p.87.

Eisenstadt, M., G. M. Rothberg, and P. Kusch, J. Chem. Phys. 29,
797 (1958).

lester, J. E., Ph.D, Dissertation, University of California,
Berkeley (1967).

Mariano, A. N., and R. E. Hanneman, J. Appl. Phys. 4, 384 (1963).
Gatos, H. C., J. Appl. Phys. 32, 1232 (1961).
Boswaram, I, M., in Mass Transport in Oxides, edited by J. B.

Wachtman, Jr. and A, D. Franklin (N. B. S. Special Publications
296 August, 1968).

Xrdger, F. A., The Chemistry of Imperfect Crystals, (North~Halland
Publishing Co., Amsterdam, 1964).

Krdger. R. A., H. J. Vink, and J. van den Boomgaard, Z. Phys, Chem.
203, 1 (1954).

Bube, R. H., Photoconductivity of Solids (John Wiley & Sons, Inc.,
New York, 1960).



29.
ko,
b3,

42,

430
by,

s,
L6,

47,
148,
4g.
50.
51.

52.

53.

54.

55.

56.

57.

116

Somorjai, G.A., Surface Sei. 2, 298 (1964).
Somorjai, G.A., and D. W, Jepsen, J. Chem. Phys. 41, 1389 (1964).

Leonard, R. B., Ph.D. Dissertation, University of California,
Berkeley (1970).

Leonard, R. B., and A. W. Searcy, J. Chem. Phys. 50, 5419 (1969).
Leonard, R. B. and A. W. Searcy, J. Appl. Phys. 42, 4047 (1971).

Das, B. N., C. B, Lamport, A. A, Menna, and G. A, Wolff, Fed. Sci.
Tech. Infor. AD682518, AFML~WPAFB (1968).

Somorjai, G. A. and D. W. Jepsen, J. Chem., Phys. 41, 1394 (1964).
Somorjai, G. A. and J. E. Lester, J. Chem. Phys. 43, 1450 (1965).
Somorjai, G. A. and H. B. Lyon, J. Chem. Phys. 43, 1456 (1965).
Burt, J. G., J. Electrochem, Soc. 117, 267 (1970).

Rapp, R. A., Trans. Met. Soc. A.I.M.E., 227, 371 (1963).

Yuan, D.,kand F. A. Krdger, J. Electrochem. Soc. 116, 594 (1969).

Mott, N. F., and R. W. Gurney, Electronic Procegses in JIonic
Crystals, 2nd cd (Oxford, 1948).

Lidiard, A. B., Handbuch der Physik XX (Springer Publ., Berlin,
1957), p.2u6.

Wagner, C., Proc. Intern. Comm. Electrochem. Therm. Kinetics
(CITCE), 7th meeting Lindan (1955) (Butterworth Scientific Publ.,
London, 1957).

Alcock, C. B., Electromotive Force Meééurements in High Temper-
ature Systems (Inst. of Mining and Metallurgy Publications, Londan,
1968).

Rapp, R. A., and D. A. Shores, in Techniques of Metals Research,
Vol. IV, Part 2, edited by R. A. Rapp (John Wiley & Sons, Inc.,
New York, 1970), p.l23.

Yavagida, H., R. J. Brook, and F. A. Krgger, J. Electrochem. Soc.
117, 593 (1970).

Wood, E. A., Crystal Orientation Manual (Columbia University Press,
New York, 1963).




61.
62.

63 L]

64.

65.

66.

117

Wilder, 0. C., Trans. Met. Soc., A.I.M.E. 245, 1370 (1969).

Darken, L. S., and R. W. Gurry, Physical Chemistry of Metals
(McGraw Hill Book Co., New York, 1963), p.228.

Bird, R. B., W. E. Stewart, E. N. Lightfoot, Transport Phenomena
(John Wiley, New York, 1966), p.25.

Ghosh, S. K., Photogrametric Engincering 2, 187 (1971).

Weber, E., Electromagnetic Theory (Dover Publications, Inc.,
New York, 1965) p.218.

Moelwyn—ﬁughes, E. A., Physical Chemistry (Cambridge University
Press, London, 1947), p. 592.

Tessman, J. R., A. H. Kahn, and W. Shockley, Phys. Rev. 92, 890
(1953).

Greenwood, N. N., Jonic Crystals, Iattice Defects and Nonstoihio-
metry, (Butterworth & Co. Ltd. Norwich, 1968), p.16.

Wert, C. A. znd R. M. Thomson, Physics of Solids (McGraw Hill
Book Co., Hew Yerk, 196U), p.308.




