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THE VARTATION OF'VAPORIZATION RATES WITHVCRIENTATiON
FOR BASAL:PLANES OF'ZINC’OXIDE AND CADMfUM SULFIDE
| Ralph B.vLéonard and Alan W. Se@rcy v
Inorganiﬁ'MdterialévResearch Division, Lawrence‘Rédiation Laboratory,
Department of Materials Science and Engineering, Co.lege of Engineering,
University of California, Berkeley, California
ABSTRACT
The metal (0001) basalvfacés.of_héxagonal (wurtzite) modifications
of both ziﬁc oxide and cadmium sulfide aré.shown t6 ﬁaporiée at higher
rates thaﬁithe non-metal'(Oooi) faces. _The différence in rates has
been megéured for cadmium sulfide as g function bf femperature. Surfece

morphologiés also differ between opposite basal faces of both kinds of

crystals; The data suggest that desorption may be rate limiting.
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Recently we reported the observation that opposite basal faéeé of
zinc oxide in its hexagohal (wurtzite)'crystal modification vaporize in

vacuo at rates that differ from each other by approximately a factor of

three at llO_0°C.l

A difference in chemical etching behavior between (0001) and (000I)

planes of wurtzite~type crystals and between (111) and (II1) planes of

2,3,k

zinc blend-type crystals was already well established, and Miller,

p)

et al.” showed that gallium arsenide, which decomposes to liquid gallium

and Ase gas and Ash gaé diéﬁiays-a difference in.behavior between (111)
and (I111) facéé. But our fesults and those obtained in an independent
study of.iinc oxide that wés“cohcurrent with ours6 are the first.
obsérvations of differeﬁt'vaporizaﬁion rétes for (OOOl)Iand (0001) faces
of a suBstance thétVVaporizes by a congruent reactibn.:’For zinc

7

Qxide the reaction is
- 2Zn0(s) = 2Zn(g) + 02(g) L , (1)

Certainly the anisotropic vaporization behavior of zinc oxide must
reflect the anisotropic packing of alternate zinc and oxygen layers in

the crystallographic ¢ direction. In Fig. 1 it is apparent that zinc

"atoms that are'exposed by vaporization toward the top of the figure

would have three oxygen atom nearést reighbors in the layer below, while

zinc atoms that are exposed by vaporization of the lower face of the

~crystal would have only single oxygen'atom nearest neighbors., With

oxygen, the situation is exactly reversed so that a crystal oriented

like that in Fig., 1 can be expected to have lower free energies when

.zinc atoms predominate in its upper surface layer and when oxygen atoms



predominate in its lower sﬁrface;

The anisotropic éﬁrface concentrations might.affect the vaporization
raﬁe eithér directly or indirectly:

(1) There might be an intrinsically différent steady staie rate -
for opposite basal faces.

(2) Differentialvadéorption of impurities oﬁ the opposife faces
might cauée.the.différent vaporization ratés.

(3) Residual gaées in the system hight‘react with the Zn—faée at
a higher rate than with the‘O;face.

Oneiof‘the purposes of this paper is to reﬁort the effects of
increaéihg the coﬁcentration ofvcommon Vacﬁum system background gaées
and ﬁhe effects of silicon (probably present as silicon carbide) and

aluminum (pfobably present as AlZO ). on basal plane vaporization

3
behavior.

Our fﬁrnace was ﬁnsuitable for a study of the temperature
dependence of zinc oxide, and while Wolff, et al.6 did study the effect
of temperéturé; their results that we'have so. far seen are ambiguous
in that an apparent effect of container material oﬁ zinc oxide |
vaporiiaﬁion rates is difficult to separate from the inherentAproperties
of zinc oxide. Acéordingly, we have extendedfour study to include a
determination of the effect of temperature on the rate of vaporizatibn
of opﬁosite basal surfaces of cadmium sulfide, which also has the wurtzife
structure-and which has a high enough vapor pressure for réady study in our
furnace. The temperature dependence of vaporization of cadmium sulfide basal

9

faces had been studied previously by Somorjai and JepsenBVand by Mﬁnir, who

'
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did not note a difference in vaporization rates for opposite faces.

‘The congruént vaporization reaction is

.2cds(s) = 2cd(g) + s.(g) ' (2)

2

We have correlated our vaporization study with the morphologies
developed by the vaporizing surfaces. This information will be presented

and discﬁséed.
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EXPERIMENTAL

The zinc oxide crystals were growﬁ by Minnesota Mining and
Manﬁfaétufing Co. by a Vapof'phase process which yielded hexagonal
needlgs:ﬁp‘to 10 mm long-with e maximum diametervof 8 mm.* The company
proviééd'ﬁasal siices 1 mmvthick aﬁd 8 m in diaﬁeter, and prismatic
slices 2 mm thick with faées which were 5 mm by 6 mm. >Total impurities,
as measﬁred by emission spectroscopy, were less ﬁhan 25 ppm.

The és;feceived basal siiées were examined with an‘électron beam
microprobe; and large concéntratidns 6f Si énd Al wére found. The Si
and Al; whigh were presénf_ih'leééér'émouhts after extensive etching V
with niﬁficvacid, probably were léft by"polishing opératioﬁs withASiC
and Al2b3.' Aﬂﬁatch of basal slices that wére.not polished showed no ”
'Si or Al; ‘No difference.in vapqrization behavior was fouhd for the
crystéls whefher or not théy initially‘héd 81 Sr.Al'on,thé surface.

A.Laué‘ﬁack-reflection X-ray photograph showed that tﬁe crystals
werevwithin‘l/2° of the c-axis orientation. o

| An ultraéhigh purity'cadmiﬁm sulfide single crystal with a face-cut
.perpendicuiar to the c-axis was obtained from Eagle-Picher Induétfies.
A Laue back—reflecfion X-ray photograph shoﬁed that the face was within
1° of the desired orientation. The statéd iﬁpurities of the crystai
ﬁeré (in parts per million): Ag, .01; Mg, .10; Si, .90; Cu, .22.
.Basal slices 0.8 to 1.4 mm thick were cut from the crystél using
- a wire‘séw and a i:l water:glycerol slurry qf 600 grit silicon carbide.

Warekois et al.z'havg investigated the crystallographic polarity of

* Zinc oxide crystals are no longer available from the 3M Co.
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caéﬁiuﬁvsulfide by X-ray énalysis and by studies ofvcﬁemical etching
behaviof,and the crystallographic polariﬁy of ziné oxide héé been
investigated by Mariéno and‘Hanneman.3 An etchant of 20 Vol. % HNO3
produces hexagonal pits on the 2n(0001) face bﬁt hillocks on the 0(000I)
face; the prismatic faces dévelop triangulér pits, with the apexes
pointing toward the Zn(0001) face. A nitric acid-acetic acid-water etch
as described bvadrékois, et 5112 produces ﬁexagonal pits on the
Cd(0001) face of cadmium sulfide and hillocks on the $(0001) face.

Annealing the ziﬁc biide cfystals wrappéd in platinum fdil for
30 houfé’ét lOOO°—1lOO°6 in;én eﬁécuated quartz c&ntainer turned the
cryétéls a light yelloﬁ.v Annealiﬁg a cadmium sulfide crystal wrapped
in platinum foil for three days at 700°C in an evacuated quartz
céntainef produced:no visible‘change in the crystal color. No
obsérvable Aifference in vaporiiation behavior from un-annealed cfystals
was obsefvedifor either zinc.oxidé or cadmium sulfide.

'FSoﬁé zine oxidé crYstéls ﬁere ahnealedvfbr é t6'3 h at 800 to 900°C
in zine metéi vapor.invan evécuaﬁed and séaled quartz_tube. Bach
crystal was loosely wrapped with platinum foil so that it did not come
into contact with.thé guartz. After these anneais, the crystals were
a brighf fed-orangé throughout the entire bulk;

For vaporization rate measureménts the cr&stai wafer was hé;d in a
99.5%.aluminum oxide cell designed so that only the chosen face was
exposed.- Essentially no»vapbfization was 6bserved from the rear face,
which was masked by a tight fitting plug which fit against the crystal.
From available thermodynamic informafion alumina was expected to bé

unreactive toward either zinc oxide or cadmium sulfide. 'Anthr0p'and
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Searcy7 found no reactioh when alumina was used as a container for
zinc oxide at 1150°C; No phyéical change was observed in the cell after
use with either ziﬁc‘oxide or cadmium sulfide.

The aluminum oxide céll orifice had a channélvlength to radius
ratio Of‘O.BL: No'éorreétioﬁ was made fér reflection at the chaﬁnel
wallsufof either Zinc oxide ér cédﬁium‘sulfide because their‘condensation
coefficiénts aré‘loﬁ; |

The aﬁparatus ié éhowﬁ in Fig. 2: The cell was suspended by a
0.0?Y'mm piatinum wire from‘a quaftz semi-micro balahce so that the
crystal Vapérized downﬁard. A vertical fused silica tﬁbe.heatéd by a
Kanthal'coil surrounded the cellf
Thévquartz tube; whiéh had aﬁ i;d. of appréiiﬁately SQ mm, ﬁas
coéled ét each éh& by a wafer Eooling'collai. A'éontrol thermocouple
ke?tbthe temperature constant to * 2°C over a leﬁgth of 3.5 em at 1100°C,
A plafinum tube 15 ém‘long;vh em in diametér and 0.5 mm thick was
inserted into the7hotvzonethrbthe”cadhium sulfide vapdrizations."This
arrangement produ¢éd 3 5155 long tempéréfuré'zéne whéré the'temperature_
was cohétant to i.l/2°C at 6506C,

The system couid:be pumped to b x 10_.6 torr, but the pressure rose

to 2 x 1077

torr during vaporization.  The pressure was read with an
ion gauge at the top of the system, Since this ﬁas at the opposite
end of the system from‘the'pumping port, the measured pressure was a
maximum.value. '

A leék valve at the bottom of the System'allo#ed the introduction

of various gases. The stainless steel tube aimed the incoming gases

directly at the vaporizing surface, The gas inlet system was flushed

L
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for an hour with a gas before it was introduced into the furnace. Carbon
monoxide and methane were supplied by the Matheson Company and oxygen
by the Pacific Oxygen Company. Typical impurities in parts per million,

as stated by the suppliers were:

.For co CO,, - 200;
| 02, 20,
N,, 5.
For CH), | ,, . N, <503
| 02, 23

CO, 5 110;
C He 30.

For 0, | | . N, < 5003
O, 2;

.Ar, : 2000.

A single measuremeht was made of the effect of water vapor on the
rate of vaporization of an.O(OOOi) face. This WaS'accomplished by
fitting a coil of copper tubing containing distilled water to the gas
inlet system. The coil was then packed in dry ice so fhat the vapor

pressure of the water was approximately L x 1o'h m Hg.
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RESULTS

A. Vaporization from Zn0O Basal Faces

.Figure 3 shows ten Basal face vaporizations of eight crystals (both
sides of crystals one and thfee ﬁere vaporized);. The zinc.fsce
vaporized at a rate about‘three times as great ;s did the oxygen face
at llO7°C The oxygen flux from the veporizing surface was approximately
O 01 times the flux from an equlllbrlum surface. 10 There was no
observable effect on the rates from 8 change in the order of vaporizatien
of the twe faces or from use of chemically etched or non-etched crystals.

Vaporfzetidns L, 5, 7.and 8‘in Fig? 3 were pefformed on crystals
“that had prev1ously been doped with enough zlnc to glve them a distinct
red~orange color. When heated in vacuum at 1107°C the crystals lost
the red eolorvwithln 20 mlnutes or less and showed no apparent difference
in subsequent vaporizetion fates from the rates of undeped crystals.
Attempts at doplng the crystals with oxygen were unsuccessful

Figure h is a typical SEM photograph of the 7n(0001) steady -state
surface. This surface looks like sharp mountaln peaks separated by
narrovw valleys.

Figﬁfe 5 is an SEM photograph of the 0(0001) face steady-state
morphology, showing hexagonal pits.

B. Effect of Added Background Gases on Zlnc Oxide Vaporization

Additions were made of about 8 X 10 = torr of gases that might be
expected to be in the furnace. This pressure would produce a flux of
about_lb;j‘molecules/cmzasec onto.the surface as compared to a vaporiza-
tion flux of about 1016 Oz'molecules/eme-sec at the vaporization

temperature of 1107°C. Results for methane and carbon monoxide on both
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the Zn-face and the O-face are shown in Fig. 6. The dashed lines
indicate the maximum and minimum slopes found for vaporizatiéns in the
absencé of added gaseé. Nd apparent éhaﬁge in the vaporization rate
of eithef the zinc-face of the oxygen—faée ié produced by eithér of
these tﬁo,gases{ | |

The vaporizatioﬂ of.zinc'OXidé‘under aﬁ increased pressure of
oxygen was‘measured both with a'sihgle éfys%al and with powder sampleé
held in & platinum basket. The introduction of T X 107" torr of
oxygen produced no meaéurable'change in vaporization.rate either for
the pbwder samples or for thé single crystal. Results for the zinc
face are shown in Fig. T.

BecaUée increased watér Vépor pressures have a very adverse effect
on the vacuum system only a singie .run with incréased water pressures
Was'ﬁéde. The exact pressuie:is unknown, but it #aé high éﬁough to
. cause é rise iﬁ the measuredviQnizatioﬁ(gauge préésure.

Tﬁé véporization gurveé (Fié. 3) exhibit‘ihauction périoasvdﬁriﬁg
which the rate'slowly changes 5efore a.constant rate is reached for
(0001) faces and a nearly constant rate is reached for 0(0001) faces.
For crystals that had not been previbusiy vaporized, part of the
induction effect may have arisen because of differencés in initial
surface morpﬁology from fhe steady state mofphology. However; inductionv
: périods are also obsefved for crystals which.had reached the steady
state.mofphoiogy but had been stored iﬁ air in glass céntainefs.

To determine if oxygen pick~-up during cooliﬁg or storage might be
responsible for the induction periodé; a crystal that had been heatgd

to steady state was twice alloﬁed to cool in 70O torr of oxygen and
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stored overnight in the fﬁrhace before reheating. In each case tﬁe
rate of vapofization Waé unchanged from that shown béfore.the dxygen
treatmep£. Next, the same crystal was cooled in the system under the
vacuum produced by a mechahiééi pﬁmp and feﬁoved‘for approximately one
hour férvéxéminatioh.' This érbcedﬁre pfoauced a'small‘induction period.

Figufe 8 shows the Vaporizafi§n of an as;received crystal with the
. typical initial indﬁction period. After 260 minutes it was removed and
stored in aif in a glass container for twelve weeks. The‘subsequent
vépdrizatidn exhibiﬁévé pronbuhced'induction’éeridd'typical of a idngv
exposure to lab air. A quench in afgon.follbwed by reheating without
exposurerto lébofatofy éir also éiiminafeg any induction périod as
did.nitrogen quenches. .\ | |

Thése'réSUlts stfonglj'éuggést'fhat the éaﬁée of‘thé induction
-periodé is adsorbed water. Héﬁce, after 560 minutes, the crystal was
nitrogen_quenched, quickly removed from the sysfem, and stored for one
week at room témpérature in a véssel that containéd air which was
saturated with water vapor. The subsequent vaporiéation eihibited the

most pronounced'inductiqn period which was observed. At the conclusion

of this vaporization,tlﬂé.crystal was stored for ten days in a
dessicator that contained fresh phosphorous pentoxide. This storage
still produced an induction period, although much.shorter (Fig. 8).

. Repetition of these experiments with wet and dry storage yielded similar

results,
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C. Zinc Oxide Prismatic Face Vaporization

The siﬁ prismatic. planes of the wurtzite structure éfe all
crystallographically equivalent. HenceIOne should get simiiar vapor-
izatioﬁ rates and similar morpholbgies wheh a prismatic ;licé is
vapqrized ig opposite directions normal to a-prismatic face. Figure 9
shows vaporization rdfes of tﬁo prismatic slices, The slice-used for
the é_véporization was cut from'thé.ééhter of a crystal and hencé the
surfaces were ?roduced by the diamond saw. The B curve was obtained
by vaporizaﬁidn of an aségrown prismatic face. | |

The prismatic slice that‘yiélded the A curves was first vaporized
for 660 minute (open circlés). The oppoéite face was then vaporized
for 620 minutes (solid circles). \Finaliy, vépofiiation of the.first
side was conﬁinued (open circles) for an additional 640 minutes;

‘The vapbrizafion rétes for prosité ﬁifeétions‘on a prism;tic slice
(A_curves) are almost identical fér the firsf one hundréd'fifty_minutes,
when the B slice was removed for examination. The.§_slice;showed an
induction period foilowing its first rgmoval (fifst arrow, Fig. 9, -
probably .due to water adsorption such as was found for the basal faces,

but showed little change in slope resulted from subsequent removals.

' Rates of vaporization of the prismatic surfaces are about the same as

those of the oxygen basal face, but prismatic vapérizatioﬁ rates show
éreater incregSes at longer timeé.

Explanations for the increase in rates with time and for the
divergence of curves at long times aré found from examination of
prismatic surfaceé; Two main surface features were evident: large,

irregular, shallow pits and deep pits which appear to be slits.
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Figure 10 shéws a typical large irregular pit and Fig. 11 shows an
area containing éeveral of fhe slit pits.v These slit pits afe parallel
to the c-axis. Mofe slit pité seemed to develop .as the vaporizatién
continued (Fig; lé). A series of slif'pits would occasionally lie - -
very ciéSevtogethér and develop info a largef pit. The increase in
depth of fénetratioﬁ of the slitvpits with time should increase the
effectivevérea for vaporizatién and give rise to an increased rate of
vaporization. The variation‘iﬁ fréctions of.the sﬁrface in which the
pits dcéur accounts fdr thé;aiVéréehéevof vépori?a£ioﬁ rétes ét longer
times. |

Oppoéite faces of'prismatic siices-showed similar morphologies. At
this time there is no éxplaﬁationbas fo why some aréas'of the prismatic
faces devélop thermal pits that afe'irregular ana ofﬁer areas nearby
deveiop thé slit pits;'_In cohfrast, the entire Zn-face developed the
mountain-like features, while the énfiie O-face developed the array of
hexagonal'pits; | |

D. Cadmium Sulfide Basal Face Vaporizations

‘Total pressures for the reaction 2CdS(s)—2Cd(g) + Sz(g) were
calculated from the slopes of the total weight loss versus time plots.
The data shown in Fig. 13 were collected in & random temperature sequence

for eachbrun. Crystals were not annealed pfior to the runs, but a more

Fy

1imitéd series bf measurements collected for both basal faces of a

crystal that had been wrapped in,plafinum foil and annealed- for three

days'éf’700°c géve results. not signifiéantly different from those shown.
The rate of vaporization of the Cd(0001) surface is the higher in

the temperature range studied, but shows a lesser temperature dependence.
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04(0001) vaporization data were more reproducible than S(000I) data.
Data points collected for the Cd-faces of the different crystals can be
fit to a single curve while the S-faces preseures shoﬁ somewhet different
magnitudes andISlopes in each separate run.

Surprisingly, while basal surface structures are similar to those

observed'fer Zihc oxide, it is the.Cd(OOOl) face thaf.develops‘hexagonal
pits (Fig. 1k) while.the‘S(OOOi) face has a morphology that resembles
rounded.mountain peaks separated by narrow valleys (Fige. 15 and 16);
In zinc oxide, the Zn{0001) face steady state morphology reseﬁbled
rather sharper mountain peaks and the 0(0001) face had.the hexagonel
pits (Figs. b and 5).

Apperent equilibriﬁm cohstants were calculated for the congruent A

vaporizatioh and the slopes were determined by least squares analysis

9

(Table 1) (errors arevonevstandard deviation). Mﬁnirv reports a vapori-
zation rate equation'which yields AH*-= 175.3 kcal for the same reaction
in the temﬁerature range of measuremeﬁt;

The -${0001) faces can be seen in the higher magnification
of Fig. 1b to have very fine particles dispersed QQer the surface. A
yellow powder was obtained when the S(0001) steady state surface was
brushed or rubbed. Some powder was removed by pressing masking. tape
against the surface. Semi-quantitative micropfobe'measurements of the
powder that adhered to the tape showed the powder to confain‘cadmium
and sulfur in apprcximately a one to one ratio.  Probably the ready
detachment of this loosely adhering powder from our aownward directed

vaporizing surfaces accounts, at least in part, for the low reproducibility

of S face vaporization behavior.
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DISCUSSION

Since steady state rates of vaporization of the basal planes of
zine oxide were not measurably affectéd by the iﬁcre@ééd pressures of
oxygen, methane,‘carbon monoxide or wéter vapor,.or by silicon- or
aluminum—céntainihg impurities on the surface, it seems probable that
the diffefénbe:in'vaporization rates bétweeﬁ (6001) and (0001) surfaces
is an inhé?éhﬁ'proﬁerty of fhe ?ure crystals and not the indireét
result of ééléctive adsorption; Conclusivé proof of this roint will
requiré'sfﬁ&ies at much lower backgrdundvpréséures.'

The félatively 1ineér plots of weight losses Tfor ;inc_facés with
time in éomparisdn fo curved plofs for}the oxygen faées and the'greater

reproducibility of the plots of log P versus teﬁperature that

n
characterized the'cadmiﬁm faces of cadmium sulfide in comparison to the
sulfur fécés-aré'ﬁotéworthy. As alreédy mehtioned, the sulfur faces of
cadmium sulfide are lightiy covered with a loosevpowder,,a'fact that
probably’éécbunts at least in part for the lower reproducibility of data
for the‘sulfur face.

The progressive increase in weight losses of the oxygen faces of
zinc oxide crystals cannot be similarly accouﬁted for; significant
concentrations of loose powder could ndt be discerned on either the
zinc or éxygen basal faces. Examination of the 6xygen basal faces,
however,.revéaled thet the area of Qaporized surface was larger than
the area of the orifice and increased with time. This increase in
actual vaporization area over that assumed in plotting Fig. 1 is
almostvcertainiy responsible for the inéreasing'slope,of the oxygen

weight loss data. In marked contrast, the area vaporiéed from the
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zinc face was essentially that defined by the orifioe. The effective
ares of CA(0001) faces of cadmium sulfide, but not the 5(000I) faces,
similarly increased with time. Because heatiné periods Qere kept short
for cadminm eulfide meaeurements this areavincrease did not‘appear to
seriously influence our.Cd(COOl) vepor pressure meaeurements;

A somewhat surprising observation is that thermal etching produces

. for. zinc oxide a reversal in the characteristic appearances of the metal

and.non-metal Basal surfaces from_tnat produced by etching with nitric
acid, While‘for.cadmium sulfide tnermallyvetched surfaces are similar
in appearance to the chemicaily etched surfaces (Table Ii). For both
solids the metal basal facee ehow the higher vaporization rates,
although'the steady state morphology of the oxygen fece'of zine okide'
is similar to the morphology of the cadmium face of cadmiun sulfide.
Munir and Hirthll hane'recently interpreted the raboriéation kinetics
of cadmim sulfide and zine sulfide in terms of the terrace-ledge-kink
model, whieh predicts that near equilibrium ooncentrations ofvself~
adsorbed atoms can oe‘expected in regions with closely‘spdced ledges and
low concentrations can be expected in regions of widely spaced ledges.

The pressures and temperature dependences reported by Munir9 and the

* micrographs displayed by Munir and Hirthll are similar to those shown

in the present paper to be characteristic of €a(0001) faces. There is,
however,ea difference in observed surface structure for.cadmium‘faces in
the two stndies that is pertinentvin view of the interpretation of the
kinetic data given by Munir and Hirth..'They found their cadmium face
pits to be characteristically flat bottomed with steep walls and argued

that the_vaporization coefficient for the flot regions must be negligibly
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small and for the walls must be about 0.35.

This interpretation seems to require the assumption that most atoms
are desorbed from the surfaoe before they diffuse distances greater than
the spacings between adjacent ledges. But if this assumption is mede;
it is diffioult to understand hoﬁ the surfacesvof Munir and Hirth could
be,steady etate surfaces.A’With tiﬁebthe efeep wailed regions, which are
assumed fS Be the only aetive_reéionsvfor.vaporization; should be
ellmlnated by selectlve vaporlzatlon leav1ng only the flat surfeces

The plts on some (but not all) of our Cd(OOOl) faces had dlstlnctly
sloping central regions, although_the steepness of the walls increases
toward the edges vof the pits (Fig. '11;'). Yet vaporization rates for
our Cd(OOOl) faces dlffered by only about 30% from those of Munir. A
possible explanation of these observations is that the surface morphologyv
during vacuum vaporization is relatively strongly influenced by small
vafiations in impufity edsorptioo but the fate of vaporization is not.

The morphology of the S(OOOl) face is completely different from
that of the Cd(OOOl) face, but ‘the vaporization rates for our C3(0001)
and S(OOOl) faces, while clearly not 1dent1cal over most of our range of
study,‘are only slightly different. The specific surface free energies
of the opposite facee probably are considerably different because of the
anisotropic packingvalong the C-axis..

We think.that the steady state surface morphologies of the different
.c:ystai faces of cadmium sulfide and zinc oxide may.be produced by
thermal faceting for which the principal driving force is reduction in
total surface free energy through development.of‘planes of lower

specific surface free energies.12
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Thié interpretation of the data suggests fhat étoms in the self
adsorbed lé&er may be at near equilibrium concentratibns, since relatively
long range aiffusion would be required to develop the lower energy
surfaces at the expense of higher energy surfaces. If the self
adsorption layef is near eéuilibriﬁm, desorptioﬁ must be fhe rate
determining step of’vaporizétion.

It has been shown elsewherel3 that approximate coincidende of'the
value of an'apparent entfdpy of véporizaﬁibn with the entropy of the
equilibfiumlvaporization reaction is circumstantial evidence, though
it certainly is nét conclusiﬁe prodf, that>desorptioh is rate'determining.
Data for the sulfur faces are.not sufficiently reproducible to give clear
evidencé, but the cadmium facé data allow calculation of an apparent
entropy of sublimation by the second law method. The value‘obtained
for the apparent entropy of vaporization from the data of Fig. 13 is
95.4 eu for Eq. (2), éomparéd to 91.6 eu, which is caiculated for the

, W na ca(e) 12

from the estimated ehtropyl6 and heat éapacity17

equilibiium from known entropies atleOO°K for S and
. §f Cd(s). Desorption may
well be rate determining.

We see no conflicf between the evidence fbund by Somorjai and
coworkersl8'f0r effects. on cadmium sulfide vaporization rates of
1ight;9'and of a sulfur vapor fluii8 ahd the hypothesis that desorption
may be rate determining. The effect of light may be to increase the
population of atoms in the'self-adsorption Ieyer that have sufficient
. energy to'over¢ome the barrier to deéorﬁtion, and a sulfﬁr flux from the

vapor may decrease the concentration of sulfur atoms that can be transferred

from the bulk crystal to the self-adsorption layer..
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Table I. Apparent emthalpies of vapor@zation for 20dS(s) (kecal) =

2Cd(g) + Sg(g)

Sum of points of

Crystal Face Crystal No. 1 Crystal No. 2 . Crystals No. 1 and 2
€a(0001) 172.2 + 2.8 168.0 = 3.7 170.8 + 2.2
s(o00l) 206.1 *+ 7.1 . 183.2 + 8.0 193.3 + 6.8

190.2 + 72
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Table IT

: - : Surface after Relative
Crystal- " Surface after steady-state . _ vaporization

face o chemical etch vaporization rate
Zn(0001) _ hexagonal pits sharp mountaih peaks . higher '

: separated by narrow valleys :

0(0001)  steep hillocks hexagonal pits -~ lower
cd(ooo1) hexagonal pits hexagonal pits . higher
s(0001) rounded hillocks .- rounded mountain peaks lower

separated by narrow valleys
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This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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