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- VAPORIZATION KINETICS OF ZINC OXiDE‘SiNGLE CRYSTALS
Robert J. Galluzzo.
Inorganlc Materlals Research Division, Lawrence Radiation Laboratory,
- and Department of Materials Science and Engineering,
‘ College of Engineering, University of California,
Berkeley, California
ABSTRACT -

The rates'of vaporization of bpposite basal faces of zihc oxide have

vbeen measured as functions of temperature. Theeavefage apparent en-

thalpies‘pf_vapdriiation for the reaétioh ZnO(s5_* Zn(g) + 1/2 Oz(g)
for'the:t?o-faces were .measured to be: zinc-rich'(OOOl)vface, l3h}6
kcal/mole{_oxygen-rich (0001) face, 140.8 kcal/mole. The differences
befween‘these values is greater than probable experimental error in the
measuremenfs, and both enthalpies are larger than the enthalpy of_the
equilibriui reactioﬁ, 110.5 kcal/mole in the temperature range studied.
The apﬁarent entropies for the reaction were meaeured to be:

(OOOl)iface, 51.0 eu and (0001) face, 50.3 eu. These entrepies, to
within-ekpected limits of error, are equal to each other and to the

entropy of the equilibrium reaction in the same temperature, 48.0 eu.
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I. INTRODUCTION .

It has ﬁeen known for some time that opposite crystallographic faces
of crysta;s7that havé.anistropié arrangeﬁenté‘of_constituent atoms show
different.éféhing behavior and different rates of decomposition. Until
recently;‘hoﬁever; the raﬁes‘of vaporization of the opposite faces of

the only sblid of anistropic packing for which congruent vaporization

--had beeh studied, cadmium sulfide, were believed to be indistinguish-

a;ble.l’2 Ziné oxide was then found, however, to vaporize about three

timesvas fasf from the zinc-rich (0001) face as from the oxygen~-rich

(OOOi)ffg¢é.3-5 And when cadmium sﬁlfide5 was studied in a lower tempera¥

tﬁge'raﬁée:fhan that of the pioneering study, where a different mechanism
érobably_goﬁerns the reaction, the oppoéite basal faces showed different
vqporiiation rates. The temperature dependence of vapofization from:‘
these 6pp§site faces was established for cadmium sulfide, but remainé'
ﬁnclear f6rvzinc oxide becauée of apparentvinteractioné with a container
material ﬁhen zinc oxide was stﬁ&ied as a fuhction of temperature.3

' Reliéblé determinations of.temperature dependences of évaporation
rates provideé particularly impor&ant information for models describing
the vaporization pfocess,6 so additional measufements of temperature
dependences of vaporization for anistropic méteriais are of value.

For pxide materials the theoretical interest of vaporization data
is'compleménted by an exceptibnal practical interest. Oxides are im-
bortant'éffuctural materials for use at high temperature and their
usability is parﬁly determined by their vaporization rétes. The present

work ié designed to measure (0001) and (0001I) face vaporization for zinec

" oxide as a function of temperature.
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II. EXPERIMENTAL
The 3 M Compény supplied the sliced and polished crystals of zinc

7

oxide. 'The.crystals wefe grdwn as hexagonal needles and cut with a
diamondfséé.ﬁo expose basal slices of 1 mm thick By 8 mm diametef. The
wafers wére lightly polished with 600 grit SiC papers which left traces
of.Si on fhé surfaée.ﬁf the crystal. Several cryéfals were ordered in
an unpolisﬁéd condition. No différenceé in'thé'vaporiiation4characterié-
tics were observed betwéén polishéd andwunpéliéhed crystals.

~ Observations by Méri#no and Hannein.an8 were used as a basis for
determiniththe crystailographic polafity of the wafers. Mariéno.and
Hannemaﬁﬁshowed that the asymmetric'nature of‘the érystal structure,
aiéng'the é—axis, produces slightly different X-ray scattering factors
for oppésife‘orientations. They developed an etching technique that
gave surfaéé morpholpgiés whichvcould.be correlated with X-ray data.

The sampies were etched with 20 vol % HNOj3 for 20 min. The zinc-
rich (dddijfface‘developed hexagonal pits and théjoiygen-rich (0001) face
developéd.fough "hillocks." Etched‘surfaces of the pfismatic face pro-
vided uﬁambiguous identification of the polarity of the Zn0O crystal
because the apex of the large etch pits point toward the zinc surface.5
Care was taken to expose to free surface vapofization only the surface
of the crystal that was not etched. This was especially impoftant in the
vaporizatiop of the oxygen-rich (0001) surface, which is attacked con-
sidéraﬁly more than the zinc surface by the nitric acid solution.

Torsiqn—Langmuir and torsion effusion measurements Were.made with

9

an apparatus whose operation and technique has been described. The

torsion cells were constructed of 99.5% alumina encased in a molybdenum’

*./ ’
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cell holder.;’The cell holder was of a "dumbbellﬁ_shspe to feduce its
weight as muéh as possible. The cells ﬁere designed.so that they could
be used 1nterchangeably for tors1on-effu51on and tor31on-Langmu1r studies.
Care was- taken to avoid leakage in a dlrectlon that would add to the
moment . The orifice caps were thinned to the desired thickness, and the -

cells were:then leakftestedlby heating them with zinc oxide charges. No

deflection was seeﬁ'in the temperature range of interest. The cell

‘assembly”ﬁes suspended from a torsion fiber of .015" tungsten wire. The

torsion_constaht of the wire was measured before any of the runs were
made and“eheeked’repeatedly to insure that it remained constant. The

force correction constantsg_used for the Knudsen effusion were of the

order of .58 for the .08 cm diameter orifice and .4k for the .15 cm

diametef-orifice. The force correctlon constants for the Langmulr study
were of the order of .68 for the .40 cm orifice.
_The apparatus was calibrated with zinc oxide whose equilibrium
' 10,11

vaperization behavior is well known.™ ° Vaporization occurs by the

cqngruent reaction
Zn0(s) = Zn(g) + 1/2 02(g). (1)

Temperatures were measured with a platinum/platinum-10% rhodium
thefmoceuple inserted into & dummy cell of molybdenum of roughly the
same weight_as the cell assembly; Temperature profiles were run pre-
vious to the vapbrization studies. Two thermoceuples, one in contact
Vith the: cell assemﬁly and the other inserted in the dummy cell; wvere

moved up -and down the furnace. A region about 5 cm‘long was- found in
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which thejtemperature was constant to 1.5°C. All thérmocouples'were
calibrated using the melting point of copper as a reference point'

(1083°¢). )

¢
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III. RESULTS

Théitorsipn effusion results as shown in Fig. 1 showed an orifice

area dependence. Extrapolation to zero orifice by means of the Motzfeld e

' equation puts the experimental blot of pressuré above the accepted

-thermocoﬁple”data by'a factor of about two.

Tofsion Langmuir measurements for the zinc-rich (0001) face were

more reproducible than for the oxygen-rich (0001) face. As seen in

Fig. 2, two independent runs lead to consistent results with little

éxperiﬁental.scatter. The reason for the difference betﬁeeh faces can
be seen-by:qomparing profiles. Figure 31is a phétographjof'a‘crystal
aftéf’vép§ri?ation ffoﬁ theA(OOOl) surface. The cross sectional view
showé“vapéiizatioﬁ”took place with little undercutting of the orifice.
cap. Thé'wﬁite airowé in the pﬁbtograph show the size and position of
thevprifice;' The area of vaporization remained sﬁbSﬁantially constant
throughout the run. o |

on the (0001) face, as can be seen from the cross séctionél view of
_Fié. ﬁ,ﬁfhéfe ié much uﬁdercﬁtting. In fact, théré was vaporization'to
some extént from the whole crystal face. Again'the white arrows show
the size and position-ofvthé orifice on the crystal. Clearly the
effective'aféé of vaporization of this oxygen_face ié ill-défined and
increasing Vith'timg.

A run was made in which the effective area of vaporization of'ah

- oxygen féc'e_"was determined more ‘accurately. The crystal was held in

the furnace at approximately the temperature range'of interest until its
'rate of viporization hadvbecome constant, a process that required about

1 hour for each face. The crystal was removed from thé furnace and the
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diameter bfﬂits'thermally etched surface was measﬁred'to be .hk4 cm. The
crystal waéxagain pléced in the furnace and‘heated_tq the temperature d.
of interest;_ Only a few poinfs were taken td_estéblish the temperatufe
dependence in order to minimize the time of ﬁeating'and therefore mini- 2
mize the éﬁ€nge in éffecfive area of vaporizatidn; The run was completéd
in 2-1/2 hburs. The diameter of the vaporized surface aftervthis period
was .h6vcm; {For the calcuiétibn bfiﬁhe pressurés from the deflections,
the average diameter (.45 cm) was used.

" For thé zinc-rich (0001) face the total pressure is given as a

functioé of.temperatﬁre by

.1og P = 8.25&0& - 2.02536 x 16“ (1/7)
and.fof fﬁé{éxygen-riéﬁ face‘by

vlog'P = 8;22929 f_2f119u6.x 103»(1/T).'

Least_squarés analysis of the data yigld raw values of the apparent
enthalpy-énd apparent entropy of vaporization. These quantities were
calculatédvfor eaéh faceiexactly as though equilibriﬁm pressures were
beingvmeasufed for reaction 1. For thé zinc-rich face tﬁe data yielded
AH* = i39,023 cal and AS.I-G = 54,48 eu over the temperature range lhOO-
>1537°K.' For theriygen-rich face at 1460-1550°K the values are hd
M = 1hs,h$o cal and AS" = 54.73 eu.

Thié.ﬁethod of“caléulation implies the tentative assumption that

desorption-is rate determining.6 If, for example, the formation of -



-T-

: activatéd ziﬁc oxide molecules in a self adsorbed surface layer is

aSSﬂmed7to"Bé raxe'limiting,'thé calpulaﬁed apparent ehthalpy of activa-

tion wouid_ﬁe abaut 2/3 thatvcalculated'by the assumption used.
Asvmenfionéd préviously; the Mdﬁzfeld extrapdlatéd data fof‘the

zine Oxiﬂé gquiliﬁrium daté.was highef than the accépted thermochemical

data of"Coughlin.' The difference between Coughlin's data and the

extrapolation probably represents a systematic error inherent in the

experiménﬁé, and the Langmuir data should be adjusted to correct for

this syétém@tic'error. The enthélpy frém:the extrapoléted curve was
aﬁouf 2,kca1 higher than the'accepted enthalpy. Langmuir eﬁthalpies»
Qere_cofrecﬁed by multiplyihg then fhé ratio of'the slope of the thermo-
cﬁeﬁiéai dﬁta to the'slope of the extrapolated data. Pressures of

Langmuir studies were corrected by multiplying them by the ratio of

pressures calculated from the thermochemical data to measured préssures

at the,midpoint of the Langmuir temperature range.

The corrected apparent enthalpies and entropieé for reaction 1 are
S * : * '
then for the zinc-rich face, AH = 134,600 cal and AS = 51.0 eu, and

# *
for the oxygen-rich face AH = 140,800 cal and AS = 50.3 eu. These

~ values can be compared to the enthalpy and entropy of the equilibrium

10,11

reaction, AH = 110,750 cal and AS = 48.0°eu. For the zinc-rich

(0001) face, the evaporation coefficients are .0086 at 1428°K, and

~.0122 at 1515°K. For the oxygen-rich (000I) face, the evaporation co-

efficients are .0019 at 1428°K, and .0029 at 1515°K.
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IV. DISCUSSION

The_rates of vaporization of single crystals have been assumed to be’

o

contfolled by reactions that occur on specific surface sites or by the
advancement of ledges across the exposed surface-plenes.13 However,
Searcy has called attention fo the.fact that rates of vaporization of
substanoes fhat occur at the maxiuuu possible rates consistent with the
given'vapor7pressufes must be,limited by the rate of desorption from the
self—adSorption‘layer.6 He developed & model for vaporization in which
.a surface reactlon is ;ssumed to be followed by a desorpt1on'reactlon.
He showed that if desorptlon 1s rate determlnlng, the apparent enthalpy
of the Vaporization reactions must equal or exceed the equilibrium
enthalpyvend the apparent entropy should be approximately equal to the
entropy of the equilibrium process. |

Leouard 'and\Searcy5 found épbarent entropies fof the cadmium}ricu
(0001) face vaporization of oadmium sulfide that are neer the entropy of
the_equilibrium reaction. Wanglh finds similar‘fesults for the zinc-rich
(111) facevof_cubic zinc sulfide. The present study yields apparent
entropies of vaporization for both (0001) and (000I) faces of zinc
oxide that are within expected experimental error of the entropy of the
equilibrium reaction. |

These apparent entropies are all calculated on the assumptlons

(a) that the appropriate frequency factor for the rate determining step

is the faCtor from gas phase kinetics that relates pressure to flux at a J

plane, (b) that every portion of the exposed surface constitutes an

equally probable source of the molecules that vaporize.
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it ézsurface reaction step rather than desorption is rate determin-

15

ing, & frequency factor ~ such as kT/h per molecule of activated complex

S o o : o *
would be expected to be appropriate and only particular surface sites n
such as kinks or ledge sites might be active,sites for the reaction.

BecéuseitrahSIational modes are not excited, the entropy of reactions on

- bound surface sites are expectedvto be lower than the'appareht entropies

if désorptioh is rate controlling.

vagvSurface step is rate determining, only accidentally would the

. * * . : - Lo *
product»%i-n‘ exp (AS /R) per particle be equal to (2WMRT) 1/2 exp (AS /R)

- per particle for the equilibrium reaction. But if desorption is rate

determining, the entropy calculated by the method used would be the-
difference_in entropy between the vapor molecules that leave the surface
(presumably”in‘internally activated states) and the entropy that their ‘

components héve when bound in the bulk cdndensed_phase. This entropy

- difference should bevapproximately the same as for the equilibrium

reaction.. The near agreement'ﬁetween the calculated apparent activation

»‘eﬁtropies‘énd the entropy of the equilibrium reaction, therefore, is

ciréumsfaﬁtial evidénce, but nof of course proof, that'desorption limits
the. rate of véporization of both basal surfgces of zinc oxide.

' Aldeéorption-limited vaporization mechanism is'compatible with the
experiﬁenﬁal evidence that Somorjal and coworkers found witﬁ cadmium
sulfide'thai the vapbrizafion is catalyzed by 1ightl6 and is inhibited
by a flux of sﬁlfurl that impinges on the surface. 'Desorption'rateé
wouldnﬁe éxﬁécfed to:be_a function of the raﬁib of metal to non-metai'
atéms on thé self-adsorbed layer; :The ratio of metal to non-metal atoms

in the selffadsorption layer may sometimes be very different from the
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ratio in%théiérystal lattice, and impingement of atoms from the vapor
vwould almost éertainly influeﬁée-the ratio. In semiconductors the ratio
is probabiy a sensitive function bf light quanta of energy sufficient to
sxcite eleéfrons asross the band'gap. |

'Onlfhe dtherAhahd; ths faét-that vaporizatibn rates on opposite
zine oxiae éaces afélsiﬁilaf sesms ihconsistent with a mechanism such as

17

that prOposed by Hirth and Munir for cadmium-rich face vapofization

cadmium sulfide. Their mechanism assumes that the spacing between crystal

ledges plays a critical role in determining the extent to which the
measuréa vaporization rate falls below the maximum possible rate;
Leonard and Searcys_have shown that opposite basal fsses of both zinc

. oxide and:csdmium sulfide have very different structures. If ﬁhe ledge
concentsapisn is critical in fixing the vaporizationﬂrate, these dif-
ferent sﬁrﬁctures imply.diSSimilar ledge spséingSu Great dissimilarity

in vaporization behavior might be expected.

of

o
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(b)

XBBT713-845
Figure 3. (0001) face after vaporization.
(a) Top view

(b) Cross sectional view
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XBBT13-8L4

Figure 4. (0001) face after vaporization.
(a) Top view

(b) Cross sectional view
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