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'. . ABSTRACT . :.: ...... . .. : 

.. ' " 
.. ,.: The kinetics of the free surface sUblimation of' zinc single 

. .- ,,' .. '.(" 

.; ... Were investigated usi.ng the torsiori-Langmuir technique in conjunction w1th ",;:',:,.,:,; .. ::-;, .. : ... :,-
I·· .. 

: .' optical and electron microscopes. Subl~~ation from cleaved surfaces 
.. ' 

.. "\\':., place in two distinct stages, a s'tage of pressure increase with .time 
;',: .. 

, ,I:';. , .. 

. : . '.' '.' ": .~' , .: followed by a stage. in which steady state pressures were measured. . The 
I ' • ' .' •• ' ;~. I' , 

".' .:: .:~ '::., first stage was correlated with the formation of thermal pits on the 
'. .." :'!: .<: . 

. . :.,.t.':''. ,.",'" " , 
. ; . .:';'.' .,.~ :". ,,' surface and the subsequent increase in dimension's of the pits. Thermal '. ',''':,.,.",.,,':.:. 

'.'; ',:':::. ;/ .. ::'.';::: .. Pits formed at. places where dislocations intersected. the surfac .•• but on.~.·_:,'.·.:' .. 'f,!.:.:, •..•. : .•. :.[.:.'i .. ·.,.: .. :.:l,l.:.f ... ·.': ... f,·.i.: ..• 

. ;>: ...... ,":";-:;':·::·';:.one out of every 10 to 20 dislocations, as measured by chemical etching:'··>:·,F'::/i:':;··Y,'· 

;"~: ';. ~·~:~:t'~~· 
··i .: '.:; . : formed thermal pits. The 

.; : '~:~' '. (>:~::;' .:' :',. 
'. ./ .. :.', I' of the evaporation ledges. This hinderance is probably a result of . 

': :::':< '.:-. ,";;' : .... : . 
. ' . ,. . - ' .. - strong adsorption of contaminants on the cleaved surface. 

" '. ' 
. , . 

" ", 
.• !. ' .. ;.,:",' 

'/ " ~'. , ...... , .. Steady state pressures were attained once the original'cleaved 

~ .. ',~) .. :>'~~':;: surface had been eliminated by the spreading and coalescing thermal pits ~ . :":.',:;'. <;~"':: ' .. :,.-.~. 
:,: . /,;': .. ::',+,' :'. . . ".,.-.. )): ::< (:;;/ 

, " ~:. ". Rates of steady state SUblimation were determined over the temperature ,';-: " .. " 
·t· , . '.:~ \ •. -: •. ~:,.~: ..• ,: 

. Ii) ' .... ~,:,;':.' '.. range 525°k to 660oK. The evaporation coefficient, Q, was found to be . ':.;';.'.:',':~~.' •. ::,.,:, 
'. unity for' the (00011 surface ot: high purity zinc an~ the (loio) surface ::','> : .... :. :" ~ 

~ '. . , 

of less pure zinc. The '(0'001) surface' was characterized by dislocation 
. , 

densities rangi.ng from 3 x '104 to 2 x 105 'lines/cm2 • These re'sults 

. '. 

',. " 

. . 
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· .contradict the prediction made bY' Hirth and Pound that a equals 1/3 for 

· low index'surfaces which have dislocation densities less than 106 lines/cm2 • 

Zinc oxide fo~ed in discrete patches on the surface bY' the reaction 

Zn (s)· + 1/2 02 (g) . .... ZnO ( s ) • 

· The sUblimation flux and surface morphology- were surprisingly insensi ti ve . 

to th,e presence of the 'oxide particles. On the other hand, the effect of 
. . 

.' " bulk impuri-e'ies on the rate of sUblimation and the surface morp?ology-
.- -- . 

was apparently- quite significant. While the zinc with no detectable . . . 
>'. ,,".: impurities yielded ,a = 1, less pure (99.9981%) zinc had an evaporation 

coefficient for the (0001) plane of 0.14 t 0.1. The (0001) surfaces of .. 

.' , 

high purity zinc resembled flat plains with networks of interconnecting'·.· 

ridges in areas where zinc oxide collected. The (0001) surfaces of the 

less pure zinc were pitted and 1edged. The nature ot ,the surface features ': 
: !.t. '. 

..... ." .,' .' on the (0001) and (1010) planes for the two types of zinc which develop 

.' > c.' : ••.• during SUblimation are described in detail. .; 
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'. . I. INTRODUCTION .' 
.. 

The sublimation of solids has been investigated theoretically and . : .-, 
" ~ '. • '! : • I 

, '. 

experimentally for many.years, and there is still no generally accepted.,. '.',' 

theory of evaporation kinetics. The degree of mechanistic complexity 
. , 

varies greatly depending upon the nature of the reaction. One would. ..:., ~_<.' .;: ..... 

expect marked differences between the sUblimation mechanisms of mon- ..... 

'I." . ." 
• < ' •• ' 

." ~. atomically subliming metals, compounds which dissociate or associate· 

upon sublimation, and systems which sublime incongruently. Even the ., 

..... ..... 

',j:',:: .. : :t" ..... , '.' \ 

mechanism for the simplest of these processes, the monatomic sUblimation 
",",,' 

"', of metals, is not firmly established. 
j. ! . "'., 

.' . ~ A traditional approach to the problem of sublimation is to search 

, .... \' for an expression for a, the evaporation coefficient, where a is defined .:, . ~' .. :::>:;::r~\: 

as the ratio of the evaporating flux from a surface to the gross flux .. :.'. . 
. ':.',', '- . 
-; :, .• '. under equilibrium conditions. At this time, it will be of benefit to . 

. ".' ," . explore the inception of the coefficient. : . 

Hertzl was the first to formUlate a theoretical expression for the-
. "'/ ",! '. 

.. '" .,: ".' 

. 
rate of evaporation when he noted that the upper limit to the rate is 

' .. ~ , 

. ,,,' 
vne Pe 

.J=-r-= 
'+ (2nmkT) 112 

(a) " 
, .. , i· 

~ . ' .. , 
This expression was derived on the assumption that the maximum rate of . 

evaporation can never be larger than the rate at which. molecules strike 

the condensate under equilibrium conditions. 

In 1915, Knudsen2 found that the experimental rate of evaporation of 
.~.' . 

mercury was at least three orders of magnitude less than that predicted 

·from the Hertz equation. He therefore introduced the quantity a, the 
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... 

. ' '., 

" ~'" . . ~ , 

": 
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.. ' . 

evaporation coetticient. into equation fa) so that the actual rate 01' . 

evaporationwoUld'be ~ressed &G 

(b) 

· which is the well known Hertz-Knudsen equation. It is seen that the 

original historical detinition 01' a, is the ratio of the observed rate 

of evaporatj.on in vacuo to the maximum rate as calculated from the Hertz '. 

equation. 

Evaporation coefficients are useful as correction factors for 

calculations of the flux of molecules escaping from a surface. In many 

" 

. cases the free surface flux is much less than that expected from equilibrium: 

p~essure data. 3- 5 However, the coefficient provides no insight into 

the mechanistic details 01' the evaporation process • 

Many theoretical attempts have been made to de(ine the evaporation 

coefficient. The development of the theory for the SUblimation of 

6 metals is based primarily on the concepts as set ,forth by Volmer. 

Volmer postulated that molecules sublime via a stepwise process by 

· movement from the bulk to surface sites of successively lower binding 

energy. These various surface sites have been envisioned by Kossel7 

6 · and Stranski, and their concept of the close packed surface is illustrated 

'" . 

c· 

in Fig. 1. " 

Volmer's stepwise concept of sublimation has been examined mathematically 
10 . . 10-12 . r' . 

by Knacke and Stranski and more extensively by Hirth and Pound. 

The basic assumption made by Hirth and Pound is that the rate determining 

steps in the sublimation process are the reactions: 
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XBB 687- 4159 

A atom in surface 

B - atom i n ledge 

C - atom i n kink 

D - atom at ledge 

E - adsorbed atom 

F - vapor atom 

• Fig. 1 Kos sel- Stranski model of a close-packed surface (ref~ 9). 
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atoms at ledge ~ adsorbed atoms 

adsorbed atoms ~ vapor 

(c) 

(d) 

All reactions prior to the first reaction, i.e. the atoms ·in .ledge ~ atoms 

in kink and atoms in kink ~ atoms at ledge, are assumed to be very rapid 

so that equilibrium concentrations are maintained for these atom sites. 

All other paths of escape into the vapor phase, i.e . atoms' in ledge ~ 

vapor, atoms in kink ~ vapor, etc. are assumed to be negligible. Finally, 

it is assumed that the concentration of adsorbed atoms at the ledges is 

always maintained at the equilibrium concentration. 

The prediction of the analysis then is that the evaporation process 

is maintained by surface diffusion from ledges followed by evaporation 

from surface adsorption sites. 

11 Hirth and Pound have shown that for a perfect crystal, 

a = ,g tanh ~ + (1 -~) P 
QA 2 QA P e 

(e) 

where Q is a constant given by (C/D )1/2 where D is the surface diffusivity, 
- 6Fl/kT s s 

and C is equal to ve V is the vibrational frequency of an atom 

on the surface, and 6Fl is the free energy of activation for the desorption 

process. A is the distance between adjacent parallel ledges. 

A study of the dynamicp of ledge behavior on a perfect crystal 

11 shows that 'the edges of the crystal are a very ready source of ledges. 

The ledge to ledge spacing between adjacent parallel ledges reaches a 

limiting value of approximately A = 6/Q. This limiting value is some-

what arbitrarily chosen as the distance at which the rate change in 

,..-
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ledge velocity lsoneon'e-hundredth of the ~aximum ledge ·velocity. This' 

limiting condition imposes a limiting value on a of 

(f) 

P is the background pressure, and PIp' is usually ,zero under ordinary e 

vacuum evaporation conditions. 

,< 

'. ' 

' •. : " .. ir .• ' 

, "" 

~.'" ..' . 
t", 

';/' 

, ' .' ~ . \' ~' . 
" 1 ' 

" • "I' 

" , 
, ~, \' I' ~, 

,',,' 
-.,., '. " 

A very important question is to what extent crystal imperfections.,." ' c,:,-::'" 
inherently present in real crystals will affect a. Hirth and Pound 

, , 

'-:- .. ' 
,". !" 

'. 11 12 : 
have discussed such effects as pores, grain boundaries, and cracks. ' ,.", :.:"" . 

. :,,) 

The defects of greatest predicted effect on evaporation kinetics are 
. ' ',' ,.,~.' ~ . :" 

',dislocations intersecting the surface with a major screw orientation 
'-:' , . ,~ 

'. ",i' • " 

because screw dislocations act as efficient sources for ledges. Hirth 
, A • l,' 

t ,<) , , 
• ~ . -. • ~ I' .'j,., 

and Pound estimated ,that at concentra.tions in excess of 106 em -2 ~ screw',:,':,:,,':, :': 
, ,I : .... ., 

'. • ~ • 1 

" ' ' . . . dislocations can increase a in vacuo from 1/3, as otherwi'se predicted, 

to unity.13 

. . ,', 

.' .. ': <;" ." .. ~':.. • 

The role of screw dislocations in the process of condensation has 

been extensively ,studied. It has been shown that the generation of 

spiral growth rings at screw dislocations can produce crystal,growth , , .. 

trom the vapor phase at vapor saturations which according to nucleation 

14-16 and growth theory should be otherwise ineffective. 

Evaporation about a screw dislocation has been mathematically 

analyzed by Cabrera and Levine.11 The evaporation steps are expected 

to be essentially the reverse of those tollowed in growth at spiral 

dislocations. 

Reported values ot a for metals generally line in the, range between 

'. '. .. 
'\', .' '., 
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0.1 and 1.0.18 ,19 Various investigations have reported coefficients of 

. 2Q 21 . 22 23, 24 . 25 
less than unity for silver~ , beqlll,um, ' gold, tellur~um, 

26 " 
and titanium, however, in all cases there are reasons '0 question the 

validity of the reported values. For silver27 ,28 and beryllium,29 

values of unity have been reported by other investigators. Edwards, 

30 Johnston, and Ditmars' find a to be unity for titanium, and feel that -

.' ~ Carpenter and Mair's data are in error because they used an incorrect 

:/' • ".>'.> .... ' ' 
I.", ,', 

" 'j •• 

:,.' ..... .. 

... 
emissivity value. 

, 25" 
Although Metzger quotes a' value of a = .4 for 

tellurium, he admits to a large uncertainty in this value and concludes 

that a may lie anywhere from .1 to 1.0. 
;. '.'. 

" 

: I "." "',~ 

. , 

, ' 

Free surface SUblimation rates at unequivocally known surface 

" , temperatures are difficult to fix precisely so that impartial observers 
" ., ~ 

, . , have been unconvinced that' investigators who claim less uncertainty than ' . ,. 
" 

, : the factor ot .25 - 2.5 conceded by Metzger are being realistic. 

, -,', 

'" I 

-' .. ' 
As of 1957, Hirth and Pound considered that no existing data provided 

" " 

,',. .' ';,:,. ,~, a convincing test ot their prediction that a would be 1/3 for large low 
. ~ , ", .. ' 

, " 'index crystal surfaces with low defect densities. Accordingly, they 
,"" "', 

" ~ 
. ',attempted their own test with 'silver and found a == 0.4. But Hirth and 

, " . 1", , 28 ' 
Winterbottom subsequently found a = 1 for silver and concluded that 

Hirth and Pound's results were in error because of surface contamination 

, . trom poor background pressures. Hirth and Winterbottom concluded that 

their 9wn data gave a value of unity because the dislocation density in 

their samples was high. 

The present study was undertaken as an independent effort to provide 

experimental tests of the Hirth and Pound theory. Other than the silver 
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" ' 
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4' 

, '. 
" 

studies ot Hirth, Pound and Winterbottom, no other study ot monatomically, 

subliming metallic crystal has been extensively reported. Zinc was . '. ~ . 

" ' 

chosen as the metal tor stu~ tor a number ot reasons. For zinc the ','. :. 

, • 31 32 only important vapor species 18 the atom.' The vapor pressure at ',' 
':-",: 
...... :. 

temperatures below the melting point is high enough for convenient . ~ ,.', , 

measurement. High purity zinc crystals are easy to grow. Flat surfaces ," ' ' 

relatively free ot macroscopic faults can be obtained because of the 

easy basal cieavage ot zinc at liquid nitrogen temperatures. The etch 

pit method can be used to determine dislocation positions and densities 

on the various planes. 33 ,34 Previous etch pit work on the basal plane ot 

" r . 
. " .. ,', 

\ ' 

."', .' 

:; ..... ,.' 

, " , . 
.' .. '~ .. 

", .. 

zinc had shown that dislocation densities as l,ow as 10 4 - 105 lines/cm2 are'.' :;':,':" 
, ,":-. 

not impossible' to obtain. 34 ,35 Such levels" according to the Hirth and". ' , .': 

Pound theory, should be too low to raise a above the value 1/3 predicted· 

,for large, perfect, low-index surfaces. 

A primary concern of this investigation was to compare the free 

surface sublimation rate with equilibrium pressure data collected under 

as closely identical conditions as possible. Systematic discrepancies 
, 36 31 

between vapor pressures collected in different apparatuses are common. • 

. ~ , .: . 

'.'! 

, , 
, ....... , . 

Determination of free surface sublimation rates by the torsion-Langmuir 

technique and equilibrium effusion rates by the torsion-effusio~ technique38 ,39 

in the same vacuum system assures cancellation of most systematic errors 

that influence measured values of a. 
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II i EXPERn~IENTAL 

A. ' Apparatus 

The torsion-ettusion apparatus is schematically represented in 

Fig. 2. 'The turnace consisted'ot thirteen aO mil tungsten hairpin 

heating elements arranged in a circular array 11.5 cm in diameter. 

Tantalum heat shields were placed above. below and surrounding the 

,hairpins. The electrodes were water cooled copper plates and the 

furnace was-placed in a water cooled stainless steel vacuum shell • 

The torsion cells were made ot high purity graphite. The cell 

design permitted equilibrium data and free surface sublimation data t~ 

be collected with essentially the same cell. The basic parts of the 
" . 

";, . ',' 
• I' ,~ •• 

. . 

cell as illustrated in Fig. 3 are the cell block, Knudsen cells, Langmuir, 

, , ,;.;, '.,~:" orifices and Knudsen oritices. Figure" shows the cell assemblies used 
, ' ..... , 

'to ~ • 

., /. 
to determine the equilibrium pressures and the free surface sublimation 

pressures. The hole in the top of the cell reduced the possibility 

that zinc which evaporated from the rear face of the crystal water 

" might escape in a manner that would contribute, significantly to the 
f ." 

j , I>,' . measured torque. The possibility is small for substances with a near 
~ . ' 

unity; for such substances, molecules that' evaporate in areas not exposed, 
", 

by the oritice are retlected trom the graphite holding disc back onto 

, the surface and recondense. The feature is more important in measuring 

the free sUrface tlux ot a substance with a very small evaporation 

coetticient because molecules of such a substance do not readily recondense. 

B. 'Technique 

The. apparatus was used as a null point devise. When the torsion 

cell twisted as a result ot ettusion of vapor from the eccentrically 
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Fig. 2. Torsion effusion apParatus 
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placed orifices. the top of the suspension system was twisted in the 

opposite direction to keep the cell in its original orientation. A 

galvanometer mirror which. was attached near the top ot the aluminum 

rod, was used in conJunction. with. a pinhole light beam source and a 

.:, scale upon which. the' light beam reflected from the mirror to fix the 
.. ~', 

'null position. ,The angle of twist required to restore·the cell to its 

null position was recorded to the nearest '''001 degree by means of a 

, ; 

'" 

modified goniometer. The ~le of deflection was converted into pressures :..:'. '. ,', "j 
t.. • 

•• ' :_" " .. ,.1 . :: 

',' ,,' . t·, 1 

.' by the following relation: 
.' ', .... 

(g) 
. . . ~,' . 

. :,'.'. 't:-', 

to • :": '~~I 
•• "" '. ~.. '. ,I ',' 

,,: ':.'F·~'; :'.::<':; .... where e is the angle of deflection, ~ is the, distance from the center ... 
, ,,:>': ,:" :-'i' 'ot orifice, i to the axis of cell, rotation, Ai' is, the area of orifice i. 
. .~" .;', . . 40 41 

:-,' ,:" -:;. and fi is the correction factor for the nonideality of orifice 1. ' 
.. ,I, •. ,. .... :. 

:-.' ','" :",\ D is the torsion constant of the suspension system which is calculated frOm" 
• I '. _": ••.• 

,; 

" ; ~ '-
,! .' '.,' 

'J ,-
D I: (h) 

,:.",' ; . 
'" 

, ' where 11 and 12 are moments of inertia of two different calibration 

: .,\.,' , . discs 'and tl and t2 are periods of rotational oscillation associated 
.' /':' ",', . ',' 

'. 

with'each disc. 

To ensure that no extraneous leaks contributed to the measured 

torque on the cell, assemblies which contained zinc samples but in 

which no orifices were drilled were heated to temperatures of 620oK. 

No significant deflection was found. 

"I 
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, ., C. TemperatureMeasurement 

The temperature profile of the furnace in the range 500° to 7000 K 

was very poor, the ~egion in which the temperature was constant within· 

2° being less than 1.5 cm in length. In order to improve and lengthen 

the constant temperature region, a 7.5 cm diameter cylinder fabricated 

of 6 mil copper was placed between the torsion cell and the tungsten 

:"'. 

( .. 1.' ...• 

,!" • 

.... '. 
f ,', ," 

'J " 

,,:','1' " 

':' ~' '1-\" 

,..... ..' ',' .: "." "\' 

hairpins. This arrangement provided a 5 cm zone in which the temperatUre " : . 

was constant within 2°. 

The temperature of a torsion cell placed in the middle of the constant 
:' . ~ ; 

temperature zone was plotted against the temperature of a chromel-alumel 

probe thermocouple placed just below the cell to ,obtain a calibration • 

curve. Temperatures of the cell during the runs were obtained by 

correcting the measured temperature of the probe thermocouple with the 

.calibration curve. The calibration'curve was checked periodically 

throughout the investigation, and no significant change in the curve 

was ever noticed. The difference in temperature betwe'en the cell and 

. the dummy thermocouple ranged f~om +5° at 3300 K to a _4° at 670oK. 

The thermocouples were calibrated by measurements of the melting 

pOints of lead and tin. 

D. Sample Preparation 

,. 

Crystals were grown under argon in graphite molds by the well: known 

, Bridgeman technique. A rate of 1. 3'clri/hr was used. The crystals were 

formed as rods 3/8" in diameter with the rod axis coincident with the 

growth axis, and with the plane of interest perpendicular to the growth 

axis. 

." 

, \ 
..:; ,':, " . 

, ~ ',.. 

" ,t". " 

; J'.' 
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A . single crystal r~d p~chaBed from Semi-Elements Inc. was also 
.. " . . ,~ .. ': 

Their crystal was .li. 1/2" diameter rod 

... 

'.': 
, " . ~ 

'. ". 
. ,: . , '. 

," '.'= 

'. • • '.n "", .••.• ", ..... 

".; : ..... :;." .- ;:', .. grown by the Bri,dgeman technique in a pyrex mold with the rod axis .. 
: . • : ';'" " . i ~\ t .I--~ " ,I .', ~- ::". 

'.:', .>,:':.-.,,; .. :::.:.:;. ". perpendicular to the basal plane.' Because rods grown. in pyrex molds :' '\:':' ',,:" 
.. ' ...... :~. :.<.)' 

, .. : 

"'<;::~"~.<:<:<:<'.;: ·are susceptible to surface p1tti.ng, the rod was acid machined to a 3/8" ,":' .. 
. . ..... ' .. " .' diameter. 

< l • .~; "~":>;":'-" .~ .. 
' .. . ," ,,':'. ' ',.: . ,,".:" .' ~ .~ " 

Spectrographic analyses ot zinc samples used 

given in~Table I. The commercially purchased 

in this:. investigation:. ..: : -: ..... >: .": . 
,::'::,:: , . .\, ::'7: ~ .":~:':" 

zinc' will be referred'" '. ",:,~ ...... 
'. ;' ,'" ."4',< ~ '.~ ',::" .'- .:: 

high purity zinc since the most obvious difference between the 

is that the commercial crystal was much purer. 

Most of the free surface subiimaiion studies were made with the 

" ,.'::'.;' ',: .. ~ ~; basal plane of zinc. The crystal rods were annealed in vacuum at a 
," 4,J •• • \': ~ '. .... • 

., ," .. " 

two .,:; ~".: :.'~ 
.. :',:- .:,~ ~ ". ':. ';'.;: . :::.: -'.',:'"" -', ' " 

""# 

, ..... ,,-'. ,.~,' ~'~ .. .' '. <. 4. ." •• ;,.,,: ,,, ..... ~.' ~ 

'" :;·.>~:I.:'(.·::;{)./:'·.~;' temperature of '350
0
C for one hour. Rods were cleaved at liquid nitrogen .}:'.~'.:,.:}'" .. ': 

: '\" .,~.,. <:. ' 
' .. '~'.;~ ·,·:'::::';,·;··:;:temperatures. Cleavage deformation was minimize~ by cleaving thin 

,_~~.~~.: ,~'(:-,<f~ .. , ;>(:.~'.' ... , 
: <:~ '. :.: ....... .':;::. 'waters trom a large rod until a smooth surface was obtained on the 

, • 'F{ , .• ~:~,. ~ 

,.,' .. ': '.,' .',;;'. 

. ' .. ' 

,":'" , ,1 

• ~ *' .. 1 .' , ' 

.' c •• , •• 
~ .. ' 

.:. 

Then a water about 5'mm thick was cleaved from the rod and 
'. ,I .:' 

. ..... ' 
..•. 

To re~uce contamination from water condensation on the surface, the' 
", : 

,'r' cleaved crystal was transterred to a met~l alcohol bath in a glove 
',", . 

f " 

I. . box that had been flushed with and bathed in argon. The crystal was 

kept in the ~et~l alcohol until it warmed to room temperature, was 

dried in a stream ot air, and was stored in a dessicator until ·used. 
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Table I. 6pect~ographic analysis of zinc samples 

element 

. zinc 

iron 

copper 
40 

silver 

I 
I' 

t' 

". 

bulk 
~inc 

.0050% 

.0005% 

.0005% 

.. ,., : 

'.' 

". 
' .. 

, ' 

, grown 
crystal 

principal constituent 

.0008% 

.0005% 

, . . . 
. . 

" 

purchased 
crystal 

' .. 
\-

. .. 

. ',' 

" j • 

. ",' 
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.. A number ·.otexperiments were' carried' out on the (loio}' plane. 

, 
'. ..' ~.' 

The prismatic surtace was prepared by tirst growing a crystal oriented . ' 
H ~,' 

" :~. 
, .. ~"'" .. "': ~ 

. " 
• ~ 'r' :-' ~.: • It: : • 

with the prismatic plane perpendicular to the rod axis. Then cuts 
.... ," .'. 

',: ,~!< :: ... :',< " perpendicular to the rod axis were made with a spark cutter, giving · ' , ~.'::~< ,: ;'\ '.: ::.: ' . 
· .' "'::'., ':)":. wafers ot about 5 mm. thick. The surfaces were mechanically polished 

• ... '.j.' 

:'<'. ~;:;'::::':}'(':':;>" " . . .. 
:::;; . i'.': ,.',':::.' with paper of Nos. O. 00, 000, and 0000. The final polish was performed. ' 

':.; .. ' ;'~'(';;'\-::'::;.;':":~ .. with a polishing SOl~tion ot l~ alumina suspended in kerosene. POlished' .. , .: ::',' 

:',;".::'-':,}:>:; ::'\J:( samples were rinsed in acetone, and stored in a dessicator until used. " .::--:: :~": " 
.," ~ ~ 

.. ~ <: :-::'<.';,> ': <>. 
· ," '~'.;" : . " ( .. ~. . '., 
~ " • ~'. : .:. t j .:. ~ ~. " 

...... : .... '. " ... :', ....... 
. ',. '.'''~ 

E. Dislocation Density Measurement 

Dislocation densities and position intersecting the basal plane . '. ~ ,,: . ' 
•• , •• !. 

':':- ':. <:.,'.,;: ....... 'were determined using the etch pit technique. A solution of .5M HBr ...... ;'. "', '. 

,'.' :'.'<~' ':~.;,'~:.;:~:,:: . in ethanol, which was shown by Rosenbaum ~nd' Saffren33 to be a sUitabl~·:'»;:·:'::";::·':'· '0 

~ '. ,'.' ", . 
': ... 

: ,', -.' :'''-. ',-,' . 
.' ',< " , ... t 

:" .. : ": ~; .. 
.•.... . " ..... '.:". '. 

~:--.,< ';"~;-:',>,,' was to dip the crystal into the etchant with the surface ot interest 

etchant, was used in this investigati~n. The usual etching procedure " ! 

", ' . 
... ' 

.' :' . . . 
'. " ~. ." • I' 

· . ,',.' ':',' ... tacing upward. 
II' •. ", , 

After the etchi.ng ,period which was about 5 seconds, the':" '<: ,;' 
. ,." :. ~ . ", 

" , 
" ' 

• ' . ' .•. I' ' .. ~ '. • .... 

' ..... ". '. :~" :.' """,, . 
. ,j "::.... .'~ ! 

sample was washed in ethanol and dried in a stream ot air • 

" ".;, 
~. I. • 

'. " ~. ,'.~ ~'.. " .. ~ .', " . 
. . 

,~ .' " ',,' , 

..... 
. .. ' 

• I . -.' , ' 

. ~;; " . '. \ " 

, '. 

" ! ", 
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III. KNUDSEN EFFUSION RESULTS AND DISCUSSION 

Measurement by different investigators even,for an unreactive metal 

such as silver have yielded a variety ot different pressure versus 
, 42-44 . 

temperature curves. Therefore, a comparison of free surface 

pressures collected in one laboratory with equilibrium pressures measured 

in another cannot be trusted to yield reliable evaporation coeffici~nts. 

" . 

, Accordingly t the equilibrium pressure of zinc was determined as a function '; .' 
... 

of temperature as a check on the experimental apparatus and technique t 

and to ensure against serious systematic error. 

Knudsen effusion data were collected in the range 5100 to 6900 K • 
';.! •. 

The orifice dimensions .are listed in Table II. 
'{." ,,'. 

A variety of combinations .,'.. . , 
., . 

of orifice areas and torsion wire diameters was used in order to extend .,'.;' . 

the range of pressures from 10-4 to to-7 atm and still maintain a large' ':, ,::',' 

,and stable angle of deflection. The zinc used for the effusion runs were· 

chips of the crystals used for the free surface sublimation runs. Data 

were collected only after 10% or more of the zinc had been sublimed by 
. , 

heating at about 625°K for 10 minutes. Knudsen effusion runs were made 

'. with zinc from the grown crystal and from the high purity crystal • 

The data'are presented in Table III and Fig. 5. As .seen in Fig. 5, 

, there was no distinguishable difference in equilibrium pressures measured. 

for zinc from the two different sources. At least squares fit of the' 

data yields an equation of 

(i) 

The equation is represented by the dotted line of Fig. 5. Using the 
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" Table II. Orifice dimensions 

type of . 
experiment 

Knudsen­
effusio~ 

.' .,' :: 

. " . 

orifice 
diameter 

(cm) 

.2376 

.2365 

. :.' ".0992 
.0988 

channel 
length 

(cmj 

, .1549 
.1575 

'.1643 
I ' .1279 

• t" ':/', .<'~ 

'. ".:."',.::'./ ~: :,1.: .3050 : .... : .. ,': .' .1532' 
. . ' .... ; ... ,:.;.:.:.,::,. ," .'.3050 .. ;,.; ... , ..• 1534 

• ',.;' j .' : • • \. • ~ • .', • 

:~:;;:.,,:,: .. ;>: .. , .. ~.';:.~:.: .• 2540. ,<·'·i:';;.··: .1499 

'.>.' '{ ':.)'.,<,': ': .... 2542 '.. .1515 
. ' . -~.:' ."; 

·torsion- .': '. ,." .: 
., Langmuir : /.,.:', 

. . 

" 

" 

",' • I" '. ..... '. 

.3056 

.3068 

.3600' 

.5236 

.5234 

.. 

. :' 

.• 1080 
.1147 

.1157· 

.1163 

.1234 

.' .... 

, , 

force 
correction 
factor 

.6746 

.6704 

.4476 

.5034 

.7319 

.7315 
I ••••• " .' 

.• 6975 . 
.6952 

.7983 

.7476 

.8139 

.8634 
.• 8585 

,. . .." 

\ ',-

.', : . 

,,' 

" . .':.: \).-

.: ;~ 

. ',' '." .-' .... 
f· " .' .. ' 

" :. 

.,'. I 

.. r . ;". 

...... 

.... 

.' . 

. :., 
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Table III •. Equilibrium vapor pressure of zinc 
, ~':, . :. 

, , " , .' _""""""......,.....,,"""""'=-_:::::o:a_= _____ =====-===-== __ ==-=====:a:::o, ... ':::::.':, .' . , ., 

, " I ;",.t:."' 

orifice . wire 
diameter siZe 
(cm) (mil) 

press, 
(atm) 

press. 
(atm) 

: " 

, .':. ..,\' 

. '. ' 

·".·t· I :: ' • 

. '", \.: : ' 

" .. ~', <'," :~ 
~I,.. • ,"',' :, ': ------------------------------ ..... 
. I " .' ... ;. ' . 

. j. ':"':;:' ; ...... :.~ .. 2376 641 2.643 x 10-5 ." ., 2.0 
"., .,,' ..• 2365 578 2.320 x '10- 6 

,. ' .. 1-':'. 593 ' .. 4.820 x 10-6 . 

. ,,'" .... 609: 8.520 X 10-6 

" '-:.:.; , '. .' 630 '. 2.005 X 10-5 

';'.<',:: .635 .' 2.488 X 10- 5 

" ~.' :. ,;.-',' '.' . 638 2.865 x 10-5 .: 
. : ":'\";. . ,' . .'" , .. :. 604 .'. 7.001 x 10-6 

,: :. ,0.. ", ":~~.~ .... : ",' :.' .:. 628 . 2.032 x 10-5 

.2376 
• 2365 

" 

1.5 

,,:, .. , ' 

, '~", ' " 

570 
595 
573 
583 
586 . 
571 
592· 

..... ·563 ,.. " 

" .>. "' .. ,'. : ... :;:.,.... .:.: 616' . 1.115 X 10- 5 
'.' " .' .: ...... ,: .. , ".:' ;.' :., 597 . 5.132 x 10-6 

' .. ' " ','>:'.:",~ :'''.::, ':: ..... : .. 627 . '1.805 x 10-5 

:. ~2376·.> "1.0: . 
, '. ·.2365 :, I.:;: .:.:-

515 .: 
533 
547 

, ', .. "'>" ';.'>.. . ";,:"'. ::': 597 . .'. 5.320 x 10-6 
, .. ~ 

I. . f" ... :r' .• : ' ' ~,'I" • .. " '.,', ' , , c 

.' 'i'" ';:i.';: ..• 099·:·.·'·2~O· .. · 600 6.064 x·10: 6 .. " ,''':<,''' 
.. ': ,': . , .. : .. ' 099 . '. . .637, 2.928 x 10 5'. '.' . 

,.' ,\,;-<",:" ',,' " , " m' ,', tg~~ ~ ~g=~',',:,,: 
. , " .. '.: '. ".';' :. 683 1.419 x 10-1t ' .: , ..... , .. 

"" .. ' . ":':' 664 .. 7.641 X 10-5 :,," .'" . .' '" 
I', " ~~ .I , • : , •• '. • 

'.' 

. 0 

.• 3050 
.3050 

.2540 

.2542 

.• 2540 
.2542 

1.5 . 
; , . 

1.5 

1.5. 

570 
565 
552 
542 
533 

557 . 
. 571 
588 
604 
611 
593 
567 
548 

578 
600 
550 

. 
1.488 x 10-6 .. 

1.164 x 10-6 

: '6.402 x 10-7 
4.009 x 10-7 
2.564 x 10-7 

9.949 x 10-7 
1. 795 x 10-6 

3.704 x 10-6 

7.224 x 10-6 

1.049 x 10-6 

4.402 x 10-6 

1.308 x 10-6 

5.072 x 10-6 

purchased zinc 

2.401 x 10-6 

5.841 x 10-6 

6.231 x 10-7 

... , 

, :' 

543 
557 
523 
548 
519 
533 
519 
535 
553 
554 
569 
518 
528 
519 
519 

·.527 
549 
536 
538 
525 
539 
523 
522 
534 
532 
550 

576 
585 

. \ .:.; .. 

-6 ':: .. : :.: " 
1.608 x 10 . ,.j . . \ :0 . . -6 ..•. 
5.124 x 10·· ..•.. : '. "> . 
1.895 x 10-6 : "'.< .:'. ',' 

, <I :'\ .. ,(~ 
3.072 X 10-6 :"', ' . 
3.432 x 10-6 < 
1.529 x 10-6 .: .. ;.( 

· 4.482 X 10-6 . :.';':' . 
1.090 X 10-6 .. ' ":I' 

-.... 
8.620 x 10-8 ' ", :";:.-'~.' 

'2. 093 x 10-7 .... . - .. 
· 4 795 x 10-7 ... :: ..... ; : ... 

3:223 x 10-7 ... :: '::-. o., . .' 

: 7.686 x 10-7 .. :' .'::. ~';.:: 
· 1.423 x 10:~ ' .. /,':;';'. ': 

5.078 x 10 .. , -.' , i-::: 
· 1.096 x 10-7 ....:.--

2.627 x 10-7 ". 
-7 , ... 

· 1.099 x 10 '" 
3.069 x 10-7 .. ; ~. 
7.072 x 10-7 .' .... 

7.355 x 10-7 
1.465 x 10-6 ... . ... 

1.009 x 10-7 

1.883 x 10-7 

1.101 x 10-7 

1.005 x 10-7 

2.160 x 10-7 

5.117 x 10-7 

· 2.732 x 10-7 

3.118 x 10-7 

1.636 X 10-7 

3.301 X 10-7 

1.526 x 10-7 

1. 532 x 10-7 

2.518 x 10-7 

1.904 x 10-7 

5.419 x 10-7 

2.137 x 10-6 
3.110 x 10-6 ' 

,'.' 



" 

10-3 

diam wire 
~ (mil) 

'~ .30 1.5 
<:> .25 1.5 

10-4 A .23 2.0 grown 
c:J .23 1.5 zinc 
<:> .23 ,1.0 
~ .10 2.0 

1.5} , high 

• .25 purity 
~ zinc 

10-5 

Hultgren et a1. (47) , 
...-.. 
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this investigation 
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lIT (10- 3 °K-l) 

Fig. 5. Knudsen effusion results for zinc. 
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.... free energy tuDctions tabulated by Stull and Sink.e ~5 the aver.age third. 
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law heat of sublimation is calculated to be AH~ 98 =.' 31.294 t .• 015 as 

compared 'to AH~98 = 31.245 t. .050,. reported by Hultgren, "rr, Anderson, 

46 and Kelly from a critical evaluation of 15 different experimental 

studies. 

" : . 
, ,,,' 

." ': .,: 

, ';. 

As seen from: Fig. 5, the equilibrium data collected in this investigation. ... ::: 

are in excellent .agreement with the values accepted by Hultgren et ale . 

The difference at 5400 K expressed as a difference in the third law 

........ ; . 

. ~ .. 
' .. , .... 

heat of SUblimation is only 0.2%. 
t, ... 

This difference, however~ if uncorrected . . , . 
", . 

would produce an 8% error in the value reported for a. 
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STEADY STATE FREE SURFACE SUBLIMATION 
; .. , ~ , ;.': !,' , : 

;:, ::', :,:\>j;, '';::: . . '" A. Evaporatloli CO.frio i ent Measurements . 

.... '.'.:' '·,.r .,'.' "'';.' . The tree surface sUblimation pressures are presentee. in Table IV 
" ;' .... :; .. 

· .::;:. ·~:":'/::~:.':::~"':(;':','~d Plott~d on Fig. 6. 
.: ...... :~'". ~ ...... ;->~ ... ~~ ;':':'~ 

The solid line represents the equilibrium data 

'1·' 

.. " 

' .. 

.' p" 

.'. ::' ~. 
" ,":-t· .-:., 

~ ,~ 

.... 

:. ,; ;::; :'. r:~:::",<'; .. ,' collected in this investigation. Table IV also contains values of a , .... ;' '. ::1.',' .:~".> :;>,';".(' . . 
.' j :. , .'.: .. ; ·i- .' : .. ' calculated from the ratio of each free surface pressure to 'the equilibrium . 

• ~.( ~ ", ", ~.:.~' ~:., I • \'.: ~ ~. .: 

·1 

''::' ;: .. <~::,' .'<:: .. ·.r:· '.: pressure given by Eq. (i). 
.:,' . .' : :.' i' '-:~ .. ~~',::. ': .~.: ", '. _ 

'::.>' i~:,.·<::~,·r ::;:.";' .:. ::, The evaporation co~fficients measured from the (0001) surface of 

....... ~ < .. ~.:::.: .. :\:/:.~' .. :, the high purity zinc' aver~ged 1.1 t '.08. The e-vaporation coefficient 

'··:.i".'~.:'i'.·;·"~.', ,:.~\ ~I:!:< - . 

:' ~ ., . .'~ 
' ... ' 

.' ~ ,. "," 

. r: :., .... 
..... <:;':'<:.}< 

.' < 'c ~ ': I " 

. " 

. , " ' " 

., ., ',' ""I.:. :,:'.'. " ..... : . for the (1010) surface of the grown zinc averaged 1. 02 :t .09.. In contrast ;, .... ,'.; .. '.:' . 
:':::':'.:.:;"':'.,:~:.;,;:,:':~: .. :'<. .'. " , '>::~,' . 
... : ". ':".':;,:";. ~ " " the evaporation coefficient for the (0001) surface of' the grown zinc :~ , 

· : - ~'.r r :~ .. ~:.' .. :, ':':~;"::-'. './ '. • ..... >- .. :.; 
J •• 

....... ;'.';':,::~;\'.";~'::':\ averaged .13 t .08. All uncertainties listed are standard deviations "":',:. :;-", 
~ • "" :" '..... ,.' ; ~ •• ,i • 

. - . .""'.: '-: ~: .:.:':.; ': ': . 
: '." .. :,":.' ,,,,,,,:, from the mean 

'.' ~": '.' ~::{·t':I,:~.::: ~::,:~. ~,,:~ Langmuir • <lata from different planes. t different crystal sources t 

:"\'. ' 
.. ,':.' ."" 

" 

:.". ',:. ~. ~.:, .;:-~~," ~ ~:' : ;:~~ ~'. ~;,' 
'/" 'i::, ):(~. '.,";,' ,and Knudsen data were collected interchangeably throughout most of 

'. .. v ~ " ,-I, ' • • .:. :0:..,':., "'."' " .... ,' ... ~; . . 
<':.' i:,'::::'" .. ' : this investigation; therefore e the marked difference in behavior of the' .... ' 
.' ::.:" 1/" r' . ",'n 

.. : . '"..'.:' ', .• : . ", (0001) plane of the grown zinc trom that of the (1010) plane of the grown 
<:.<:".;":./".,:'.'; ;' 
".' :' .... , '; .: .,';, .. ,' crystals and from (0001) planes ot the high purity crystals appeared to 
.. ~~ ~..,~. ,;: <", '~: .~~: .; /:. . 

;:."/'" .. ' ~~';:\:.>;>·:f· be real. Conclusive proof that a was different for the (0001) plane of 

;'.~.:.:/.:::).' . .';'.;.:.',~:; the. grown crystal was obtained by the use of a differential torsion cell .. .' 
I • t •• ' ,' ••••• 0,· :_. ~ 

. . ' ... : .:. ',f~~' . ,'. ", 
.. 4 ." 

", ~J. 

. ~ ... 
" , " 

. ' .... which had two sets" of orifices arranged so that the torque produced by 

vaporization f~om one pair of surfaces opposed the torque produced by 

evaporation from the others. The differential torque from the (0001) 

,' .. :' and (1010) surfaces was measured·. By proper combinations of orifice 

area, wire constant, and temperature, deflection angles of 5 - 400 were 

'j 

. ';.' 

, . 

,.. 
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Table IV •. Free surface sublimation results 

" surface tem1erature pressure 0( 
OK} (atm) ....... 

• 
(0001) 574 1.915 x 10-6 1.08 
high purity 656 7.847 x 10-7 1.13 
zinc 59l. 3.981 x 10-6 1.06 

574 1.967 x 10-6 1.10 
558 9.605 x 10-7 : 1'.24, 

.. 583 2.676 x 10-6 1.01 
593 4.061 x 10-6 .99 
595 4.310 x 10-6 .98 
546 5.528 x 10-7 1.29 
530 2.422 x 10-7 

, ... y 1.21 
(0001) ( . . ,. 

grown zinc 
, , 604 5.122 x 10-6 .14 

'629 1.511 x 10-5 .19 
.. 630 1. 539 x' 10-5 .56 .. ' . 

, , 518 1.896 x 10-6' .81 
621 1.109 x 10-5 ' . , .80 
557 1.183 x 10-6 .85 
558 ' ~ 

~ .. 6 -7 .68 5.66 x· 10 
556 5.149 x 10-7 ' .66 

.' '. " 564 . 8.585 x 10-7 . .15 . , 

546 3.113 x 10-7 .70 
564 8.999 X 10-7 '," .78 
531 2.397 x 10-7 ' .81 
531 1.870 X 10-7 ',' , .88 
556 ·4.814 x 10-7 '" .64 

I' 539 2.352 x 10-7 .74 
560 6.350 x 10-7 .... .67 
573 . 1.264 x 10-6 " .76 
576 -6 1.333 x 10 ' .69 
572 1.282 x 10-6 '; .79 
575 1.240 x 10-6 ' .65 
573 1.141 x 10-6 .. .69 
575' 1..274 x 10-6 ' .• 67 
571 1.011 x 10-6 . . .67 

'. 575 1.097 x 10-6 .57 
517 6.690 x 10-a, .70 
516 7.797 x 10-a .85 

'" 
535 1.670 x 10-7 .67 
563 8.517 x 10-7 .78 
637 2.298 x 10-7 , .76 

, I 
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" Table IV. .'. 
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J. ,,:. 

h .. ~ . 

, ;:; H •• 

surface temJ?erature 
(OK) 

, .: '.; . " ~. -

..... ; 

,_.' " 

". '\ ~ . " 
" . ' 

.... # : •• : •• :~ .>'«. 
. .:. ~ . \. . ~ i ~ 

;. ",,'1.:> 
\ , 

l' 

" ; .... 
, , 

" 'I 

'::,'" ':';' ','" 

, : 

" 

, (1010) 
grown zinc 

... 

570 
'611 
529 
534 
532 
585 
589 
543 

,' .. 
f' I ' , .. 

.. I,", ~i .: " 
" ;: 

;. 
'," ,'. , " 

,,/,,:,~; .. <~. '.'", .. " ' 
" , .... _. J ...... :. 
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) ~~ ~j \ 
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f ;" ' ,.,',:: .. :'. ~ ,,' ..:;"" . : "., .... 

. J: ',,: . ~ •.. I.' • "'. ::~ ',l:: .. '. :( '.~ ;' .:'. 
• 

" ":,' .~! t.', . '.' " .:. • ., ..' 
, .• : ,\' , I '" " '. I .; '.~. 

• '.~'. ~. :. '. 4 •• ,'. _,.~ • ,- .: •••• '" ':- • 'I. ,I 

'. - ....... ;~!.~ .: :: ., ': ," . '. . .' 
..... ~ ; , 

.. ' . := • ~~: :.;: ~ ',' • I. :' t 
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: ,~:. 
• : .: ~, .j' '.' @ 
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," 
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(,,' . 
, , .. . ', . J: 
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: ' f' .' 
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" '. 
, 

, '\' . ~ .' 

.'.1. 
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" 
" 
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continued 

'\ 

" 
,,;,,:, ,':' . 

, ~, . '.' 

,. '. " 

pressure 
(atm) 

1.472 
9.997 
1.952 
2.293 
2.189 
2.635 
3.890 
4.110 

; , 

x 10-6 
x 10-6 
x 10-7 
x 10-7 

x 10-7 
x 10-6 

x 10-6 

x 10-7 

. , . ... 

. ' 
'. I,. 
'" 

,_ i 

1.02 
1.07 
1.02 

.96 
1.00 

.90' 
1.23 
1.06 

" " 

, .: . 

.' .. 
;." 

" 

• 
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10-4 

. diam wire 
~ (mil) 

A .53 
1.

5
} 

(0001) 
1:.1 .50 1.5 grown 
'il .30 2.0 zinc 

10-5 

~. 1.5 J 
(0001) 
high 

• .53 . purity 
zinc 

- ~ . (1010) a 
~ .50 1.5 ] grown 

........ 10-6 ~~~ .35 1.5 zinc 
Q) 

~ 
~ Ul 

Ul 
Q) ~ M 

0"" ~ 

10-7 
A~~ 

EI . 
EI 

10-8~ ______ ~ ______ -L ______ ~ ________ L-______ ~~ ____ ~ ______ ~ 

1.4· :J..6 1.8 

. liT (10- 3 OK-I) 

2.0 

Fig. 6. Free surface sublimation results for zinc. 
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;." ··'::·:.··r'(,~·~~· :: obtained.'· To prot~~t' ,against the possibility that the direction of 
:",:. ,' .. ' .... '.-.. .. .,' ,. . 

: '. . . . ; . 

. '.' :.:.<. ".:" .{ '. . .orifice orientation or orifice diJnensions might cause a significant 
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. ~.' 

.. --;-..... 

':'1 '." ... " 
•... ! ...• :::: '.;:.: ........ ; ...... differential torque, the: crystals were interchanged and the measurements' 

. ; , .. ~ . 

. ' .• ,.~.~ -"'·f', '\:., ~.'.~'.\' > > . 
',' , 

~. . 

":./ ..... ~: "';:'::- . were repeated. The orifice dimensions are shown in'Table V •. The data 

'. ,','.':. :)'.~:~~ :~:';:'\:'.: .: .' '. are collected -on Table VI. 
~, . 

~ t • # '. • '. 

", '. ': 
", .... " ~ ,I, .•••• , •••• , •••• ,: :. 

',' , ,',.:,. p 

, . - . ;~ If one accepts Eq. ei) as the pressure for the .(1010) surface, 
~ ~ '~"'", 

.; .. ', .:: . then the basal plane is calculated to have an average evaporation !, .~ 

",}'X;:r,,: coefficient bf 0.71 • .OHrom these differential runs. This is, in "", ,,' 

" :.·~·,l;f·: .. :.: .. ·.~·.;· excellent agreement with the value of 0.73 t .08 as calculated from the· ... ·· ,:';' .. :: .... :;',:.,',~<:::.<. ','" .. 
:", '.' .. ;:.1:: ;,., ... absolute Langmuir runs. .~'., 
": <:: "j">.;,"; .~. ~,;~'~ .... ,'.:. .. 
"; .i. ... ~:-;:( ;.:;:' ,". B. Chemical Etch Pit Measurements '.' - . 

• '!' '.,' 

:. ~,::·:r;·i:,:\'.,.\~~;.)r..... The experimental evaporation coefficients for the low index crystal:. '.' :.::.;::~. ' . 

. :::'.: :::·~·:/~.;'<·i>~5.:.:::i:.f· faces stUdied were clearly higher tor all crystals and planes studied .,:,,;>:. ':' .' 
'.!'_: .•. ;~:~1:';~.;::/~~?~ . ,.:.... . 
.:.' !;: '. -, ',>.( .. : . than the value of 1/3 predicted by the Hirth and Pound theory for' perfect ~ .. <.' 
;::··:~····':'·~·(L·: .::::.~.}.': . 11 12 . . " . "~':: 
':, :i .;~'::\' ... ;'};:':':,':' low index cr;ystal surfaces.' But the theory predicts that' ex will.be ';.:. :.:: . 
'.~':. '~",~_.-;".~.J{~ .. ; .. ;_~;:·~I; ~ .. ,' . . -. "c'. ," 

. '.> .. : : :::">,' : .;. greater than 1/3 for surfaces whicb are intersected by a high concentration'··:: ,".' 
",':: .: \.\f_,-:~'~~ :/';_~"~<' .~::; . 

.~. '. ,'::',;.;.j .... ~~:.'~':'/' 'Of screw dislocations. High, but different dislocat ion densities in 
': . ", '~f~~: .::", ~ ,: ,' .. ~ 
:,. •• 1" J ~ ....... , :, ' ..... ,.:.;. 

. :"" I. :'.' '".' the grown and. high purity zinc,: crystals might explain the high, but. 
~ " '." . ~ '.....: 

'. ;,., 

. . " .. ' 

<' ,. , :1 _ ", 

.:..-:~ :.F.:·.:~:·, ;'~ . different values of a which were measured for the cr;ystals from the 

;', :,:.,<:,.'.,::.-;;:,;;.; .. different sources. Accordingl1, chemical etching was performed by the 

' . ... ;.,l'/(.::.,:'':>:.'' methods developed by Rosenbaum andSaftren33 . and previously used by Rilff .35' . \ .:: >~";~ ·:~';t;::· . 
, .. ' .. '. 

. ~ - I. .' I 
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" " '. 

, ~,' . . 
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Chemical etch pit counts were made for 'six samples of' grown zinc 

and three of high purity zinc. Counts ranged from 3.6 x 104 pits/cm2 

'. on the most imperfection-free surface to 2.1 x 105 plts/cm2 on the most 

imperfect surface. Some samples displayed high and low etch pit density 

~egionB on the same surface. with densities varying from 9.2 x'103 to 
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. "1, 

... 



.. \ .; ". " 

. ;\ 
'\ .: 

I ,'.'" . , 
r • ... ': ~ .: 

-. ".:.:" . ) 

.'.: I 

.~ • 'r' '. . 

-27-
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~able·V.Or1t1ce· dimensions used in ditferential cell 

set· 

A 

B 

orifice 
diameter 

(em) 

.5236 

.4862 
.... 

.5234 

• 4883 

channel 
length. 
'. (em) 

.1163 

knife edged 

.1234 

knife ~dged 

'. ~ ·set A was opposed to set B 

force 
, correction 

factor 

.8634 

•• fA a (torce correction factor) (oritice .area) 

fA** 

.1859 

.1857 

.1848 

.1869 . 

I , 
" . 
',:' 

( ',. 

, . 
", .. 

fA 

. " .. 

',0 

\ .. 
.3716 " '.: ~ .... ,,' 

" : 
, •.• , .'0 < • 

.. ,' 0' 

J • ~ '. ; • .'"., 

. "":1 , .••. 

',' .3717 .',' .~ .. ~. " '",,' 
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Table VI. Differential torsion cell results 

temperature 
(OK) 

... ,,- t, '. 

.. ,' .. ; .... 
r o' 

AS* 
(deg) 

15.155 

14.100 

13.803 

572 

569 

570 

589 
1.' •••• 

.'i" 18.720 
,':'. ·610 . . !:;<.·:,:.::,;~ .. ·:i:~ .. 38 725 

• ~ .'~ ", 'I '.. • 

589 . ~:':..: .:,<::.:~ .. ~<:: ';:~··12. 760 
: .:: : ..... ,. ',: i: 

557 .. 4.547 
. ;. , .. ' , 

582 12.845 

554 3.690 

A pressure 
(atm) 

• 62 x 10-6 

.57 x 10-6 " 

.55 x 10-6 

~. . . 
,' . 

•. ': >.; '. I, ' ....... . 

. . ','. '.:' 20 10-5 .' " ;'. _ .. ' .' .. , .:'.: • x 

" 

- it (loio) torque < '(0001) torque 
'. . ',' ... 

'.' '."" :: ,. ...... ; . '.:** based on the . . ... ','. ,"" assumption that a(1010) ~ 1 
.' '., • ~.; "t. ,.~ •• '. :,; • .', 

a ** (0001) 

.62 

.67 

.68 

.73· 

.77 

.73 , , 

.70 " 

'.-. ',' 

.74 

.73 . 
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6.0 x 10Spits/cm2• 'Fortunately, the high density areas were usually 

confined to visibly distorted areas near the edges of the crystal, and 

the area defined by the orifice could be chosen from the more perfect 

center portion of the crystal. No cons istent differences in the dislocation , 

densities between grown and high purity zinc were found. 

C. Morpholo~y of Surfaces During Steady State Sublimation 

Because the kinetics of sublimation react~ons may well be closely 

correlated with the surface structure, the morphology of the various 

surfaces were examined at various magnifications with an optical 

microscope and with a scanning electron microscope. The (0001) surfaces 

·of the grown and high purity zinc were distinctly different from each 

other and from the (1010) surface. 

j' 

The (0001) surface of the high purity zinc looked like a flat plain 

with a number of interconnecting ridges. Two typical surfaces at apparently 

different stages of development are shown in Fig. 7. The feature's 

varied slightly from sample to sample . On some, the ridges met the fl~t 

portions along definite curved lines as on Fig. 8~b, and on others , 

there was a smooth transition from the ridge to the plain (Fig. 8-a). 

A typical (0001) surface of the grown zinc showed broad macroscopic 

pits on a relatively flat surface (Fig. 9). The largest pits were on 

the order of 700~ in diameter and the depth of the pits ranged from 

100~ to one~ just starting. Some surfaces were completely free of the 

large pits and the entire surface resembled the flat area between the 

pits on Fig. 9. ~his type of surface ie shown on Fig. lO-a. Figures 

10-a through 'lo-t show successive at,ages of surface development. Upon 
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(a) 

(b) XBB 687- 4160 

Fig. 7. (0001) surface after evaporation from 
different samples of high purity zinc. 

.. 
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(a) 

(b) XBB 687-4161 

Fig .. 8. Ridge featur es on (0001) s urfac e of 
high p urity zinc .. 
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XBB 687-4162 

Fig. 9 Typical (0001) surface of grown zinc after evaporation. 



(a ) 

( c) 

(e) 

Fig. 10 
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: :. ; -~ " M. ' 
. : . ,~ .. f/ :. 

"' \, ' . 

XBB 685 - 2681 

Development of (0001) surface of grown zinc during steady 
state sUblimation. 

(b) 

(d) 

(f) 
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~ 1'. I 

further sUblimation the surface of Fig. 10-a started to develop pits. 

Throughout the subliJnation, a number of small pits of the kind seen on 

" 
' Figs. 9 and iO-a were formed, but only a few pits ever reached macroscopic . ; " 

sizes. As seen from comparison of Fig. iO-f to iO-e, when the walls 

of the pits touched, a new plateau surface began to spread at the expense 

, J of the previously spreading pits. 

, . The macroscopic pits were flat bottomed (Fig. 11) and the sides 
. ' 

. ~ 'I were composed of a number of very closely spaced ledges , (Fig. l2-a) • , 
Figure l2-b shows the ledges which characterize each of the six sides 

of the hexagonal pit walls, and Fig. 12-c shows one of the areas in 
, ' , 

" J which ledges of two such wall sections meet. The steady state pressures 
, i 

showed no measureable variations during these changes in surface structure. 
~ ,. ' ... 

An examination of the flat area between the large pits showed some 

portions to be very flat (Fig. 13-a), with no relief visible at magnifica-
, " 

" tiona as high aa 30,000X 'except for rather randomly spaced small 
" 

"( hexagonal pits. Other areas were composed of widely spaced ledges 

, " (Fig. l3-il). 

Small hexagonal pits (see ~igs. 11, 12, and 13) formed on the flat 

areas between pits, the flat bottoms of the large pits, and the steep 

': 
sides of the pits. Pit densities ranged from 1.1 x 107 pits/cm2 in the 

, . , 
. '" . densest areas to 3.0 x 106 in the sparsely populated areas. Diameters 

of these pi~s were on the order of 1-3~. Whatever the cause of these 

, , small pits, they were usually ineffective in altering the ledge motion as 
, 

it 1s seen that the ledges develop aa if' the pits were not there. 

The pits from which the macroacopic pits developed were examined 
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XBB 687-4163 

Fig. II Flat bottom of one of the macros copic pits of Fig. 9. 



(a ) 

(b) 

(c) 
XBB 687-4164 

Fig . 12 Ledged structure on the side of 
the macroscopic pi t . 
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(a ) 

(b ) XBB 687-4165 

Fig. 13 Flat ( 0001) surf a ce b etween ma cros copic 
pits of Fig . 9. 
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at higher m~nifications. It was found that these starting pits had 

tiered walls that stee~ened with depta and appeared to emanate from one 

of the small hexagonal pita Just discussed. Figure 14 illustrates this 

point quite clearly. These steep sided pits eventually developed flat 

bottoms of the type shown on Fig. 11. These successive stages of pit 

development are clearly illustrated in Fig. 15 where the three pits on 

the left are still actively deepening and the 'pit on the right is flattened 
... 

on the bottom. A large macroscopic pit developed only if the penetration 

" " depth was large before the pit started to flatten at the bottom. It 
.... , 

" 

.. :" " . 

. .. 

, I 

~ . I • 

" ' f 

I .: : 

is apparent from Fig. 14 that the presence of one of the l-3~ hexagonal 

pits is a necessary condition for initiation of growth of a macroscopic 

pit. But for reasons that are not apparent from surface examination, only 

a small fraction of the small pits act as sites for initiation of 

macroscopic ledges. 

The surface features on the (1010) planes were , quite complex. The 

surface was characterized by a vast array of crystallographic peaks and 

striations. Micrographs of a surface at various magnifications are 

shown on Fig. 16. Figures l6-a and l6-b show different stages of 

development. The ledge striations are predominantly in one direction; 

however, Fig. l6-c shows ' that the ribbed feature's consist of ledges 

perpendicular to the direction of the major striations. 

Throughout any period of the steady state, particles that appeared 

dark in the optical micrographs and light in the electron micrographs 

could be seen to grow on the surface. The particles were like flaky, 

loose growths from the surface. While the particles tormed in patches 



-39-

(a) 

(b) XBB 687-4166 

Fig. 14 Pits starting i n the (0001) surface of 
the grown zinc which eventually deve loped 
i nto macroscopic pits. 
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XBB 687-4167 

Fig. 15 Pits i n the (0001) surface of grown zinc at 
different stages of development. 
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(a) 

(b ) XBB 685 -3105 

Fig. 16 Surface development on the (1010) surface 
of the grown z i nc. 
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" and along ledges on the grown zinc, they were mainly congregated along 
"' . I 

, , 

, . ... ' 

the ridges of the high purity zinc, These particles congregated at the 

tops of the peaks on the (loIal surfaces. 

. , ' 

, ; 

" I •• 

" 

Ledge motion in the growth of macroscopic pits is hindered by these 
• '0' 

. I~.· . 

, . 

. particles (Fig. 17). Many 'of the particles were remarkably mobile 

and it is seen on Fig. 10 that they were pulled along by the prismatic 

side faces of growing pits • 
.. 

The particles were very loosely held on non-pitted surface regions. 

A stream of air was sufficient to remove most of them. Figure 13-a ' 

shows raised areas upon which these particles resided before they were 

dislodged during the sample preparation treatment for 'the scanning 

electron microscope. The raised areas formed because SUblimation was 

. " impeded under the particles. 

' \ The particles were not clearly seen on the electron micrographs of 

the high purity surfaces because they were for the most part removed 

,. , ' during the preparation for the electron micr'oscope. Through the use of 

, an optical microscope prior to the preparation, the white ridge areas of 
.1 ; . ,.!'. " , 

Fig. 7 were established as the surface regions where the particles 

',' collected and masked sublimation of the zinc • 
• • • ' I 

Since the crystals were grown in graphite molds and graphite torsion 

cells were used, the possibility that the particles were carbon was 

considered~ A microprobe analysis of the particles gave no indication 

that they contained carbon or measurable amounts of metallic elements 

other than zinc, However, the microprobe analysis is not conclusive 

because it is relatively insensitive tor carbon anal~is and is not well 



-43 -

XBB 687- 4168 

Fig . 17 I nter a c t i on between evaporat i on l edges and a se c ond 
phase particle on t he (0001) surface of grown zi nc. 
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sui ted to analyzing r~ugb. surfaces t It was found by experiment that 

samples grown in quart~ molds and Bam~les sublimed in al~ina cells with 

alumina orifices developed the same surface particles. 

The particles are ,thought to be ZnO, produced -by the reaction 

Using the tnermochemical data for Zn(s), 02(g) and ZnO(s) as tabulated 

by Kubaschewski, Evans ' and AlcoCk,47 the free energy of this reaction 

• I was calculated at temperatures ranging from 470° - 6900 K. The free 

energy of reaction was highly negative at all temperatures. At 575°K 

oxygen partial pressures less than 10-SOatm are needed to prevent the ... 

reaction, while during this investigation the total pressure was on the 

order of 10-7 torr • 

Surfaces sublimed for very long times accumulated large amounts of 

". the particles. An x-ray diffraction pattern was obtained from one such 

surface. In addition to the principal lines for 'the basal surface of 

zinc there were a few extra lines. Spacings of the extra lines corresponded 

with spacings expected for ZnO, but their relative intensities did not 

correspond with the relative intensities expected for randomly oriented 

ZnO. This fact does not negate the possibility that ZnO was formed 

for one would expect that ZnO, if formed, would 'be strongly oriented. 

The two strongest linea observed corresponded to the (202} and (lOl) 

planes of ZnO. 

The volume of partlcleo formed on the surface was less dependent 

,on temperature than was the zinc sublimation rate. A surface held at 
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about 4700 K for more than twelve hours was heavily laden with the 

particles although the surface recession due to evaporation was relativ~ly 

small. A sample evaporated at about' 6200 K for less than ''''0 minutes 

underwent greater surface recession, but showed considerably less particle 

formation. 

This temperature dependence is reasonable if these particles wete . 

ZnO formed by the oxidation of zinc, .because, for oxidation, the rate 

may be determined primarily by the rate at which oxygen is supplied to 

the surface. The temperature dependence is not consistent with the 

assumption that the particles are impurities from the zinc. For impur-

Hies to collect at the surface at a rate faster than the surface receded 

would require that the impurities» which are at concentrations well 

below their solubility limits t must . ·diffUse out and precipitate as a 

new phase. Such behavior would seem thermodynamically impossible • 

Scanning electron micrographs (Fig. 18) shows .the structure of the 

particles on the heavily laden surface at various magnifications. The 

behavior of the particles in the electron beam was very interesting. 

Occasionally a portion of a particle shifted as the beam passed over it. 

This might have been due to the fact that Zn rich ZnO is not a good 

enough conductor at high beam voltages to prevent some electrostatic 

charging, so that adjacent particles repelled each other. It was 

difficult to maintain the focus on the particles at high magnifications. 

The difficulty may have been caused by motions of parts of the loosely 

held and fluffy particles relative to other parts as a result of variations 

in charges. 

.. 
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(a) 

XBB 687-4169 

Fig. 18 Structure of zinc oxide particles formed 
on a purposely heavily laden (0001) surface. 
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Because zinc oxide snould form by reaction of zinc and oxygen at 

the background pressures in the vacuum chamber, and because all the 
" . 

measured properties of the surface particles are consistent with those ' 

expected 'for zinc oxide, it seems certain that they are zinc oxide. 
~ .' ~ . . . .. 

The oxidation of zinc at higher oxygen pressures has been shown to 

48-50 ' , 
" follow the parabolic law or at relatively low temperatures, a 

logarithmic law. 5l ,52 It might be expected , therefore, that oxide 

formation would produce a protective coating that gradually would reduce 

the measured rate of the zinc sublimation. Observations that, at the 

low oxygen pressures of this study, the oxide remains in discrete 

patches provides a partial explanation of why sublimation is not measureably , 

reduced by oxide formation. The sequence of micrographs 10 suggest an 

explanation of why these patches do not eventually cover so much of 

the surface that the zinc flux is noticeably reduced. Note that the 

sizes of particles (black in these optical micrographs) increase in 

the sequence 10-a to 10-e, but is very small again in 10-f. The particles 

on the flat· surfaces grow with time until the macropit boundaries 

intersect, annihilating the ledge surfaces to which the particles clung. 

, . 

" 

" The particles then probably dropped off the vertically held surfaces. 

Hirth and Pound in analyzing the dynamics of ledge motion have 

11 shown that crystal edges are very ready sources for evaporation ledges . 

Accordingly, experiments were performed on sublimation of (0001) surfaces 

in order to see what differences in surface morphology might result, The 

surfaces of the grown zinc remained very flat dur ing SUblimation. During 

the course or numerous runs on numerous samples , pits of the sizes 
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shown on ~igB. 2 and 14 never develo~ed, Instead, l~dges were seen 

to be generated at the cr.ystal edges. Occastonally an area would 

develop a few pits of the :tn>e shown on Fig. lO-b, but these pits 

never achieved macroscopic sizes. 

Fig. 19 shows how most of a grown crystal surface looked at various 

magnifications. There were no ledge features or pits on the relatively 

smooth surface. The zinc ,oxide_particles formed in randomly spaced 
... 

little clumps. The surface was flat enough for s~bgrain reflections to 

be detected by the naked eye. 

A corresponding series of photographs showing the behavior of a 

zinc sample from a different grown crystal rod and subjected to the same 

procedure is shown on Fig. 20. The surface was pitted and ledge, althoUgh _ 

there was once again the absence of large macroscopic pits seen on the 

orifice defined areas. 

High purity zinc samples were also sublimed with the edges exposed. 

The surface appearance was no different from that of the orifice defined 

surfaces. 

D. Disgussion of Steady State Behavior 

The surface features on the high purity zinc resembled those 

28 observed by Hirth and Winterbottom in their work on silver. Frank's 

topographical theory53 has been used in conjunction with the Hirth and 

Pound theot,yll,12 to describe the surface morphology of the silver. 

Hillocks or ri,dge formations were attributed to an iJnpurity effect and ' 

the shape ot the area b'etween hillocks wag treated theoretically by the 

Frank theory of ·topograpbt'. 

: . 
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(a) (b) 

(c) (d) 

Fig. 20 (0001) surface of grown zinc which sublimed with crystal 
edges exposed. Comparison with Fig. 19 shows different 
b ehavior of different crystal batches. 
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In this investigation hillock forn,ation for the high purity zinc 

is associated with zinc oxide segr,egation. 

Evaporation pits, originating at screw dislocations in the manner 

analyzed by Cabrera and Levine17 ar~ not expected to be observable by 

the microscopic techniques used in this investigation. The development 

of Cabrara and Levine h~'s shown that the spiral ledge to ledge spacing 

attains a limiting value of d = 19p within a very short distance from , c 

the center of the dislocation. p :ia the critical .~adius of two dimen-' c 

sional nucleation of adsorbed atoms s and is given by 

, " 

•... ' .. ' , 

where y is the surface free energy. () is the atomic volume. and" Co and C 

are the vapor pressures at equilibrium and experimental conditions 

, respectively. 

For zinc. y was estimated to be 955 ergs/em~ from the expression 

y =-

n6H 54 
sub 

4NA 

where n is the number of atoms/cm2 , 6H the heat of sublimation, and 

N A is Avogadros number. This leads to an estimated ledge to ledge 
, 

spacing of .02~. The slope of a pit, given by the ratio of an atomic 

diameter of 2.35X to200A, is about 4lt from the surface plane. Such a 

low angle is not detectable under usual microscopic techniques,The 

fact that no pits were seen on the high purity zinc does not prove that 

" . 



... .. 
i •• ' 

. , .' 
..... . . 

. ,,' r 
: ., 

: ' 

:'- !',: ': -,. \ 

, " ". , ' ,. 

I ' ,: ; 

I 
. " ' 
" . :' /. , 

.' ::;" 

.... . '.' " 

': " ' ;:" 

-52-

spiral ledges were unimportant in the sUblimation mechanism. However, 

the separation of ridges and hillocks in of the order of '50 to 100~ 

and it seems probable that these surface features define the distances 

over which zinc oxide particles were pulled by advancing zinc ledges • 

If the high measured value of a for the high purity zinc were accounted 

for by the dislocation density required by the Hirth and Pound theory, 
" ', ' " . : !', • ' ,' 

,: ":,' the ridges should be much more closely spaced. It seems certain that a 
(. • : " I " )., ,r · 

", 
, .:",1., 

much lower concentration of ledge sources than predicted by Hirth and 
. , , ' 

',".: ," . ' ,'t 
" • 1 • 

Pound theory is required to maintain the equilibrium flux from a high 

';" .', 
. ' .' 

," i . purity (0001) zinc surface • 
, .. / :--':.. ." 

, , " , , : '.', ." '. ~ " ~ , The causes of the thermal pits and lowered evaporation coefficient 
, I . ,' .. 

} •• : . ", ", " r observed on the less pure grown zinc is not definitely known. Large 

thermal pits have been observed previously20,55-58 and they have been 

: ' described as arising frOm clusters of dislocations.19 However, this 

', -

, ' ,. 

, t 

~ , , 

, . ',. . 

,.;. 
, 

r·-•. investigation shows that these pits can develop from a single micropit 

. ,'. . 

. ,, ). " , 
, . (Fig. 14). Whether this pit emanates from a·dislocation or not cannot be 

I " :-~. • , 

. , said with any certainty • 

The only apparent difference between the commercial zinc and the 
. , ~ , 

'. grown zinc was that the commercially purchased zinc was of exceptionally 

" : high purity. Etch pit stUdies showed that both types of zinc had about 

the same dislocation densities. The fact that ledges and pits formed on 

the grown zinc but not on the high purity, zinc. might be explained by 

the difference in impurity level. Young and Gwathney59 have encountered 

similar differences in their work on copper spheres. 

They evaporated copper spheres in vacuum and observed the morphological 
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development at ,the (111). U.Ol), and (ilO) pOle's. A copper sphere 

that had no detectable ~~urttie~ developed very differently than a 

sphere that was onlY' 29.8% copper. 

For many metals. chemical etching does not reveal etch pits unless 

the dislocations are decorated with a certain concentration of impurity 

60 atoms. It is felt bY' some that poisoning or impurity effects are 

; .. i . 

-. ' 

. 61 20 '· 
needed for the pileup of ledges and the formation of pits upon evaporation. ' 

Perhaps thermal pitting and the lowe.red evaporation coefficient for the · 

grown zinc both arise because impurities reduce the rate of advance of 

microledges. 

Edge exposed experiments on one batch of crystals resulted in 

surfaces which were extremely flat with no signs of pitting or ledges. ',' 

The surface from another batch of crystals showed some pitting and ledge 

structure (compare Figs. 19 and 20) . The difference between samples 

, may have been caused by slightly different impurity levels. 

Presumably, the bulk impurities in the grown sample ' were effective 

in altering the rate of free surface SUblimation as well as affecting 

:" , ": ' ·,' i .. the surface morphology . On the other hand, i mpurities ahd artifacts 

. " 

' ; 

associated with only the surface (e.g, ZnO formation on the surface) had 

no apparent effect on the rate of SUblimation or morphological development. 

It appears ~hat surface edges were such r eady sources for ledges 

that the surface recession produced by sublimation of edge generated 

ledges proceeds faster ~han pits can penetrate into the surface . Since 

this observation s.uggests that the sublimation coefficient for the grown 

crystal (0001) face with the crystal edges exposed might increase above 
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the 0.7 measured with the surfaces collimated, attempts 'were made to 
I 

measure the sublimation flux from surfaces with the edges exposed. 

The evaporation coefficient obtained with these attempts was 1.1. 

However, the experimental error is difficult to estimate because of the 

unknown contribution to the torque of SUblimation from the sides of the 

crystal and of the area changes as the (0001) surface erodes away from the 

edge • 

The dislocation densities of samples used in this investigation 

varied from 104 to 105 line/cm2• This variat i on caused no noticeable 

corresponding variation in the free surface sublimation flUX, although 

it cannot be said whether the scatter of the free surface data (see 

Fig. 6) is related to different dislocation densities or not. The 

effect of dislocation densities on the rate of sublimation was not 

systematically studied because due to the slip plane being the (0001) 

plane, one cannot methodically alter the number of dislocations inter-

secting the (0001) surface and at the same time keep all the variables 

constant (e.g. number of dislocations lying in (0001) plane). ' 

The results presented here give strong indications that the Hirth 

and Pound prediction of a equal to 1/3 for low index surfaces with less 

than 106 dislocations/cm2 in incorrect. Samples with dislocation 

densities as low as 9 x 103 lines/cm2 were characterized by an evaporation 

coefficient of unity~ Such a low 'density of dislocatiomintersecting 

'. the basal plane of zinc is not unexpected because of the one dominant 

slip system of zinc, Any dislocations introduced by handling the crystal 

lie in the (0001) plane and do not intersect it. The densities observed 
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in this investigation were comparable with previously reported dislocation 

densities in the (OOOI} plane of zinc, Rut~5 ,observed densities on the 

order of 3 x tOIt pitrr/cm2 usi,ns the ' same etchant as in this investigation, 

, and Sharp34 found d~ns:ttierr of 4 x to5 pits/cm2 usins a different etchant. 
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V. NON-STEADY STATE FREE SURFACE SUBLIMATION 

A. Development of Surface Morphology 

Initial induction periods which must be passed before the sUblimation 

flux reaches the steady state values have been observed in a number 

28 62 of previous investigations. ' Apparently, however, the fluxes measured 

in previous stUdies have always been within a factor of 2 or 3 of the 

steady state pressure and no detailed stuay of this non-steady state 

sUblimation "period has been reported. 'lllle sensitivity of the torsion-

Langmuir method has made it possible to measure the flux of zinc contin-

uously from an initial ' va.lue"about 2 orders of magnitude below the steady 

state value. 

A typical plot of pressure versus time at constant temperature for 

free surface sUblimation from the basal plane of crystals grown in this 

laboratory is ,shown by curve a on Fig. 21. The corresponding heating 

curve is shown by curve t of Fig. 21. There was a slow rise to the steady 

state pressure region. 

The structure of the surface during the period of pressure increase 

is depicted on Figs. 22a - 22h. Figure 22a sho\TS the distribution of 

pits as they initially formed on the surface. Pits preferentially formed 

at cleavage steps, slip lines, and scratches. In many instances pits 

tended to form in straight lines and when pit density was high, coalescence 

of these pi ts resulted in canal-like features (Fig. 39). But many pit s 

also formed with random distribution in areas apparently free of surface 

defects. , Pit distributions were ver,r non-uniform over a~ particular 

sample surface. 
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10-5-r------------------------------------~--------------------~ 
/ 

A 
o 

o sur.face treatment 

a. freshly cleaved GJ 
b. exposed to air for 24 hrs .. 
c. left in vacuum V 
d. liquid nitrogen; methyl alcohol A 
e. liquid nitrogen 0 
f. methyl alcohol • 
t . typical heating curve ~ 

10-9~ ____ _L ____ _L ____ _L ____ _L ____ _L ____ _L ____ ~ ____ ~ ____ ~ ____ ~ 

o 80 160 240 320 400 
XBL 685-737 

Time (minutes) 

Fig. 21. Pressure dependence on time of (0001) surface ·of grown zinc at 
constant temperature and varying surface treatments. 
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(c) 
XBB 685-2678 

Fig. 22 Development of (0001) surface of grown zinc in non-steady 
state region as a function of time. 
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(e) ( f ) 

(g) 
XBB 685 -2683 

Fig. 22. (cant. ) 
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All of the initial pits were he~agonal in cross section. Some of 

the pits were relatively smootl:L on the bottom (fig. 23-al and some of 

the pits developed some relief (Fig . . 23-b }. 

The concentration of pits observed for various grown zinc surfaces 

ranged from 1.0 x 103 to 3.0 xlO~ pits/cm2, and the number of pits 

did not increase with time of sUblimation. Instead, many of the pits 

videned vhile some of the pits remained h active. The expanding pits 

were predomfnantly of the types depicted i.n Figs. 24 and 25. Some 

were distinctly terraced : so that (0001) surface planes remained dominant 

(Fig. 24). The sides of the pit walls near the top became almost 

vertical as though SUblimation of·',the original cleaved surface remained 

much slover than SUblimation from inside the pits. The bottom surfaces,'j 

were flat but shoved some roughening during later stages of development. 

The terraced structure did not result from c·ontamination vhen the 

' surfaces were exposed to air for examination between sublimation runs; 

some samples which were heated directly to this st,age of development 

showed similar terraces. 

Some::pits vere associated with one source of ledges and other had 

several. Figure 25 shows a closely spaced pair of hexagonal pits which 

acted basically as a single source. 

Pits which were inactive and did not spread vere like that represented 

in Fig. 23~a. They vere not stepped or terraced over their broad flat 

bottom. But~ the edges of the pits vere very steeply ledged, like those 

of active pits. 

With time, the active pits continued to broaden and d·eepen .while the 
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(a) 

j 

(b) XBB 68 7-4172 

Fig. 23 Two types of initial thermal pits 
formed on a cleaved (0001) s ur fa c e 
of grown zinc . 
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(a) 

(b ) XBB 687-4173 

Fig. 24 Optical micrographs of actively spreading 
pits of terraced nature. 
(a) focused on the bottom 

(b ) focused on terrace 

.. 
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XBB 687-4174 

Fig. 25 Electron micrograph of an active spreading 
pit associated w'ith a single source of 
ledges. 
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relatively inactive pits usually remained dormant until they disappeared 

under the advance ot active pits. However, as seen in Fig. 22, some 

pits which were inactive in the early stages became very active and 

some active pits nearly ceased to spread after a certain time. 

Eventually there were two distinct types of pits (Fig. 26). 

Figure 26-a ' shows an active pit. It is seen that many ledges emanated 

from this pit and there was much relief associated with it. Figure 26-b 

shows the relatively smooth and structureless surface of a nonactive pit. 

The general overall appearance of a (0001) surface after sublimation 

had reached about 90% of the steady state level is shown on Fig. 22-g. 

It is seen that the surface appears quite rough. All relatively inactive 

pits had now been annihilated. Closer examination of the large pits 

that remained at this point showed that most of them contained a number 

of smaller pits (Fig. 27). 

At the time that steady state pressures were reached, continued 

broadening of the active pits had Yielded a relatively flat sample 

surface. The concentration of large pits at this stage ranged from 

6 pits/mm2 down to none at all. The further development of surface 

morphology in the steady state region has been discussed on pages 29-48 

and is depicted on Fig. 10. 

The non-steady state behavior of the (0001) surface of the high 

purity zinc ,was also studied, although not as extensively as for the 

grown crystal. The pressure versus time behavior as shown in Fig. 28 

is very similar to those of Fig. 21. The morphological development of 

the surface as a function ot time is shown on Fig. 29. 
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(a ) 

SOl1 

(b ) XBB 687 - 4175 

Opt ical micrographs of two types of pits duri ng the 
non- steady state sub l imation. (a ) is an a ct i vel y 
spreading p i t and (b) is i nactive. 
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XBB 687-4176 

Typical pitted area when 9Cf'/o of the cleaved surface 
had been annihilated. 
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(a) (b ) 

(c) 
XBB 685-2682 

Fig. 29 Development of (0001) sur f ace of high p ur i ty zi nc i n non­
steady stat e region as a function of t i me . 
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For the high purity zinc. sUblimation also proceeded by formation 

and spreading of pits, and stead~ state ~res6ures were attained when 

all of the original cleaved surface was eliminated by the spreading ," ~ 

pits. As observed with the grown crystals, some pits were extremely 

active and some were inactive in the sublimation process. , , ; '" " 

There were however several distinct differences. For the high 

purity zinc the concentration of pits averaged higher than for the 

, grown zinc. ~The initial pit densities for the high purity zinc ranged 

from 9 x 103 to 4 x '10" pits/cm2• These values are all near the 

, maximum density for grown crystal surfaces. All pits in high purity 

zinc had distinc~ hexagonal features, while the geometry of the ,features 

in pits in the grown zinc were not as well defined (compare for example " 

Fig. 26-a with Fig. 30). 

Figure 30 shows the regular ledge formation at the bottom of a 

spreading pit. Note that the great amount of irregular _relief and 

clover-shaped ledges which are seen in Fig. 26-a is not found in Fig. 30" 

although the two pits are depicted at about the same stage of surface 

development. Most of the large pits roughened on the bottom (Fig. 31) 

and the largest pits developed smaller hexagonal pits on their bottoms 

(Fig. 32). Absent were the swirling type of pits observed so frequently 

in the grown crystals such as those observed in Fig. 27. 

The non-steady state region for grown crystals with the edges 

exposed was also examined. Upon heating at constant temperature, the 

pressure increased with time in a manner similar to the runs shown on 

Fig. 21 (Fig. 33}. Pits developed and spread on the surface as before. 
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Fig. 30 Typical pi t formed on (0001) surface of hi gh puri ty zi nc 
duri ng non- steady state sublimati on. 

XBB 68 7-4177 

Fig. 31 Pits of the type shown on Fi g. 30 roughened with t i me. 



Fig. 32 
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XBB 687-4 178 

Pit developme nt within a large pit on the (0001) 
surfac e of h i gh purity zinc. Compare with Fig. 27 
for comparab le stage of deve l opment on grown zinc • 
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the sample observed had about 1 x 10lpitstcm2 , and the pits closely 

resembled those pictured in Fig. 22. 

Sublimation was also initiated at the exposed edi'es- at areas that 

looked like sections of flat hexagonal pits (Fig. 34). With time, the 

active areas near the edges developed relief similar to that of pits 

near the center of the (0001) surface i 

Once the entire original cleaved surface had been eliminated, the 

surface leveled and SUblimation in the steady state region failed to 

produce more pits. 

B. Correlation between Thermal Pits and Dislocations 

' . ' . 

. ' / 

, ; 

; , 

, " 

, ; ... .. :. .' , 

, , . 
\ ' .... " 

' .. 
, " 

} . 

" '\ '. ~ t : " I 

.. " , . : { ~ . Attempts were made to see if the thermal pits formed at points where 

,. ':'1 " dislocations intersected the surfa.ce. Several matching faces of cleaved ,/ ,'I: I'" , . 
~; '. ; , .. , 

.' . 
'. t r .. • • • 

, . 
C, " • . .. 

I ' 
~ , 

, ; , . 
. 1 

, , 

• • ." : ' r .:. ' '' . , 
, I " ~ ' , .... , • . " , "., ' • 

. , 

"':' , . .. 
,t .' 

grown crystals were thermally and chemically etched, and the resulting 

pit distributions were compared. Figure 35 shows an example of two 

matching surfaces. Cleavage cracks and scratches were effective points ' 

of nucleation of the active type of pit. Some matching halves showed 

bands of pits in the same areas which were running the same direction. 

However, the thermal pit density was always lower than tha~ of the etch 

pits. At points removed from'gross imperfections such as cracks and 

scratches, the pitting in the separate surfaces of some pairs showed 

absolutely no relationship with each other. The chemical etch pit 

density mignt be on the order of 105 pits/cm2 while the thermal pit 

density was only about 104 pits/cm2• 

In one series of experiments, s-urtaces were chemically etched, the 
'. i 

etch pit distribution was observed, and then the surface was thermally 

J, 
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XBB 687-4179 

Fig .. 34 Evaporation pits initiated at the crystal edge 
during the non-steady state sublimation. 

• 
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r---~- .. 

XBB 685-2679 

Fig. 35 Thermal and chemical etch patterns on two matching 
hal ves of a cleaved grown zinc crystal. 



etched so that the concentration and distribution of thermal etch pits 

relative to chemical pits coUld he measured. 

A typical area of a surface after this series of treatments is . , 

shown on Fig. 36. It i~ seen that thermal pitting toOk place at both 

etched and unetched areas, and that most points of dislocation inter-

sections were inactive in producing thermal pits. The possibility 

exists of course, that thermal etching at dislocation sites would be 
. . 

inhibited by previous chemical etching at these sites. But the concen-

tration of 'thermal etch pits formed was comparable with the concentration 

on surfaces which were not subjected to previous chemical etching. 

One surface was thermally etched and then chemically etched. Most 

thermal pits did not develop !chemical etch pits, and 20 times as many 

chemical etch pits as tnermal etch pits were produced. 

To further test whether thermal pits correspond to crystal defects, 

a grown crystal was cleaved and thermal pit patterns on t~e two matching 

halves of the crystal subjected to extensive thermal etching were compared : 

(Fig. 37). Pitting clearly tended to form preferentially for both 

halves along matched linear bands. But there was not complete matching 

for all pits. 

Therefore, it appears that cracks, scratches and dislocation inter-

sections are sources for thermal pitting, and only a small fraction of 

dislocation intersections became the origins of thermal pits. Thls 

, 63 59 
result is consistant with observations for other systems. ' , 

The ' thermal etch technique has been studied as a method for deter- , 

mining dislocation densities. Heat~ng in vacuo does not seem sufficient 
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(a) 

(b ) 
XBB 685-2680 

Fig. 36 (a) Chemically etched (0001 ) surface 
of grown zinc. (b ) Same surfac e after 
subsequent thermal etch. 



XBB 687-4180 

Fig .. 37 Thermal etch patterns on two matching halves of a cleaved grown 
crystal of zinc. 
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to produce a one to one correspondence between thermal pita and dislocations. 

It,is believed that a chemical ,agent must be present during heating. 

Close correlation between thermal pits and dislocation intersections 

64 ' has been established for silver heated in oxygen, chromium heated in 

hydrOgen,65 and copper with oxide impurities. 66 

It was found that surfaces prepared in identical ways from the 

same crystal rod showed wide variations in their rates of approach to 

the steady s~ate pressure. F.igure ,38 shows the rate of pressure increase 

up to a pressure about one order of magnitude less than the steady 

state pressure for 4 different samples of the grown zinc. The appearance 

of the various surfaces when the measured press'ures had reached this 

level is shown on Fig. 39, where Figs. 39-a, 39-b, 39-c, and 39-d \. 

correspond to curves, a, b, c, and d of Fig. 38 ' respectively. It is 

seen that the faster the rate of increase in pres,sure, the greater the 

density of thermal pits. Densities ranged from 1.3 x 103 pits/cm2 

for sample d to 3.8 x 10~ pits/cm2 for sample a. , The chemical etch 

stUdies revealed that dislocation counts varied from 3.3 x 10~ lines/cm2 

to 5.3 x 105 lines/cm2 for the most imperfect surfaces. This suggests 

that perhaps one out of every ten dislocations are active in forming 

a thermal pit. and that the variation from sample to sample as shown 

on Fig. 39 reflects the difference in dislocation densities. However, 

it is hard ·to believe that dislocation densities would vary over an 

order of magnitude in different positions of the same crystal rod. 

C . ' : Effects of Surface Contaminants 

A series of experiments were performed in an attempt to determine 

why the initial Bublimation rates are far below the steady state rates 
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Fig. 39 Appearanc e of the (0001) surface of various grown zinc samples 
at approximately the same non-s teady state pressure. Correlate 
these surfaces with the curves of Fig. 38. 
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and what ' changes in sample conditions are responsible for the widely 

varying rates of ap~roach to the ~tea~6tate. It seemed likely that 

impurities which became adsorbed in the ' crystal surfaces during the 

preparation of samples might markedly influence the early stages of 

SUblimation. 

Figure 21 summarizes results of experiments designed to see what 

influence crystal preparation technqiues exerted on the SUblimation 

behavior. d"urve a shows the behavior of a typical cleaved surface. 

The heating curve corresponding to this run 1 8 also given as curve t 

on Fig. 21. From comparison with the curves of Fig. 38, the thermal 

pit density ,.,as estimated to be on the order of 10 3 pits/cm2 for this 

particular sample. 

Steady state pressures were reached after 245 minutes . The pressure 

measurements were continued for an additional 100 minutes into the 

steady state region and there were no further changes in pressure 

except for minqr fluctuations which directly r eflected small fluctuations 

of temperature with time. The surfaces at the end of this run looked 

like that depicted on Fig. 22h. 

The sample was removed from the vacuum chamber, exposed to air at 

room temperature for 24 hours, and then was reheated with a heating 

schedule identical to that used in run a. The resulting pressure versus 

time curve . is curve b on Fig. 21. Steady state pressures were reached 

within 90 minutes. The sample of run b "as left under vacuo until it 

had cooled to about 345°K and was then heated as before. The result is 

shown as curve c, Flg" 21, where it is seen that the time required to 
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~ ''':.:';'.~.~''}.:.>; :'/.:::';' reach the steady ~tate pressure was reduced to ·'30 minutes. . :'.,: .. :::;< 

:,,',(~[,~t;;;'::,... The sample from c was then soaked tn l1qutd nitrogen and transterred::"~:;;i" 
, : .. ::.;, ... : ...... : ..... , ··.:.to a methyl alcohol batli.· .On heattng, the sample showed a rather fast" . ~...:~:<":;.:.:: :.:" 

steady state aB tndicated bT curve d of Fig. 21. The 'i:f:'i~":; 
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was examined by soaking" the sample from d in methyl alcohol for _: .>; _:\~{.::;:} ::} 

60 minutes. Orying in air. and';then subjecting it to a heating schedule <>:)/ ... \, 
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similar to that depicted by curve t. The effect of liquid nitr.ogen alone.;·.:<'·>.·::·::~:>': 

was w::t: ::~::r:::::l::'::U::: :~~ nitrogen. letting';;~"0!f;.'i;,;i 
: ' D. Discussion of Non--Steady State Behavior 

The atomically plan'e cleaved surface appears to be unique 

is a tremendous hinderance to the motion of evaporation ledges. 

'.: .. "\; ~".:.;~: .. :,!'< .. '" could not be determined with 'any certainty whether this was due to a 
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. : ':.-' .. :' ~':/::."/.' ';'.' . , . .: ::',;:.';,<::':: ... '::>" 
-:.\'. _ :':,: ',' ''',.'; .. :'.,,. / the steady state Bublimation kinetics and the nature of the cleaved .. :,.: :::'':- .; .... : -

:/:!ii:'!;""~?:U surfa:~ ::s: ::::a:::c:: ::: ::~ace contamination are impuri ty,':~t),<;:~:,~:: 
".(//~: .. :'~!;'.;::.;:::~;'~<: adsorption incurred during the handling at atmospheric conditions. the·:::':<·:··~-'>·· ~~;/ 
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" . :,i: ,.;;,,:.1, ./. '.' cleavage in liquid nitrogen, the transfer from the nitrogen -to the .'\" .. ' . 

·;::/,:{R<,:~;:, alC'ohol. and the soak in the alcohol bath. The experiments summarized;, ': 
. ':': ://. <\. ';,:) , I: in F.ig. 21 show that contamiilat1on ,of the surfaces reduced the' rate of 

/" ..... : .. ':: ... ': ... : approach to steady' state Bublimation. But contamination of a 'surface 

. ' .". . which had reached its steady' structur~ in no case produced as long a 
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delay in reaching steady' state as the 245 minute',period obServed with 

the original cleaved surface, An induction period ot '50 to ,80 minutes 

can be associated wit~ contamtnation of a steady' state surface, and 

the long induction period is in same w~ associated with the nature of 

the cleaved surface. 

It seems probable that the difference arises because the surface 

energy of a cleaved surface is higher than that for the equilibri~ or 

near equilibrium surface developed during uteady state SUblimation. The' 

experiments of Fig. 21 show clearly that contuuination by air and by 

the reagents used in sample preparation reduce the rate at which a 

previously heated sample approaches its steady state upon reheating. 

The non-equilibrium surface of a. newly cleaved sample should adsorb the'-

same imp~rities much more strongly than does a sample whose surface is 

at or near equilibrium with the bulk, and these were more strongly 

. r", 

:' 
" y', 

adsorbed impurities which could provide efficient impedence to zinc sublimation. 

The differ.ent types of pits illustrated on Figs. 23-a and 25 might 

have formed at dislocations of different character. 
6" Ellis 7 has shown 

that chemical etch pits in germanium could be classified into distinct 

types by appearance, and he concluded that the different types probably 

'reflected a difference in the screw and edge components of the dislocation. 

The difference between the long 'straight ledges formed during the 

'. initial pitting of the high purity zinc and the irregular ledges formed 

on the grown zinc may be due to the different impurity concentrations. 
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than l~dges within the pits. These observations are consistent with the 

interpretation that steady state Bublimation 1s obtained only when an 

I adsorbed l~r of various impurities has been broken and stripped aWaf by 

advancing cr.ystal ledges. Adsorption ot anY, given impurity such as 
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oxygen or water should be stronger on the'non-equilibrium cleaved 

surfaces than on the near equilibrium surtacesdeveloped during steady 

state sublimation. As a consequence the rate of approach to the steady 

state is hindered by both the absence of ledge sites from which zinc 

atoms can move to surface adsorption site3 and by the impedence provided 

to ledge advancement by the strongly adso~bed impurities. 

The evaporation coefficients for the (0001) and (loio) planes of 

high purity"zinc are unity even when the .:oncentration of actual sources 

of thermal ledges is less than 104/cm2. The sublimation flux is surpris­

ingly insensitive to pertubations on the surface such as the formation of 

oxide particles. and gaseous contamination. On the other hand, bulk 

impurities apparently play a very influenl;ial role in determining the 

rate of sublimation and the morphological development of the (0001) 

surface. A total bulk impurity content a3 low as 0.0013% appears to 

be responsible for the reduction of a from 1 to 0.7 and to markedly 

alter the surface morphology. Impurities promote the formation of pits' 

and ledges upon evaporation, features which are not seen on the surface 

of high purity zinc. 

The edges of the crystal are establhhed as be'ing very ready sources 

of evaporation steps and ledges. When the edges of the grown crystal 

are masked, evaporation ledges readily form at pit sources, which are 

presumably ~elated to dislocations. However, the flux of SUblimation is . 

not directly dependent upon the number of active pits on the surface. 

The pits from ~hich ledges emanate on the {o'ooll surface of the grown 
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zinc and are rendered unimportant once the edges of the crystal are exposed. 

. ~. 

'': . 



," " . " • 'T' 
", ;l, " " ... , -81-

," 
.1', _,',I '/ 

" :. '.' t' .' ,:~. 
The importance of dislocations in the' evaporation mechanism of 

j,,~(,"j).;~ 1'-: 
\ ":': ,.'. ' 

.. ' ;'" ... ,~ .-
;',' •• t,';'· 

0' ..... ' •• \ ' 

. ' . .-,.,:: .. :.' ,:' 

: • 4 \ .' ',,".~' • 

" I"" simple metals is not established with a~,certaint~. A variation of the, 
'I. < ".' 0,' 

dislocation density over an order of magnitude has no noticeable effect 
" , : ... " 

" . 
: . 

: : 
,',' , 

~" 

... '. 
on the experimental evaporation coefficient, The results of this 

", ~, 
.,.: ,. 

i. I.: ... , 
1 • :", ~ 

,,' . ;" . ~ investigation are in aPI:larent dis,agreement with the Hirth and Pound, 
" 

.,;' ". '.~. ", . J' '~' .. '.:', r:. 

;" .. ;:> ':~,::: '. prediction that a equals 1/3 for low index surfaces with 'less than 106 
• • .' I ....... I 

.' 

'.: " ~ . '.:,. ! .' 

, , 

,.'.; .. ~ o:~ , 
l ,.', 

.... ' I, 

", .. , ' 

.'. ,,' .' 

",,' ·i' 
'II '~: '~'j ~ .. f 

,:" ., , .. ' .. ' 

. ., 
I 

,! 

dislocations/cm2., A coefficient of unity was observed'for dislocation :" .' 

densitites r8:Il8ing from' 3 x,~lO" to 2 x '105 ,lines/cm2• 
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