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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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"f:;{jf SUBLIMATION KINETICS oF z1mc SINGLE CRYSTALS

Raymond Wing - Mar

Inorganic Materials Research Dlvi51on, Lawrence Radiation Laboratory,
and Department of Mineral Technology, College of Engineering, ‘

y ,'[’.C,#* T University of Californla Berkeley, California '

w *

e May, 1968
' - ABSTRACT _
f}k’ The kinetics of the free surface sublimation of zine single crystals

Were invest;gated using the torsxon—Langmulr technique in conJunction w1tht
optical and electron microscopes. Sublimation from cleaved surfaces took‘
place in two distinct stages, a stage of pressure increase with time .
'iff::followed by a stage .in which steady state pressures were measured. The

first stage was correlated with the formation of thermal pits on‘thev

" 'surface and the subsequent.increase in dimensions of the pits. Thermall

';one out of every 10 to 20 dislocations, as measured'by chemical etchiné'
:.;formed thermal pits. The cleaved surface was found to hinder the motion
Fi of the evaporation ledges. This hinderance is probably a result of j'xﬁ
:.Zstrong adsorption of contaminants on the cleaved surface.

Steady state pressures were attalned once the original cleaved '\;;s

o . surface had been eliminated by the spreading and coalescing thermal plts”

:;5',Rates of steady state sublimetion were determined over the temperature:f}

" range 525°K to 660°K. The evaporation coefficient, a, vas found to beAfﬁ.wi‘
s"'r-iunity for the (0001) surface of high purlty zinc ano the (1010) surface'?;gﬁfi.;.J”
" of less pure zinc. _The'(dobl).surface'was characterized by dislocation,:i:

- densities ranging from 3 x 10" to 2 x 10° 1lines/cm?, These results



',{ﬁgf;'during sublimation are described in detail. '

'_-vi; |

L

".contradict the prediction made by Hirth.and Pound that a equals 1/3 for

v'_Alow index surraces uhich.have dialocation densities less than 106 lines/cm2

Zinc oxide formed in discrete patches on the surface by the reaction

Zn(s) .: + 1/2 0z(g) = ZnO(s).

" The sublimation flux and surface morphology were surprisingly insensitive .

;'mi to the presence of the oxide particles. On the other hand, the effect of .“'

' bulk impurities on the rate of sublimation and the surface morphology
was apparently quite significant., While the zinc with no detectable

impurities yielded'a 1, less pure (99.9987%) zinc had an evaporation

coefficient for the (0001) plane of 0.7k ¢ 0.1. The (0001) surfaces ofife*"

" high purity zinc resembled flat plains with networks of interconnectingﬂlﬂf;“,iﬁ

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

. less pure zinc were pitted and 1edged.' The nature of the surface featureS‘f

'.ifnon the (0001) and (1010) planes for the two types of zinc which develop - -




~ theory of evaporation kinetics, The degree of mechanistic complexity:“?4

“expect marked differences between the sublimation mechanisms of mon-

.;1” mechanism for the simplest of these pfocesses, the monatomic sublimation’

' of metals, is not firmly established.

.~ for an expression for a, the evaporation-coefficient,vwheré a is definédé
vjf 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 -

f"explore the inception of the coefficient.

" rate of evaporation when he noted that the upﬁer'limit to the rate is 4“.

I, INTRODUCTION . © |

The subliﬁétion of solids has been investigatéd theoreticaily and{f”'"
experimenfally for many years, and there is still no generally abceptéd?;
varies greatly depending upon the nature of the reaction. One would : fgff
atomically subliming metals, compounds which dissociate or associate:;

upon sublimation, and systems which sublime incongruently. Even the'i?

A traditional approach to the problem of sublimation is to search

Hertzl was the first to formulate a theoretical expression for the;;

o vn P -
Jd = e= € v (a,)
' (21:ka)1/2 . :

This expression was derivedvon the assumption that the maximum rate of
evaporatio§ can never be larger than the rate at which,molecules.strike -
thg condensate under equilibrium’conditions.

Inri915, Knudsen2 found that the experimental rate of evaporgtign of :f

mercury was at least three prders‘of magnitude less than that predicted i

from the Hertz‘eqﬁation. He therefore introduced the quantity a, the
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'evaporation'éoefficiehﬁg into equation (a) so that the actual rate of .

evaporation would be expreased as

T2y ey

i (2mmicr)1/3

' which is the well known Hertz-Knudsen equation, It is seen that the

original historical definition of &, is the ratio of the observed rate

. of evaporation 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_"75f}"
‘cases the free surface flux is much less than that expected from equiliﬁriumf,'
"f  pressure data.3-5 However,'the coefficient provides no insight into

" the mechanistic details of the evaporation process.

Many theoretical attempts have been made to define the evaporation ,»f!w

;. coefficient. The development of the theory for the sublimation of
- metals is based primarily on the concepts as set -forth by Volmer.6
. Volmer postulated that molecules sublime via a stepwise process by

h " movement. from the bulk to surface sites of successively lo;er binding

Venergy. These various surface sites have been envisioned by KosselT

.- and Stranski,8 and their concept of the close packed surface is illustrated

in Fig. 1. : v

Volmer's stepwise concept of sublimation has been examined mathematically

by Knacke and stranski'® and more extensively by Hirth and Pound. 1012 ‘

- 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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Kossel~Stranski model of a close~packed

XBB 687-4159

- atom in surface
- atom in ledge

- atom in kink

-~ atom at ledge

-~ adsorbed atom

~ vapor atom

surface (ref. 9)e



cmlpm
atoms at ledge + adsorbed atoms (c)

adsorbed atoms + vapor (d)

All reactions prior to the first reaction, i.e, the atoms in ledge + atoms
in kink and atoms in kink -+ atoms at lédgé, are assumed to be very rapid
. 80 that equilibrium coﬁcentrations 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.

Hirth and Poundll have shown that for a perfect crystal,

Y 2 B ,
a = gy tenh 2"(1'%). P (e)

where Q is a constant gzvenTby (C/Ds)l/2 where Ds'is.the surface diffusivity,
end C is equal to ve Nt + Vv is the vibrational frequency of an atom
on the Burface..and AF) is the free energy of activation for the desorption
process. A is the distance between adjacent parallel ledges.

A study of the dynamicg of ledge behavior on a perfect crystal
shows that the edges of the crystal are a very ready source of ledges.11
The ledge to ledge spacing between adjacent parallel ledges reaches a
limiting value of approximately A = 6/Q. This limiting valué is some-

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



‘limiting condition imposea a limiting value on a of

" vacuum evaporation conditions.

bThe defects of greatest predicted effect on evapOration kinetics are
. dislocations intersecting the surfece with a major screw orientation .
" because screw-dislocations act as efficient sourcee for ledges. Hirth‘f
o il*};f and Pound estimated that at concentrations in excess of lOGlcm-z,'screw:?

"dislocations can increase o in vacuo from 1/3, as .otherwi‘se predicéed,

- to unity.

.~.’

ledge velocity is ‘one one-hnndredth.of the maximum 1edge velocity. Thisiv'e

P o . e
P 3 . o . (£) e

2
.
LD]H'

P is the background pressure, and P/P_ is usually zero under ordinary -

A very important question is to what extent crystal imperfections};ﬂ
inherently present in real crystals will affect a. Hirth and Pound

have discussed such effects as pores, grain boundariee, and cracks.ll’lg,ﬁ

13

The role of screw dislocations in the process of condensation has

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

o spiral growth rings'at screvw dislocations can produce'crystel-growth

from the vapor phase at vapor setﬁratione which aceording to nucleation
and growth theory should be otherwise ineffective.lh—l6

Evaporation about & screw dislocation has been mathematically
analyzed by Cabrera and Levine.17 The evaporation steps are expected
to be essentially the reverse of those followed in growth at spiral

dislocations.

Reported values of a for metals generally line in the range between °
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‘. ©  less than unity for silver,

. Johnston, and Ditmars

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

-6

[,

0.1 and 1.0.18’19 ‘Various investigations have reported coefficients of

20,21 22,23 . 2l 25

gold,  tellurium,

berylliunm,

and titanium,26‘however, in all cases there are reasons "o question the-'{;i;55“

27,28 29

validity of the reported values. For silver and beryllium,

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

30 £ind o to be unity for titanium, and feel that

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

7. emissivity value. Although Metzger25 quotes e value of & = .4 for
ﬁiff tellurium, he admits to a large uncertainty in this value and concludes

" that o may lie anywhere from .1 to 1.0.

Free surface sublimation rates at unequivocally known surface

'Aﬁ have been unconvinced that;investigators vho claim less uncertainty'than:fiﬁ%--“
;3'the.factor of .25 - 2.5 conceded.by Metzger are being realistic.

As of 1957, Hirth and Pound considered that no existing data provided : :'“‘>

’;éva convincing test of theif prediction that o would be 1/3 for large low |
;:E:index crystal surfaces with low defect denbitiés.‘ Accordingly, they

(" attempted their own test with silver and found o = 0.4.%° But Hirth and

"ﬂf‘ Winterbottom28 subsequently found « = 1 for silver and cbncluded that

X Hirth and Pound's resulﬁs were in error because of surface contamination
'.from poor background pressures. ‘Hirth and %interbottom concluded that

V'theirlgwn date 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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subliming metallic cerystal has heen extensively reported, Zinc was

" temperatures below the melting point is high enough for convenient

o relatively free of macroscopic faults can be obtained because of the

between vapor pressures collected in different apparatuses are common.

_l._;*(.‘._'

N o

" studies of Hirth Pound and Wlnterbottom, no other study of monatomically

chosen as the metal for study for a number of reasons. For zinc the

31,32

only important vapor species is the atom. The vapor pressure at - .

measurement, High purity zinc crystals are easy to grow. Flat surfaces;“?

easy basal cleavage of zinc at liquid nitrogen temperatures., The etch

pit method can be used to determine dislocation positions and densitieé:i,:'l”

33,34

on the various planes. Previous etch pit work on the basal plane ofﬁf :

. zinc had shown that dislocation densities as low as 10% - 105 lines/cm? aréjf?ﬁﬁi,

not impossible to obtain. h’35 Such levels,. according to the Hirth and

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

‘_ilfor large, perfect, low-index surfaces.

A primary concern of this investigation was to compare the free _,ﬂ \;53;1“"

" surface sublimation rate with equilibrium pressure data collected under ﬁ""\

as closely identical conditions as possible. Systematic discrepancies

36,37

Determination of free surface sublimation rates by the torsion-Langmuir
technique and equilibrium effusion rates by the torsion-effusion technique38f39_
in the same vacuum system assures cancellation of most systematic errors

that influence measured values of a.,
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. II. EXPERIMENTAL
: - A.__Apparatus
The torsion-effusion apparatus is schematically represented 1n
Fig. 2. The furnace consiated of thirteen 80 mil tungsten ha1rp1n
;:f heating elements arranged in a circular array 11.5 em in diameter.
: Tantalum heat shields were placed aﬁove, below and surrounding the
:ﬁ;l;;% ;:{tl_ hairpins. The electrodes were water cooled copper plates and the
';fxftit J{: furnace was placed in a water cooled stainless steel vacuum shell.
. | The torsion cells weré made of high purity graphite. The celi
”tt design permitted equilibrium data and free surface sublimation data.tq.~

;i;be collected with essentlally the same cell. The basic parts of the

2‘;~ cell as illustrated in Fig. 3 are the cell block, Knudsen ceills, Langmuir.3~t

:}]it- orifices and Knudsen orifices. Figure 4 shows the cell assemblies used 4

“F vi to determine the equilibrium preésures and the free surface sublimation

‘. pressures. The‘hole in the top of the céll reduced the fossibility
that zinc which evaporated from the rear face of the crystal wafer

;, might escape in a manner’that would contribute‘sfgnificantly to'the

' measured torque. The possibility is small for substances with a near

«
TS oo

.;unity; for such substances, molecules that evaporate in areas not exposed.
by the orifice are reflected from the graphite holding disc back onto

. the turface and recondense. The feature is more important in measuring

.the free surface flux of a substance with a very sﬁall evaporation
coefficient 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 & result of effusion of vapor from the eccentrically
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Fig. 3. 'Torsicn cell parts
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"', rod, was used in cénJunction,with.é pinhole light beam source and a

Cal2-
;'A'placed orifices,'the top of the suspension system was twisted in the
i Oppoéite direction to keep the cell in its original orientation. A

galvanometer mirror which.wés attached near the top of the aluminum

} ’Q

’ ., 8cale upoﬁ which the light beam reflected from the mirror to fix the

“if‘null position. .The angle of twist required to restore .the cell to it
null position was recorded to the nearest .001 degree by means of a

- modified goniometer. The angle of deflection was converted into PreBBurGB:'km”:'

-’ by the following relation:

‘ 2D8 B
P= z—a—i-—-——- | . ()

”;:’Vlif where 0 is the angle of deflection, 9 is the distance from the center-"

n,“;':*“of orifice ito the‘axis of céll rotation, Ai‘is the area of orifice i, -

*fQ,j' and f is the correction factor for the nonideality of orifice {i.

bour .

. D is the torsion constant of the suspension system which is calculated from

a2 (1, - 1,) . . :
D=“ 1 = L2 (1)

t7 - t§

"2{ vhere I} and I, are moments of inertia of two different calibration

. discs and t; and t; are periods of rotational oscillation associated
with each disc.

To ensure,that no extraneous leaks contributed to the measured
torque on the cell, aasemblies which contained zinc sampies but in
" which no orifices were.drilléd ﬁere heated to temperatures of 620°K.

' No significant deflection was found,
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'C. Temperature Measurement

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

was very poor, the region in which the temperature was constant within -

2° being less than 1,5 cm in length., 1In ordér to improve and lengthen.
the constant iemperature region, a'7.5‘cm diameter cylinder fabr;éated;z  Tl
of 6 mil copper was placéd between thé torsion céll and the tungsten
hairpins. This arrangement provided a 5 cm zone in which the temperatufé iff;fi1
was constant within 2°. o ‘ |

The tempefature of a torsion cell placed in the middle of the cohstant";g .

lyemperature zone was plotted against the temperature of a chromel-alumel  g>5'

. probe thermocouple pléced Just below thé cell to obtain a calibration  5;.?
‘ t’curve. Temperatures of the gell dufing the runs were obtained by ‘ A
correcting the measured temperature of the probe thermocouple with the_;gqf;;f~f“-'

" .calibration curve. The calibration'curve was checked periodicallj

throughout the investigation, and no significant change in the curve
was ever noticed. The difference in temperature between the cell and‘f_j;;:i;'ﬁﬂ'
:.the dummy thermocouple ranged frém +5° at 330°K to a -4° at 6T70°K. |

The thermocouples were calibrated by megsurements-éf the melting

. . points of lead and tin.

1

D. Sample Preparation‘.
Crystals were érown under argon in graphite molds by the well;kndwn
: Bridgeman technique. A rate of 1.3:cm/hr was used, The crystals were (v*{ffff 
formed as rods 3/8"‘in diameter with the rod axis coinéident with the |
growth axis,and‘with thé plane of inferest perpendicular to the growth‘

axis,



b

_ '.disingieﬂcrretel rod bnrcheeed from'SemieﬁiementedInc.'wes eleo;ff;fii* :
:yﬁftused in this_inreetigation. Their.cryatal'was.e 1/2" diameter rod
]é'éjggrown by the Bridgeman technique in a pyrer mold with the rod axis

\}ff:perpendicular to the baaal plane, Because rods grown in pyrex molds .
are susceptible to surface pitting, the rod vas acid machined to a 3/8ﬁ;;&;:" o
B diemeter. | v |
Spectrographic enaiyses of zinc eamples used in this;investigationfif?'
:_are given in‘Table I. The commercially purchased zine: will be referredfik
tho as high purity zinc since the most obvious difference between the two;j
. types is that ‘the commercial crystal was much purer. '
| Most of the free surface sublimation studies were made with the

{{basal plane of zinc. The‘crystal rods were annealed in vacuum at a

ﬁ;temperature of‘350°c forTOne hour. Rods were cleaved at liquid nitrogen

?itemperatures. Cleavage deformation was minimized by cleaving thin

‘7wafers from a large rod until a smooth surface was obtained on the
ifbnlk rod. Then.a wafer about 5 mm thick was cleaved from the rod and:dﬁ?l_a“:J:jlﬂ
;iused in the free surface sublimation runs. This technique enabled |

:‘most of the cleavaée‘deformation to be abeorbed by the thin wafers and."_

. not the surface of thé bulk rod which eventually became the surface of

mffstudy.‘

| To reduce contamination from weter condensation on the surface, the ;‘d
'“ti;Acleaved crystal was transferred to a methyl alcohol bath in a glove

R B " box that had been flushed with and bathed in argon, The crystal vas

o kept in the methyl alconol until it varmed to room temperature, was

. 'aried in a stream of air, and was stored in a dessicator until used.
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Table I. Spectrographic analysis of zinc samples '
bulk . grown purchased
element zine crystal crystal
~zine principal constituent
iron ,0050% -— ’ ' —
copper .0005% - . .0008% R
silver .0005% .0005% ——
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A humber"of ex§er1ments were carried out on the (1010) plane.

7{ The prismatic surface was prepared by first growing a crystai oriented  '.;} ;’

X ., " with the prismatic plane perpendicular to the rod axis, Then cuts TTE;;}Q%'f,5 

}1 perpendicular to the rod axis were made with a spark cutter, giving - 'Vf‘_ . Ty
- wafers of about 5 mm thick. The surfaces were mechaniéally polished
.- with paper of Nos. 0, 00, 000, and 0000, The final polish was performed ‘.. . " " =

A{~with a polishing‘solufion of lu alumina suspended in kerosene. Polished ;f

‘e,
-

- samples were rinsed in acetone, and stored in a dessicator until used.

E. Dislocation Density Measurement

Dislocation densities and position intersecting the basal plane

" were determined using the etch pit technique. A solution of .5M HBr
33

J;Ain ethanol, which was shown by Rosenbaum énd Saffren™~ to be a suitablégf'i»gzth 
.’« etchaﬁt, was used in this investigation, The'usual étching procedure
‘Q vas to éip thg crystal into the étchant with the-surface of interest
o facing upward. After the etching .period which was about 5 seconds, the?f?{k“ial¥f

' sample was washed in efhanol and dried in a stream of air.

.
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III. KNUDSEN EFFUSION RESULTS AND DISCUSSION -

Measurement by different investigators even for an unreactive metal ~w.ﬁi.*o;

v‘ such as silver have yielded a variety of different pressure versus
temperature curves.hz-hh Therefore, & comparison of free surface
pressures collected in one laboratory with equilibrium pressures measured

in another cannot be trusted to yleld reliable evaporation coefficients.

of temperature as a check on the experimental apparatus and technique,
and to ensure against serious systematic error.

Knudsen effusion data were collected in the range 510° to 690°K.

-‘The orifice dimenéigns‘are listed in Table II. A Variety of combinations {5;f"*'

- of orifice areas and torsion wire diameters was used in order to extend}

' 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

o .

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, . -~

f-_\Accordingly, the equilibrium pressure of zinc was determined as a function fn% :;

b x

'1'.: the range of pressures from 10 * to 10 / atm and still maintain a large“‘f5!*557i

© " and stable angle of deflection. The zinc used for the effusion runs were. f?”5"'

y

' ';:",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
log P, = ~(6,683 ¢ ,095) 22 + 5.803 + (.029) (1)
3 8 a.tm [ [ . T . . A

The equation is represented by the dotted line of Fig. 5., Using the
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'f‘v--"’f"“ f Table II. Orifice dimensions .

' “”Lft*ji ' type of - .- :" orifice . channel _ - force
L ~ experiment diameter - - length " correction
o ~(cm) S (cm) ' factor

. Knudsen- ¢ . . .2376 . .15k 6746
. effusion ?;‘l_ﬂ*f 2365 JA575 L6704
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‘Teble III, * Equilibrium vapor pressure of zinc

. . orifice -wire temp, press, orifice wire temp. press.
/.. diameter size (°K) (atm) = diemeter size (°K) : (atm)
i (cm) (mil) N (cm)  (mil) e

1075 . ,2376 1.5 ST0  1.608 x
1076 2365 595 = 5.124 x
10 6. : S 573 1.895 x
10_6 3 ;583 3,072 x
105 St o, 586 0 3,432
105 .. a2 .8TL. 0 1.529

o s 592 b 482
106 .. i Gh 563 1,090

e ,2376 2,00 61 2.6h3
Bt 42365 578  2.320
L g 593 ° L.820
“. 609  8.520
. 630 - 2,005
- .635 2,488
e WLl 638 2,865
o TR e 6ok U 7,001
R A e D01 628 2,032
S Lo o Y 6160 - 1,115
GO A e e e 59T 5,132
Db e 62T - 11,805 SRR .
et Rto 59T 0l 5,320 x 1006 .0 0 o w530 3,223
AT T v _o e T 55T ¢ 7.686
sl 0099 2,0 - 600 - 6.064 x-10°6 - ol 5230 1,423
00,099 T . 637, 2,928 x 105 i ' 548 - 5,078
o ) -. 638 " 2.470 She IS0 8190 7 1,096
" 657 . 6.070
67T - Ll.0T1
© 683 - 1.W19
"o 664 - T.641

L

2075 ..,2376.. 1.0 7 515 8.620
1076 . .2365 .0 > 533 2.093
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pero et 5330 2,627
10 4 519 - 1,099
107%: oL 535 3.069
105 e 5530 T.072
L , .t 55k 7,355
"0 .3050 ¢ 1.5 - 570 . 1.488x106 - . . 569 1.465
. ,3050 . . - 565 1.164x106 - - . " 518 ° 1.009
sl : © 552 6.h02 x 1007 0.l - 528 1,883

- 5h2  L4.009 x 107 ...+, 519  1l.101

© 533 2.564 x 1007 % S . 519  1.005

e ‘ : _ R V- ¢ 2.160
2540 . 1,5 55T 9.949x107 - . 5k9 - 5.117

2542 571 1.795x 10 6 = .. 536 2.732

o 588 °  3.704 x 1076 . .. 538 3.118

. 604  T7.224 x 1076 B 525  1.636

© © 7 611 - 1,049 x 106 o 539 3.301

593 4.k02 x 1076 : .- 523 1.526

. 567 1.308 x 10°6 - s 522 1.532

S48 . 5,072 x 10 6 534 2,518

_ 532 1.904
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L2540 1.5 578  2.kol x 108 5716  2.137 2
2542 600  5.841 x 106 585  3.110 x 10°®
550  6.231 x 1077
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diam wire

© {em) (mil)

& .30 1.5]
© .25 1.5
A .23 2.0

@ .23 1.5/
© .23 .1.0
v .10 2.0,
® .25 1.5

| | s 1

—— Hultgren et al. (47)
——=— this investigation

‘grown
zinc

- high
purity
zine

107¢
1.3

Fig. 5.

1.7 : - 1.9

1/T (1073 °K71)

Knudsen effusion results for zinc.
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oo ’i;f"fgfi;‘would produce an 8% error in the value reported for a.

| w2l

';,_  free energy fdhctiona tabulated by Stull and Sinkel:5 the average third . 3;.L;: =
lav heat of sublimation is calculated to be dggq ='31.294 + 075 as
compared to Aﬁzsa = 31,245 ¢ ,050,. reported by Hultgren, ~rr, Anderson,’ oL

' ‘“5_'-and Kelly 46 from a critical evaluation of 15 different experimental

"ot - .gtudies. |
' .ﬂ As seen from Fig. 5, the eqnilibrium data collected in this investigation =
‘ o e
N are in excellent agreement with.the values accepted by Hultgren et al..- '

' “.'1 7 The difference at 540°K expressed a8 e difference in the third law

heat of sublimation is only 0.2%. This difference, however, if uncorrected if}f;ft
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IR iV. STEADY STATE FREE SURFACE SUBLIMATION

E A; Evaporation Coefficient Measurements

" The free surface sublimation pressures are presented’in_Table IV,;;:LT
~and plotted on Fig. 6. The solid line represents the equilibrium data; :Qi;ff-.;‘

‘1ﬂcollected in this investigation. Table IV also contains values of a

S S e e e e e
sl T e P

* calculated from the ratio of each free surface pressure to the eqnilibrium;_'uz
*. pressure given by Eq. (1).

The evéboration coeffioienta measured from the (0001) surface of‘ :

‘the high nurity zinc=afereged 1.1 ¢t ,08, The e#aporation coefficient ;‘~
gf_for the (10I0) snrfece of tne grown zinc averaged 1.02 *'.99; In contrestlff
\Qf:the evaporation coefficient for the (0001) surface of the grown zinc ;f‘.fsgﬁ
iiﬁaveraged .73 ¢ .08. All uncertainties listed are standard deviations
uefrom the mean. : -"nfbfiﬁ‘ﬂ{
‘ Langmuir data from different pianes. different cryetal sources, .
5?iand Knudsen data were collected 1nterchangeab1y throughout most of :
ti:this investigation' therefore, the marked difference in behavior of the
“" (0001) plane of the grown zinc from that of the (1010) plane of the grown
‘:a?crystals and from (0601) planes'of the high purity crystals appeared to |
;::be real. Conclusive proof that o was different for the (0001) plane of .
i:;the grown crystal was obtained by the use of a differential torsion cellfft;"t'
f}'};tonhich had two sets'of orifices arranged so that the torque produced by -

( vaporization from one pair of.surfaces opposed the torque produced by I
evaporation from the others. The differential torque from the (0001)
an& (10310) surfaces ﬁas measured, By proper combinations of orifice

" area, wire constant, and temperature,vdeflection angles of 5 -~ L40° were
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Table IV . Free surface sublimation results

surface temperature pressure o
ta (atn)
(ooo01) ' 5Th4 1.915 x 106 1.08
. high purity 656 7.847 x 10”7 1.13
zine 591, 3.981 x 10~ © 1.06
57h 1.967 x 1076 1.10
, . 558 9.605 x 10~/ 1.2k
. - 583 2.676 x 10°° 1.01
593 4.067 x 10°6 .99
595 %.370 x 10~ 6 .98
546 5,528 x 10~/ 1.29
530 2,422 x 1077 ., 1.21
(0001) _
grown zinc 604 5,122 x 106 N
629 1.511 x 1079 .79
630 1.539 x 10 ° .56
578 1.896 x 10°6 .87
621 1.109 x 10_° .80
557 . 1.783 x 106 .85
558 - - 5.666 x. 10”7 .68
556 5.149 x 1077 .66
564 . 8.585 x 10 7 .75
546 3.173 x 10_7 .70 -
564 8.999 x 10 7 .78
537 2.397 x 10 7 .81
531 © 1.870 x 1077 .88
556 4,814 x 1077 6L
| 539 2.352 x 10_7 Th
' . 560 6.350 x 10 7 .67
573 .1,264 x 1076 .76
576 1.333 x 10_6. .69
572 1.282 x 10 &~ .19
575 1.240 x 1076 .65
573 1.1k x 1076 .69
575 1.27h x 1076 L .67
: 571 1.011 x 10 6 " .67
' 575 1.097 x 10_6 .57
517 6.690 x 10 8 .70
516 7.797 x 108 .85
535 1.670 x 10 7 67
563 8.577 x 107 .78
637 2,298 x 1077 .76
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< surface | o temperature pressure : PR
' | {°x) | (atm) <

o
i

2. "(1010) S o
. ‘grown zime = . - 570 1.472 x 1076 1.02
SRR R Y & § 9,997 x 106 1.07
S o . 529 . . 1.952 x 10’ : 1.02

Sl o e 2,293 x 107 - - .96
2,189 x 107 . . - - 1.00
2.635 x 1006 - .90
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Pressure (atm)

104
| ' diam wire .
gcm!‘(mil)
ﬂ
A .53 1.5 (0001)
B .50 1.5.} grown
% 1 v .30 2.0 zinc
10"5_; ) v : -
9 (0001)
high
B v & .53 1.5} purity
: zinc
. ’ )
@ - (1010)
- B .50 1.5 grown’
1076 %\ A .35 1.5 zinc
- 4§Q . |
N
1077 |—
1078 ] i | | I
1.6 1.8 2.0

1.4

Fig. 6.

_'.i/T (1073 °x™1)

Free surface sublimation results for zinc.
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luf,orifice orientation or orifice dimensions might cause a significant

'f‘obtained.- To protect againet the poasibility that the direction of T.igfgfri

,”"differential torque, the crystals were interchenged and the measurementeff"-' B

- were repeated, The orifice dimensions. are shown in:Table V. -The data r,;'7"ﬂ'uw

/. are collected on Table VI.

If one accepts Eq. (i) as the pressure for the (1010) surface,

"% .then the basal plane is calculated to have an average eveporation

' coefficient of 0.T1 * .0k from these differential runs. This is in

. absolute Langmuir runs.

B. Chemical - Etch Pit Measurements

The experimental evaporation coefficients for the low index crystal

f faces studied were clearly higher for all crystals and planes studied

~

*'low index crystal surfaces.n’12

f“of screw dislocations. High, but different dislocation densities in
" the grown and high purity zinc.crystals might explain the high, but

" " different values of a which were measured for the crystals from the

Y7 different sources. Accordingly, chemical etching was performed by the

33

if‘methcds developed by Rosenbaum and Saffren - and previously used by Ruff.

Chemical etch pit counts were made fcr'six'aamples of‘grown zinc

. " and three of high purity zinc. Counts ranged from 3.6 x 10“ pits/cm?

" on the most 1mperfection-free surface to 2,1 x 10° pite/cm2 on the most
imperfect surface, Some samples displayed high and low etch pit density

regions on the same surface, with densities varying from 9.2 x’ 103 to

But the theory predicts that' o will.be

35

.....

- excellent agreement with the value of 0.73 t .08 as calculated from the'¥?'1f%”‘{:

_than the value of 1/3 predicted by the Hirth and Pound theory for perfect, fiﬂ;«“"

_ greater than 1[3 for surfaces which are intersected by a high concentrgxibﬁﬂf,:“ma
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“Mable V. Orifice dimensions used in differential»ceilt

orifice channel force
set® diameter length . eorrection TA¥®
(em) - . (cm) factor

A

5236 . .1163 . - 8634 .. .1859

4862 - knife edged ~  1.0000 1857

to.s23h 0 123k .8565 “‘J .1848

.h883.‘:: : knife;edgeﬁ o ‘1f0000 . .1869 -

3726
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'_ Table VI. Differential torsion cell results

i | temperature . - . Ae*

°k) o (Qee)

A pressure
' (atm)

512 . ;,f.z 15.155

569 .,f-.’.f;-: 1k.100
S0 o 13.803

589 . <f.t”?1@fi'18.720 L
ag.ges
12,760

sk

SSh o 3,690 -

.62 x 1076

.57 x 10 6 -

. .55 x 10" 6

20 x 2008l

o 6k x 1078, e

23 x 1076

oo .65 x 1076 -

.94 x 1076 v,;

v T3

% 4 1f (1010) torque > (0001) torgue

* Dok
.

- if (1010) torqué < (0001) torque

L e based on the assumption that %(1010) = 1
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6.0 x 105‘p1ts/cm2. Fortunately, the high density areas were usually
confined to visibly distorted areas near the edges of the crystal, and

the area definéd by the orifice could be chosen from thé moré perfect

center porfion of the crystal. No consistent différénces in the dislocation
densities between grown and high purity zinc were found.

C. Morphology of Surfaces During Steady State Sublimation

Because the kinetics of sublimation reactions 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 scanhing electron microscope. The (0001) surfaces
of the grown and high purity zinc.were distinctly different from each
other and from the (1010) surface.

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. T. The features
varied slightly from sample to sample. On some, the ridges met the flat
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). TheAlargest pits were on
the order of TOOp in diameter and the depth.of the pits ranged from
100y to ones Just starting. Some surfaces were coppletely free of the
large pits and the entire surface resembled the fiat area between the
pits on Fig. 9. This type of surface is shown on Fig, 10-a. Figures

10-a through 10-f show successive stages of surface development, Upon



(b) XBB 687-4160

Figs T. (0001) surface after evaporation from
different samples of high purity zine.



]~

(b) XBB 687-4161

Fig., 8. Ridge features on (0001) surface of
high purity zinc.



B

XBB 687-4162

Fige 9 Typical (0001) surface of grown zinc after evaporations
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XBB 685-2681

Figs 10 Development of (OOOl) surface of grown zinc during 4st'eady
state sublimation,
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further sublimation the surface of Fig. 10-a starteﬁ to develop pits.

. Throughout the sublimation, a number of small pits of the kind seen on
"Figs, 9 and 10-a vere formed, but only a few pits ever réached macroscopic :
- sizes. As seen from comparison of Fig., 10-f to'lo-é, when the walls

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

The macrdscopic pits were flat bottomed (Fig. 11) and the sides
were composéd of a number of very closely spaced ledges. (Fig. 12-a).
Figure 12-b shows the ledges which characterife each of the six sides
of the hexagonal pit walls, and Fig., 12-c shows one of the areas in
" which ledges of two such wall sectlons meet. fhe steady state pressures
- sho&ed no measureable variationslduring these changes in surface structure.

An examination of the flat area betwéen the large pits showed some
portions to be very flat (Fig. 13-a), with no relief visible at magnifica-
tions as high as 30,000X'except‘for rather réndoml& spaced small
* hexagonal pits. Other areas were composed of widely spacéd ledges
(Fig. 13-b).

Small hexagonal piﬁs (see Figs, 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/cm? in the
densest areas to 3.0 x 10% in the sparsely populated areas. Diameters
of these pits were on the order of 1-3u, Whatever the cause of these
sma;} pits, they were usualiy ineffective in altering the ledge motion as
it is seen that thé ledges develop as if the pits were not there, |

The pits from which the macroscopic pits developed were examined



Fig. 11 Flat bottom of one of the

XBB 687-4163

macroscopic pits of Figs. 9.



(e)

XBB 687-4164

Fig, 12 Ledged structure on the side of
the macroscopic pite



(b) XBB 687-4165

Fig. 13 Flat (0001) surface between macroscopic
pits of Fig. 9.
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at higher magnifications, It was found that thesé starting pits had
tiered walls that steépened with depth and appeared to emanate from one
of the sﬁall hexagonal pité Just discussed, Eiguré 14 illustrates this
point quite clearly, Thése steep sided btts 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 étill actively deepening and the pit on the right is flattened
on the bottom. A large macroscopic pit developed only if the penetration
depth was 1argé before the pit started to flatten at the bottom. It
is apparent from Fig. 14 that the presence of one of the 1-3u 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 hagnifications are
shown on Fig., 16. Figures 16-a and 16-b show different stages of
development. The ledge striations are predominantly in one direction;
however, Fig. 16-c shows that the ribbed features 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 fo grow on thé surface, The particles were like flaky,

loose growths from the surface, While the particles formed in patches



-39~

(b) XBB 687-4166

Fige 14 Pits starting in the (0001) surface of
the grown zinc which eventually developed
into macroscopic pits.



O

XBB 687-4167

Fige 15 Pits in the (0001) surface of grown zine at
different stages of development.



XBB 685-3105

(b)

Fig. 16 Surface development on the (1010) surface
of the grown zinc.
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and along ledges on the grown zinc, they wére mainly congregated along
the ridges of the high purity zinec, These particles congregated at the
tops of the péaks on the (1010) surfaces. |

Ledgé motion in the growth of macroscopic pits is hindered by these
particles (Fig. 17). Many of the particles were remarkably mobile
and it is seen on Fig. 10 that they were pulléd along by the prismatic
side faces of growing pits,

The pa;ticles 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 microscope. Through the use of
an optical microscope prior to the preparation, fhe white ridge areas of
Fig. T were established as the surface regions whére the particles
collected and masked sublimation of the zinc.

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 ziné. However, the microprobe analysis is not conclusive

" because it is relatively insensitive for carbon analysis and is not well
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XBB 687-4168

Fig. 17 Interaction between evaporation ledges and a second
phase particle on the (0001) surface of grown zinc.
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suited to analyzing rough surfaces, It was found by experiment that
samples grown in quartz molds and samples sublimed in alumina cells with
alumina orifices developed the same surface particles,

The particles are .thought to be Zn0, produced by the reaction
Zn(s) + 1/20,(g) + Zno(s).

Using the thermochemical data for Zn(s), 0,(g) and ZnO(s) as tabulated
" by Kubaschewski, Evans and Alcock,h7 the free enérgy of this reaction
was calculated at temperatures ranging from 470° - 690°K. The free
energy of reaction was highly negative at all temperatures. At 575°K ‘
oxygen partial pressures less than 107 5%tm 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 vere a few extra lines. BSpacings of the extra lines corresponded
with spacings expected for ZnO, but their relative intensities did not
correspond with the relative intensities expected forArandomly oriented
Zn0. This fact does not negate the possibilipy that Zn0 was formed
for one would expect that ZnO, if formed, would be strongly oriented.
The two strongest lines observed corresponded to the (202) and (101)
planes of ZnO.I

The volume of particles formed on the surface was less dependent

on temperature than was the zinc sublimetion rate., A surface held at
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" about 4T0°K for more than twelve hours was heavily laden with the

particles although the surface recession due to evaporation was relatively
small. A sample evaporatéd at about 620?K for less than ~0 minutes
underwent greater Burfacé récéasion, but showéd considérably less particle
formation,

This temperature dependence is reasonablé if these particles wete
Zn0 formed by the oxidation of zinc, because, for oxidation, the rate
may be determined primarily by thé rate at which oxygen is supplied to
the surface. The temperature dependence 1s not consistent with the
assumption that the particles are impurities'from the zinc. For impur-
ities 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, 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 fluffylparticles relative to other parts as a result of variations

in charges.
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XBB 687-4169
(b)

Fig., 18 Structure of zinc oxide particles formed
on a purposely heavily laden (0001) surfaces
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Because zinc oxide should form by reaction of zinc and oxygen at
the background pressures in the vacuum chamber, and because all the
measured propértiés of the surface particles are consistent with those .
expected for zinc oxide, it seems certﬁin that théy 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 1aw.51’52

It might be expected, therefore, that oxide
formation would produce a protective coating that gradually would reduqe
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 wﬁy 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 probaebly dropped off the vertically held surfaces.

Hirth and Pound in analyzing the dynamics of ledge motion have
shown that crystal edges are very ready sources for evaporation ledges.11
_ Accordingly, expefiments 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 during sublimation. During

' the course of numerous runs on numerous samples, pits of the sizes
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shown on Figs, 9 and 14 neyer developed, Instead, ledges were seen
to be generated at the crystal edgés. Occagionally an area would
develop a féw pits'of the type shofn on Fig, 10—b; but thésé pits
never achieved macroscopic Bizés.

Fig. 19 shows how most of & grown crystal surface looked at various
magnifications. There were no ledge féatures or pits on the relatively
smooth surface. The zinc.oxide-ﬁarticles formed in randomly spaced
little clumﬁ%. The surface was flat enough for subgrain 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 subjJected to the same
proéédure is shown on Fig. 20. The surface was pitted and ledge, although
there was once again the absence of large macfoscopic 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. Discussion of Steady State Behavior

The surface features on the high purity zinc resembled those
observed by Hirth and Winterbottom28 in their work on silver., Frank's
topographical theorys3 has been used in conjunction with the Hirth and

Pound theor'yll’12

to describe the surface morphology of the silver.,
Hillocks or ridge formations vwere attributed to an impurity effect and -
the shape of the area between hillocks was treated theoretically by the

- Frank theory of .topography,
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(0001) surface of grown zinec which sublimed with erystal
edges exposeds Comparison with Fig. 19 shows different
behavior of different crystal batches.
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In this investigation hillock formation for the high purity zinc
is associated with zinc oxide segregation,

Evaporation pits originating at screw dislocations in the manner

T

analyzed by'Cabrera and Levinel aré not éxpectéd to be observable by
the microscopic techniqués used in this investigation. The development
of Cabrara and Leviﬁe hgs shown that thé spiral 1édge to ledge spacing
attains a limiting value of d = 1990 within a véry short distance from
the center of the dislocation. Po iz the critical :fadius of two dimen=

sional nucleation of adsorbed atoms, and is given by

ST
¢ kTin C/Co

where y is the surface free energy, 1 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/cm% from the expression

54
nAHBub

Y= "ﬁﬁ;‘

where n is the number of atoms/cm?, AH the heat of sublimation, and

NA 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 2,358 to 2OOK, is about k1t 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



spiral ledges were unimportant in the sublimation mechanism, However,
the'separation of ridgea and hillocks in of the order of 50 to 100u

and it aeéms probable that thesé surfacé féatuﬁés définé thé 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 réqpiréd'by thé Hirth and Pound theory,

" the ridges should be much more closely spaced. It seems certain that a
« much lower cBnpentration of ledge sourcés than predicted by Hirth and
Pound theory is required to maintain ihé eqpilibtigm flux from a higﬁ'
purity (0001) zinc surface.

The causes éf the thermal pits and lowered evaporation coefficient
observed on the less pure grown zinc is not definitely known. Large

20,55-58

'~ thermal pits have been observed previously and they have been

" described as arising from clusters of dislocations.l9

However, this
investigation shows that these pits can develop from a single micropit

- (Fig. 14). Whether this pit emanates from a-dislocation or not cannot be
~ said with any certainty.

The only apparent difference between the conerciai zinc and the
~grown zinc was that the commercially purchaéed 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 expiained by

the difference in impurity level, Young and Gwathneysg

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), (101), and (ilO).poléé. A copper sphere
that had no detectable impurities develoyped véry differently than a
'. spheré that was only 99,8% copper,

For many metals, chémical etching does not reveal étch pits unless
the dislocations a?e decorated with a certain cohcentration of impurity
atoms.60 It is felt by some that poisoning of impurity effects are ;
needed for the piléup of ledges.and thé formation of pits upon evaporation.61’20
Perhaps théfhal pitting and the lowered 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 anothef batch of crystals showed some pitting and ledge :
structure (compare Figs. 19 and ?0). The difference between samples
may have been caused by slightly different impurity levels.,

Presumabiy, the bulk impurities in the grown sample were effective
in altering the rate of free surface sublimation ‘as well as affecting
the surface morphology. On the oﬁher hand, impurities and 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 that surface edges were such ready sources for ledges
that the.surface recession produced by sublimation of edge generated
ledges proceeds faster than pits cen penetrate into the surface. Since
this observation suggests 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
measure the sublimation flux from surfaces with the edges exposed,
The evaporation coéfficiént ohtainéd 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 thé sides of the
crystal and of the area changes as the (0001) surface érodes away from the
edge. '

The diélogation densities of samples used in this investigation
varied from 10% to 10° line/cm?. This variation 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 thé (0001) surface and at the same time keep all the variables
constant (e.g. number of dislocations lying in (0001) plane).

The resultq presented here giye strong indications that the Hirth
and Pound prediction of a equal to 1/3 for low index surfaces with less
than 10% dislocations/cm? in incorrect. Semples with dislocation
densities as low as 9 x 103 lines/cm? were characterized by an evaporation
coefficient of uni£y; Such a low density of dislocations intersecting
. the basal plane of zinc is not unexpected because of the one dominant
4slip system of iinc. Any dislocations introduced by handling the crystal

~1ie in the (0001) piane and do not intersect it. The densities observed
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in this investigation were comparaeble with previously reported dislocation
densities in the (0001) plane of zinc, Ruf£>? .cbserved densities on the
order of 3 x 10“,pits/cm2 using the same etchant as in this investigation,

3k

and Sharp® ' found densities of 4 x 105 pits/cm? using 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 previoué.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 study of this non-steady state
sublimation~period has been reported. The sensitivity of the torsion-
Langmuir method has made it possible to measure the flux of zinc contin-
uously from an initia1<value»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 plané of crystals grown in this
laboratory is shown by curve a oh.Fig. 21. The corresponding heating
curve is shown ﬁy curve t of Fig. 21. There was & slow rise to the steady
state pressure reg;on.

The structure of the surface during the period of pressure increase
is depicted on Figs. 22a = 22h. Figure 22a shows 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 thése pits resulted in canal-like features (Fig. 39). But many pits
also formed with random distribution in areas apparently free of surface
defects, Pit distributions were very non-uniform over any particular

sample surface,
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Fig. 22 Development of (000l) surface of grown zinec in non-steady
state region as a function of time.
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XBB 685-2683

Fige 22, (cont.)
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All of the initial pits were hexagonal in cross section. Some of
the pits were relatively amooth.on the bottom (Fig. 23-a) and some of
- the pits déveloped some relief (Fig. 23~b). g

The concentration of pits observed for various grown zinc surfaces
ranged from 1,0 x 103 to 3.0 x 10" pits/cm?, and the number of pits
did not increase with time of sublimation. Instéad, many of the pits
widened while some of the pits remained inactive. The expanding pits
were predominantly of the types depicted in Figs. 24 and 25. Some
were distinctly terraced: so that (0001) surfuce planes remained dominant
(Fig. 24). The sidés of the piﬁ walls near the top became almost
vertical as though sublimation of the original cleaved surface remained
much slower than sublimation from inside the pits. The bottom surfaces.:
were flat but showed some roughening during later stages of development.

The terraced structure did not result from contamination when the
surfaces were exposed to air for examination between sublihation runs;

. some samples which were heated directly to this stage of development
showed similar terraces.

Some.:pits were 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 were like that represented
in Fig. 23-a. They were not stepped or terraced over their broad flat
bottom. But, the edgeé of the pits were very steeply ledged, like those
of active pita;

With time, the active pits continued to broaden and deepen while the
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(b) XBB 687-4172

Figs 23 Two types of initial thermal pits
formed on a cleaved (0001) surface
of grown zinc.



(b) XBB 687-4173

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

(b) focused on terrace
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XBB 687-4174

Figs 25 Electron micrograph of an active spreading
pit associated with a single source of
ledges.
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relatively inactive pits usually remained dormant until they disappeared
under the advance of activé 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.
Eventuslly there were two distinct typés of pits (Fig. 26).
Figure 26-a shows an active pit, It is seen that many ledges emanated
from this pit and thére was much relief associated with it. Figure 26-b
shows the rélatively 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. 9
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 contéined a number
of smaller pits (Fig. 27T). , _ ' %
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 thid 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 of time is shown on Fig. 29.
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(b) XBB 687-4175

Optical micrographs of two types of pits during the
non-steady state sublimation. (a) is an actively
spreading pit and (b) is inactive.
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XBB 687-4176

Fige 27 Typical pitted area when 90% of the cleaved surface
had been annihilated.
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XBB 685-2682

Development of (0001) surface of high purity zine in non-

steady state region as a function of time,.
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For the high purity zinc., sublimation also proceeded by formation
and spreading of pits, and steady state pressures were attained when
all of the original cleaved surface was eliminated by thé spreading
pits. As observed with>th§ grown crystals, somé pits wéré extremely
active and some were inactive in the sublimation process.

There were however several distinct différéncés. 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/cm?. These values are all near the

maximum density for grown crystal surfaces. All pits in high purity
zinc had distinct hexagonal features, while the geometry of the features
in pits in the grown zinc ﬁere 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,i
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. 2T.

The non-steady state region for grown crystals with the gdges
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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Fige 30 Typical pit formed on (0001) surface of high purity zine
during non-steady state sublimation.

XBB 687-4177

Figs 31 Pits of the type shown on Fig. 30 roughened with time.
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XBB 687-4178

Pit development within a large pit on the (0001)
surface of high purity zinc. Compare with Fig. 27
for comparable stage of development on grown zinc.
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the sample observed had about 1 x 103.pits/cm2, and the pits closely
fesembled those pictured in Fig. 22,

Sublimation was also initiated at the exposed édges 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 éf pits
near the center of the (0001) surface.

Once the entire original cleaved surface had béen'eliminated, the :
surface levéied and sublimation in the steady state region failed to

produce more pits,

B. Correlation between Thermal Pits and Dislocations

Attempts were made to see if the thermal pits formed at points where i
dislocations intersected the surface. Several matching faces of cleaved.‘
_ grown crystals were thermally and chemically etched, and the resulting.
pit distributions were compared. Figure 35 shows an example of two
matching surfaces. Clegvage 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 runniné the same direction.
However, the thermal pit density was always lower than that 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 might be on the order of 105apits/cm2 vhile the thermal pit
density was only about 10* pits/cm?,

In one series of experiments, surfaces were chemically etched, the

etch pit distribution was observed, and then the surface was thermally
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XBB 687-4179

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



XBB 685-2679

Fig. 35 Thermal and chemical etch patterns on two matching
halves of a cleaved grown zinc crystal.
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etched so that the concentration and distribution of thermal etch pits
relative to chemical pits could be measured,

A typical area of a surface after this series of treatments is
shown on Fig., 36. It is séen that thermal pitting toak placé 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
ihhibited bfiprevious chemical etching at these sites. But the concén-
tration of thermal etch ﬁits formed was comparable with the concentration
on surfaces which were not subjected to previous chemicai 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 thermal etch pits were produced.

To further test whether thermal pits correspoﬁd to crystal defects,

a grown crystal was cleaved and thermal pit patterns on the two matching
halves of the crystal subjected to extensive thermal etching wefe compared.
(Fig. 37). Pitting clearly.tended to fofm preferéntially for both

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

Therefore, 1t appears that cracks, scratches énd dislocation inter-
sections are sources for thermal pitting, and only a small fraction of
dislocation intersections became the origins of thermal pits. This ,
result is consistant with observations for other system3.63’59

The- thermél etch technique has been studied as a method for deter=-

mining dislocation densities. Heating in vacuo does not seem sufficient



P

(1) XBB 685-2680

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



Fige 37 Thermal etch patterns on two
crystal of zinc.

2
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XBB 687-4180

matching halves of a cleaved grown

"QL"
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to produce a one to one correspondence between thermal pits and dialoca@idns.
It . is believed that & chemical agent must be present during heating,

Close correlation betweén thermal pits and dislocation intersections

has been established for silver heated in oxyg'en,a4 chromium heated in

65 and copper with oxide impurities.66

hydrogen,
It was found that surfaces prepared in identical ways frdm the

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

the steady state pressure. Figure 38 shows the rate of pressure increase
up to a pressure about one order of magnitude less than the steady

state pressure for I different samples of the'grown zine. The appearance
of the various surfaces when the measured pressures 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, ¢, and d of Fig. 38'respectively. It is

seen that the faster the rate of increasé in préssure, the greater the
density bf thermal pits. Densities ranged from 1.3 x 103 pits/cm?

for sample d to 3.8 x 10" pits/cm? for sample a. The chemical etch
studies revealed that dislocation counts varied from 3.3 x 10% 1ines/cm2
to 5.3 x 105 1ines/cm2 for the ﬁost 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

vhy the initial sublimation rates are far below the steady state rates
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XBB 685-2684

Fige 39 Appearance of the (000l) surface of various grown zinc samples
at approximately the same non-steady state pressure. Correlate
these surfaces with the curves of Fig. 38.
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and what‘changeé in sample conditions are responsible for the widely
varying rates of approach to the steady state, It seemed likely that
impurities which became adsorbed in thé crystal surfacés during the
preparation of samplés might merkedly influence thé early stages of
sublimation.

Figure 21 summarizes results of eﬁpériménts designed to see what

influence crystal préparation techngiues exerted on the sublimation
behavior., Curve a shows the behavior of a typical cleaved surface.
The heating curve corresponding to this run is also given as curve t
on Fig. 21. From comparison with the curves of Fig. 38, the thermal
pit density was estimated to be on the order of 103 pits/cm? 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 minor fluctuations which directly reflected 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
room4temperature 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 semple of run b was left under vacuo until it
had cooled to about 345°K and was then heated as before. The result is

shown as curve c, Fig. 21, where it is seen that the time required to
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oy reach the stesdy state pressure was reduced to 30 minutes.

The sample from c was ‘then soaked in liquid nitrogen and transferred
’.v1#5to a methyl alcohol bath, On hesttng, the sample showed a rather fast
.Lfrise to the steady state as indicsted by curve d of Flg. 21. Ther

-;‘separate effects on the induction period of methyl alcohol and liquid i
i nitrogen are seen on curves e and £ of Fig. 21. The methyl alcohol
if:effect was examined by soaking the sample from @ in methyl alcohol for ;‘
j; 60 minutes, drying in air, and’then subjecting it to a heating schedule;;i
Afisimilar to that depicted by curve t, The effect of liquid nitrogen alone;
;{ was tested by soasking the sample from run e in liquid nitrogen, letting .
int warm to room temperature in eir and making run f.

D. Discussion of Non&SteadxAStste Behavior

- The etomicslly plane cleaved surface appears to be unique in that
f{ it'is a tremendous hihderance to.the motion of evaporation ledges; _Itv.
.;couldlnot be determined with any certainty whether this was due to &
i::ﬂcontamineted surface, a nstursl consequence of the interaction betreen@é
*ilﬁthe steady state sublimation kinetics and the nature of the cleaved
:f;surface or a combination of the two.

The most likely sources for surface contamination are impurity

>; adsorption incurred during the handling at atmospheric conditiohs, the7ﬁ,
" oleavage in liquid nitrogen, the transfer from the nitrogen to the
;t'slcohol, and the soak in the alcohol bath. The experimenta summarized-

‘al: in Fig. 21 show that contemination. of the surfaces reduced the rate of

’ }:Pfff EQf approach to steady state sublimation. But contamination of a surface

" which had reached its ateady strncture 1n no case produced as 1ong a
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 delay in reﬁéhing’sﬁéadf staée'aa the Zﬁé'ﬁinutéﬂperiod observed with
;the original cleaved surface, An induction period of 5Q to 80 minutes |
" can be associatéd with_contamination.of a steady~staté surface, and )
the long induction period is In some way\associatéd with the nature of - |
- the cleaved surface,

It seems probable that the difference arises because the 'urface
energy of a cleaved surface is higher than that for the equilibrium or
near equilibrium surface developed during :teady state sublimation. Thelif[;f%’ll
experiments of Fig. 21 show élearly'that contaiination by air and by
the reagents used in sample preparation reduce thé rate at which a
previously heated sample approaches its steady state upon reheating.

The non-equilibrium surface of a newly cleaved sample‘should adsorb thek"'ﬁ‘“

same impurities much more strongly than does a sample whose surface is

at or near equilibrium with the bulk and these were more strongly

edsorbed impurities which could provide efficient impedence to zine sublimation. 4;"
The different types of pits illustrated on Figs. 23-a and 25 might ﬁ

have formed at dislocationa of different character. Ellis67

has shown

that chemical etch pits in'germanium could be classified into distinet

- types by appearance, and he concluded that the different types probably
jfreflected.a difference in the screw and edge components of the dislocation.}f%
The difference Eetween the long stralght ledges formed during the

'u initial pitting of the ﬁigh,purity zinc and the irregulér ledgeé formed

on the grown zinc may be due to the dffferent impurity concentra@ions.'

i

It
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o VI . BUMMARY OF OBSERVATIONS AND CONCLUSIONS

It seems appropriate in summary to review briefly-the observations

”iwhich have been made on zinc sublnnation and to suggest possible mechan-
" istic interpretetions. An effort will be made to indicate the strengthl
{Uor weaknegs of evidence in support of each interpretatioe.

The (0001) zinc surfaces when freshly cleaved, sublime at initial
rates about two orders of magnitude lo&er than their'steady state ratee{f
?ﬂfThe rate of “sublimation varies in the finitial nonrsteady state region ‘
{fJin a manner .that 1s clearly correlated with the increase in dimensions - ;
' :f of pits that form in the crystal surfaces and if the edges are not masked,
h? at crystal edges as well, The initial thermal pits are probably formed N
? at places where.dislocations intersect the surface, although it is not:”f:.:
”'proven conclusively. An undetermined set of variables determine whethef;
- a thermal pit forms et a dislocation or not,’and oh the averese only one.
}[out‘of every 10 - 20 dislocations seems to produce a thermel pit. s
Exposure of crystal surfaces that have the structﬁre cheracteristicf
ﬂ%?of steady state sublimation to air, methyl alcohol, and liquid nitrogen .’
t}all cause non-steady state sublimation behavior of freshly cleaved
?;samples. But the time to reach steady state a second time is leee,
' regard1ess of which reagent the surface is exposed to.

Observation of the steepness of pit walls near the (0001) surface
indicates that surface ledges can progress only at much slower rates

than ledges within the pits, These observations are consistent with.the o

K l:i?ﬁ,ﬂl . interpretation that steady state sublimation is obtained only when an

adsorbed layer of various impurities has been broken and stripped away byr :

advancing crystal ledges. Adsorption of any given impurity such as
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 }?1 oxygen or water should be stronger on the non-equilibrium cleaved

" gurfaces than on the near equilibrium surféces‘devéloped'during steady
.state sublimgtion. As a éoﬁsequgnce thé raté of approach to thé'steady '
- state is hindered by both the‘absencé of lédge sites from which zinc
atoms éan move to surface adsorption sités and by the impédeﬁce providedA
to ledge ad&ancement by the’strongly adsorbéd iﬁpuritiés.

The evaporation coefficients for thg'(OOOl) and (1010) plenes of
high purity “zinc are unity even when the :oncentration of actual sources
of thermal ledges is léss than 10“/cm2. The sublimation flux is surpris—_;{rﬁ@ﬁ;>
ingl& insensitive to.pertubations on thejaurface such as the formation of 5??Q,;ff7
oxide particles and gaseous contamination. On the other hand, bulk |
" impurities apparently play a very influenltial rolé in détermining fhe
vrate of sublimation and the morphological dévelopmenﬁ of the (0001)

~ surface. A total bulk impurity content as low as 0.0013% appears to ”“uvf-,;.l

be responsible for the reduction of a from 1 to 0.7 énd to markedly
alter the surface morphology. Impurities promote the formation of pitéivi..’
and ledges upon evaporation, features which are not seen on the surfacei '1}1& -
of high purity zinc. | |

The edges of the crystal are established as‘beihg‘very ready sources .f'l

of evaporation steps and ledges. When the edges of the grown crystal

"'are masked, evaporation ledges readily form at pit sources, which are

presumably related to dislocations. However, the flux of sublimation is ~
not directly dependent upon the number of active pits on the surface.
The pits from which ledges emanate on the (0001) surface of the grown

" zinc and are rendered unimportant once the edges of the crystal are exposed.
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:_;_ B "i;ti‘ The importanée of aislocationa in the evaporation mechanism of
Q ‘ siﬁple metals is not established with any‘-cértainty‘. A variation of thé, -

A .-, . dislocation density over an order of magnitude has no notfceable effect -, -
; O e on the experimental evaporation coefficient, The results of this
: investigation are in apparent diaagfeement with the Hirth and Pound.

SRS KA :"‘,""predictio.n that a equals 1/3 for low index surfaces with less than 108 v

T e

- ‘dislocations/cm?. . A'coeffi‘cient_of unity was observed for disloca.tion_','-. R

"

5" densitites ranging from 3 x.10% to 2 x 105 1ines/cm?.
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