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GROWTH SHAPES AND THEIR STABILITY AT
ANISOTROPIC INTERFACE KINETICS: THEORETICAL
ASPECTS FOR SOLUTION GROWTH
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Pronpect 59, Moscow 117333, USSR

** Liypartmiemt of Elecironie Eagineering, Faculiv of Engincering,

The Universiny of Tokyo, 7-3-1 Hongo, Bunkvoku, Tokvo HiE dapar

1. Introduction

The study of growth Torms is very important for both pure and applied
crystallography, From the point of view of industry, flat or specially shaped
as-grown surlaces are olten required. Forinstance, a very flatepitaxial silicon
layer is important for inteprated circuit fabrication and special as-grown
structures are needed for high efficiency laser diodes. To control as-grown
surlaces, one has to understand the mechanism that forms the sarlaee during
growth. The scientilic interest is based upon the fact that the prowth shape is
an averall resull of the growth process, and the growth form contams a great

.deal of information to assist understanding of growth phenomena. A caretul

investigation of the prown surtace provides vanous kinds ol evidence Tor or
against a certain growth model.

One of the most important features of the growth form as its stahility
against a certain morphological perturbation (reviewed by Criprxov 1970,
and STKFRK A, 1973) It the perturhation disappears, we deline the surface as
being stable, while i the perturbation is amplified during growth, the surtace
is defined as unstable. There are competing forces to make the surface stable
or unstable. Solute or heat dilfusion often act 1o cause instibihty. One of the
well known examples of this type is the formation of a cell structure dunmp the
growth from a melt possessing impurity in high concentration. This has been
explained in terms of constitutional supercooling (reviewed, for instance, by
Hukres, 1973). There are many larces which stabilize the perturbed surlace.
These are growth kineties (Cr-rRnov, 1972) surface free cnerpy (MU LINS
and SEKFREA, 1963 VORONKOY, 19651, convection currents in the solution
....... s erelons ditfucion ote dreviewed he Seeerka 19700 1 the stabilizing
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torces dominate, the perturbation may disappear and the growth surfuce will
tinally become plane. On the other band, if the stabilizing Torces are weak as
cotparcd with destabilizing ditfusion phenomena, sonme suitace perturba-
tons wie amplified and the tinal complex interface shape is governed by
nonlimear elfects. 1 these competing forees cyuilibrate cach otlier, a certain
struviere persists on the growing surface, Macrosteps aie studied in detail
later as one of the exanmples.

nthe present chapter of the book, we tishe solution growth s anexample
to study the growth form. In the case of typical solution growth, one can
asstne the growing interface to be isothermal, thus neglecting thermal efleéts.
Ahis preadly sunplifies the treatment while, still keeping the main features
governing the growth shape.

Lk the Lollowing, we deline first the growth velocity of a face in terms of
step Kinetics und express this velocity as a function of the luce slope measuied
from a singulur orientation. Then, we shall see how the growth kiuetics
determine the growth velocity and the supersaturation. The next section is
devoted o deriving a ditferential equation with which one finds the
quasi-steady state growth shape, when the growth rate depends both on the
crystallographic onentation and on the supersaturation, the latter being a
function of position on the interface. In the fast two scctions, we describe
various examples of growth forms, especially from the viewpoint of stability.
In Sccuon 5, we shall see how the growth kinetics stabilize the growing
interface. The main features of stability unalysis for non-singular surfaces are
also duescribed tor the sake ol comparison. Finaily, in Scction 6, we shall study
how macrasteps behave during growth. '

2. Detinition of Growth Rates and Their Antisvtropics

Anintertace between a crystal and mother medium — melt, solution or
gas  may be cither stepped or atomically rough, depending on the phase
transition entropy. The growing stepped surface becomes finally flat since the
steps reach the fuce boundary. The atomically flat surfuce is called singular. 1f
one plots the surluce free cnergy as a function of crystallographic surface
oricntation, the energy reaches singular minima for such surlaces. On the
other hund, a hinetically or thermodynamically rough interlace appears when
one cuiploys o high supersaturation or grows a erystal above the temperature
of the thermodynamic roughening transition respectively. At high super-
saturations, there appear many 2J4 or 34 nuclei covering the whole growing
surfuce, which resalts in the kinetic roughening of the surlace (reviewed by
CHERNOV er al, 1983). The thermodynamic roughening oceurs us a 2d phase
transition above a dehinite ratio of temperature (o the excess bond encrgy per
one atomic interface site. At low temperatures, this excess of bond energy
associated with the interface exceeds the configurational entropy of surface
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atoms. As the temperature inereases, the enttopy termm the free intertace
energy becomes more important than the binding cacigy term umlA;nh-m:'.c l
certain temperature (Lhe rougiening transition weinpesature) e that e [HIRE
can not withstand the thermal tluctuation any more, the lhcnnod.ynumu:ully
stable rough surface being the result. The swep I;l'l..‘L‘ energy \;,m.\hu. al lhrc
roughening temperature. The roughening l:'mmlmnwm dcsu!hcd il muore
detail elsewhere in this book (Bennema and Van der Ecrden, Chap. 1),

The stability analysis for the singular and rough miertaces ae very
dilferent. The former has been studied by the group of one of Lhe present
authors (CHERNOY, [974), while the latter has been eatensively studied by
Mullins and Sckerka and their successors (reviewed by 51w I(FA, 1973).

The singular surface grows layer by layer. If one denotes 4o ;.md 4 to be
the interkink and interatomic distances respectively, as shown . Fig. 1. Letus
assume that Ay is much smalker than the thickness of ll}c dilI'L:.smn hu.undary
Jayer. Then one oblains the following numl?crs n.l dlomie speeics entermg (1)
and leaving (—) a kink per elementary surface site per unit time:

Wy = \'-(“;ta"l){/{n (n
and -
w =l - Cral)an/ Ao {2)

Hete vo, v are the frequencies with which g buildiig unit enters or leaves a
kink, C% being the concentration of the units in the vicinily of the step. Hence,
the net ux of crystallizing species per elementary surtace sit:

jEwe— we = (1 Chdl A = v (1 Chada Ao
- a.'l(wsva:, ’ . (1)

i 1 Step and kinks an srowth sirlace.

=

W
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where ¢ and vy are the concentration of the speeies in the erystal and the step
selocity respectively, Tn egailibrium, j should be zero and hence one gots

Cosv e tov ), (4)
Here, s the concentration in equilibrium, which is uniform in the ambicnt
mother iquid. Equations (3)and (4) give the following cxpression for the step

velocity,

(vi t v )rri

Couy = e (* - C)
An
=l (e ~ ) (%)

where
fa v+ vy anfAg
v f Ceahdy. {6H)

In the case of solation prowth, v, and v | respectively, could be written in the
form:

v Aespl- Fa kT 7
v A exp(-FuhT)
where the potential barriers Ey, and Fu, include heats of desolyation and
dissolution respectively.

There may be two paths of building units from solution to a crystal. The
first path s direct diffusion from the buik solution o the steps and the second
consists of two stages: 1) diffusion from the solution to the atomically [lat
surlace and 23 diftusion along the surface to the steps. Hoas sull a subject of
discussion at the moment which path is predominant in actual solution
prowth . Althouph HisNtsva and GIl MER (1V7Y) st on the surlace
cittusion model, based on their detailed interpretation of experiments, there iy
cxpernmental cvidence i electroerystallization that the direet incorporation
fran the bulk seduwtion to the step makes the man contribution to the growth
rate (BosTANONY ¢ gf. | 1977).

Fet o amd a7 be the axes normal and paralicl to the stepped sutlice
tespectively, the origin being located on the step line as shown in Fig. 2. Then,
the concentration distribution of the erystallizing species in the solution €y,
2 according to the bulk dillision model (CHERNOV, 1974) is;

A L, mzi
Cin', oY) .-f'ln{am‘ ==+ sinh” - ] t B R
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2
VR
N "’J’x'
— AT - r
= =TT |' X '| T

e X0 Delimtion of v and 2" axis on stepped inter e

where A and B are integration constants and A, is the interstep distance, This
equation includes the interaction between the steps via bulk Bitlusion. Far
from the interfave, where 2’34, Eq. (¥) can be approximated s follows:

[

A'n
(.2 = () - —— . {9)
Au
On the other hand, ata point far frontthe interface, the concentration should
satisly the one dimensional Laplace cquation from which one pets

(=)= A" 4V B (10)

" Defining I as the normal growth velocity to the mtertace, one pets the

houndary condiuan in the form,

JC

) - = (O OH)) tn
Ia:, ( )

where €* and € are the concentrations at 2’ =0and in the crvatal 11 the step
density an the growing interface is so high that the normal growth rate
depends Tincan ly on sopersaturation, the lollowing relation, anatogous 1o by,

{5) may be written:

(.\l"fi [,‘;{(* (:) ﬁ(“.ﬁ ) (}2)



T A A Chaonoy and B Nishinaga

whore the supersaturation at the growing interface is exprossed as,
N (13

Fanauons CHO) 0T and (42) give the Tollowing one-dunensional coneentra-
fuon distrebuton;

N N o (14)
{o the diit of siall % and 2, Eq. (8) reduces wo:

nr
C(r) = A'In ( A_) + K (15)

IR . . :
whiere r- /27 F X0 AL r - afa, the concentration given by Py (15) should
sabisty By (5) which may be rewritten in the forn of

= Cyva. (16)

This gives A und # in Eq. (8) alter comparing th. (9) and (14);

__ k.
R (oS o 1
D
(C, - (% l (n) Dn
B == S i +
wi) A In a ¥ Wiy he (I
¢ CHY
@,
I3 /

Henee, ff can be expressed via i in the following manner:

ﬁ = I))\((I’J],"/l“)

o P ,(‘!1_)
Dr ! Iln

(%)

Here, a/4u is the slope of the stepped surfuce with respect 1o the nearest
singular planc. We denote it by p:

. n -k v . b
Growth Shapes and 1 e Stability al Ansotiopie Lonerlace Kanchies Y

7
p-—'—‘—l =oan g, ()

sl

where 9 isdetined in Fig. 2. The quantity pean be positive or negative. With p
thus defined, By (18) takes the form:

Puipl

ﬁslai

. (18)
|- B
on el

#=

‘Phe second term in the denominator gives the cliect ol interstep interaction. 1
(o) D)n|pl<1,

b= p.lpl. (20)

Analogously,

' 7 l)’tl,‘ ( th ) ]
b= — o — )4 11, {21)
LN C. (-stl [ D’T n le

where @ is the supersaturation given by Eg. (13).
From Egs. (8) and (17), one gets

A
* = o=, 0] (22)
¢ 42)

This means that the concentration at the growing interlace in the one-
dimensional model is a maximum rather than an average surtace concentya-
tion as in the two-dimensional model shown in Fig. 3. The sverage surface
concentration

_ ] Al s
C©) = ™ f L (W 0 dx
N} : (2‘;)
=K - AIn2.

Hence, of

¢ -CO _ A2 pa
¢«  BF-C D

C* approaches the average surface concentration value, The ubove require-

; ) . . : |
ment is fulfilled for typical solution growth with Sy in the 1tunge of 1o 10
cmfsec,

Ty

wy T

oy T

b
kj }r I
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Fio 3 Clange of swetace concentiation and (he position ol atonic steps.

IEsurlace ditfusion gives anessential contribution to the srowth rate, the
velocity of astraight step (reviewed e i CHrrNov 1961, BENNI MA and
GHMER 1973 and CHERNOY o7 ol 1983) is given by

D foleo A,
22 *i—‘ﬁ‘j tanh -
As 24,

(24)

wliere

£ the surface diffusivity,

. the cqmlibrium surlace concentration of bilding units,
Jo @ the area per buikding unit along the step,

* | [} I,,)‘“ 1 | j\,' l
- ah, 24,

i the relaxation time of entering atoms at the kink, in other words,
N i,

HITY

Aot W/ Do) the mean distance of growing species covering the surfyce
dinning r.. the time from adsorption to desorption,

Fauation (M) includes the effect ol inter-step interaction via surface diffusion,
which is ictlected in the hyperbolic tangent term.

Let as now define the growth rate, R, along the normal to the singular
Mane, as shown in Fig. 2. I is evident, that

Erowth Shapey and Then Stahility at Anisotropie Intedace Kinetics My
L]
R - -A— Vo
] (25,
=Py

When the steps are supplied by i sceew distocation (rom an s,-lold spiral the
mterstep distance. ., is given by the well-known lormula,
19 )’J oy

Ay = - et (20
I sa kwT o

where )7is the step free enerpy. Hasing on the surface diffusion model, one pets
from EFygs. (25) and (26),

2sakn To Don, fol A
= —-———-=5~——— {anh —
19y" 47, 24,
2
_ ,g?"fg T tanh dl (27)
:{'\ (] a
whure
957y a . 4
= e £ = fin . (2%)
i .\'u!\' 1 T th ’ I
Equation (24) leads to
R o= pyvy
2 I)\H“; fn (: &y
T (A T = . (29
) p tanh 2 a )

Analoglous to Py, (12), one can defline the kinctic cocfficient for K by

CR = By (¢ - )
= B(I’) Cor .

(29

In the case of the bulk ditfusion muodel, R s deseribed in the Forn,

G d falnip]
g Thiop [ =— T et
Dripl 1 - "',\;H In| |
I o _ﬁ\’.{:n “}'__ N PPN
B e
Dajp| | P Inj ™
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Botl models sive R the lorm of (C* ) mualtiphied by a tunction ol the
slope o Hthe steps are supplicd from a distocation, gratsell becones a function
ob stpersatutialion s we linve seen i by £20),

One can deline horizontal growth velocity, v, by simple geometrical
consderation as shown in g 45

_R Vvie,

P P Gl
= V..

Vv

Using Egs. (12) and {31), vne pets

CR = iy VT pH e = )

2
~ B - ) 132)
and
o= B2 ST e - ¢
b (3%

= oh(p) (C* — €.

The tuctors Sy, Bp) and bip) are all called hincue cocllicients lor
corresponding growth rates, They are measured 1 units of velocity, say,
emisee I those kinetic coefficients are large with respect o typical bulk
dillusion, the concentration on the growing surface, (*, iy close 10 the
equihibrium concentration, Ce. 'The relation between €%, Coand Cisshownin
Fig. 5 tor the case the simplest planar interface.

Vi the case ol the surface diffusion model, if the step density 1s low cnough
1o neglect inersiep interaction, tanh (af 24,p) in Ey. (29} tends to unity and R
is ditcetly proportional to p as shown in Fig. 6 by lines, a o and a” o. This
gives 1 being proportional tosin 9. 11 the sjep density increases and the steps

- f-""/
T

Eauly-!

v
’A
e
_-—/

Fii. 4 Relationship between B, V and v with respect ta g singudar plane.
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C._[ ) A :
|
|
L
"~ i
c '
]
I
! i
Ce | |
i
1 .
Z B
d '’
Fin. 5. Concentration distribution of sulute tur planar inlerface. ’
R
c C
a’ a
b ~b
0 8] ¢
Fie. 6. Vatious R-prelationships.a 0 a% no interstep interaction, b 0 b7 thesialler
A gives the lower vioand ¢ 0 ¢ the smaller Ay gives the higher g owlth rate due o, lor
istance, impurity ctect.
interact one with another, the diffusion ficlds around the steps overlap. Then,
the step velocity Talls with the increasing slope and R does not increase lincarly
with the slope any more {(Fig. 6, curve b-o- b').
If an impurity which decelerates the step movement is added, diminishing b
¥

the step distance gives rise to an increase in the growth velocity and hence the
R-p relation becomes superlinear (Fig. 6, curve ¢ o <), —

&z
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3 Ffeer of Iterface Kineties on Growth Rare

We saw in the previous section that if the kinetic coefficient, fi(p). Bip) or
A(proas very larpe os compared with the typical transport rate, the surtace
convcentration (* takes almost exactly its eguilibrium value and the overall
growth rate is governed by material transport to the growing surface. On the
ather hand af the kinetic coefficient is smali, one finds at the growing surface
nearly the same supersaturation as in the bulk and the growth rate s now
controlled by the interface kinetics. Under isotropic transport comtrol the
growth rate s isotropic. In contrast, the growth becomes anisotropic under
Kinctics control since the kinetics coefficient usually exhibits pronounced
anisotropy. Here, for the convenience of the reader, we shall repeat the wetl-
known consideration ol the interplay between isotropic surlace growth
Kinctios and bulk diffusion which determine the growth rate. The expiession
for planar, cvlindrical and sphernical growing intecfaces will be given.

Choosing the z-axis normal Lo the growing surface, as shown o P 7,

one vhtams a ditfusion equation for the growing atoms in the lorm of

Laplace’s cquation for a stationary state:

G ((2) -
P _.:(2_2.)_ e {34)
With the boundary conditions:
Cley = Gy
o) =
and (35)
d(i:
p Y ey = o
d:
z
L C-Cq
d
c(o)- ¢’

Firoo 7.0 Ay and boundary conditions for planar growth

Growth Shapes aml Vheir Stahility at Ansotropie Interface Kinelies N
one gets
2y ~az t b, {36
where o is the position of the boundary,
= NAYREN (37
DO gdl iy
and
Cat CfdiD
h — (w — A,.i ,._..____‘(_(_’I__., i (}x)
1+ 8di D
The normal grawth velocity, Fis given by
po oGl G (19)

G0 pdiD

from Fq. (35).
1f one takes into account the relative movement of the growing mterlace
agatnst the diftusion licld, one should solve

L a0 A

: o | (40
dz dz

!

with the same boundary conditions as before. Now, the concentrittion s given
by

. % E
cxp(— T) Z) —exXpL _i? <

- () mrm e e n

in the approximation of (Cy~— ¢/ Cogl. which is established for usual
solution growth, _ .

[f one puts the suhstrate into a solution with a certan supersaturation,
there is no steady stale any more and one has 10 solve a time dependent
diffusion equation with similar houndary conditions as betore. G/ an
Girss {1974) obtamed the normal growth velocity 1) and the position of the
growth {ront Z(¢) in the torm
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) . (L h C. .

C, i NI
e e (BV 17 D) {42)
D
whd
e —Ca D Co- 0D
l“) -~ .L._—‘_._) ,._L e
C, n (. I
v, _
[1 —e P etV 1))] , {43)

where o is tie coneentration at snfinity.

Similur analysis for eylindrical and spherical growths gives the concentra-
tiuns and the normal growth velocities:
(a} prowth of 4 cylinder:

. Jir In(riri)
C=Co+t—(C,.— C)——F—.~
D ( ) 1+ (ﬁru]' l))l['l{nj‘fu) (44)
and
y=£ G-C 4
G 1+ (ﬁfu/ D)ln(n/ru) (43
() growth ol a sphere:
_ . . Ih'u/ n o
C“‘Cm"* (.uu'_ P e
( ) 1+ fref DD r (46)
and
16{(‘* - (1|.‘)
V= ———— (47)

C;(l + ﬁru,” D)
where /g denotes Lhe radius of the growing cylinder or sphere, ry the radius of
the vuter boundary for cylindrical growth, and €, is the concentration at the
outer boundary.

4. Diffusion Kinematic Wave

7 Here we try to describe an evaluation of a growing interlace possessing an
arbitray shape (Nishinaga and Chernov, unpublished), [ollowing the approach

Grawth Shapes and Then Stabibity Anisutiope Interlace Kimebos 225

deseloped by CHERNOY (1903). Let us consider an il bitrary prowth tront A
Shilting o the position A'B” the time df thig. 8) The poiet C under
consideration is located on AB at the moent 4. The interseeiion ol the
normal 1o AB at the point C with the new position A'B’ gives us the puint €7,
Atthe point C7, the slope ol AW is the saie as the slope AB at CoThe vectors
i and ' are the normals 1o AB and A'Bat Cand 7 respectively. Fis the umt
vector parallel o ' CC7 s a trajectory of constant local slope and we
denote the unil vector along this trajectory by e. The length ol CC7 s 1odr,
where V. is the velocity ol the growthin the direction of e. Then we diaw ATH”
transhating AB parallel to iself along vector a. T he intersection of ATB” and
OC"is denuvted by C7 (Fig. Ba). I we denote the fength of the segment C'C” by
ds, CC™ is given by (d F/ds)dsds. The angle de petween o' and s cquals’

dry . .
dyg = (T ) dsdef o

48
- (4w -
ds )
Henee, we pel
) dy
én—a —n=—— dir. (49)
ds
On the other hand,
dn
dn=—2as. S0
n = - (50}

Equations (49) and (50) give

_q'}._-—.d_gt—-d_y 5|
dt  dn _dqn G

and consequently

0= 2 0 52
de U (52)

The growth velocity along the constant slope trajectory, e, is now given by
the eapression

We have used here @ 1o demne the local onentation ubthe growth surface, Fhusis the same ay
9 (Fig. ) 1 vue chooses the y-uxis perpendicular to singular plane.

-

iy

I

P o
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te dt

AT

de

Fio, 80 Definition of various vectors and growth rates {or arbitrary growth inter face.

eVe=Vnt+ — t (53,&

or

(54)

To find 1. we have to know the normal growth velocity as a function of
L.‘ryslul]ngruphic orientation i.c. of the slope p defined by Fg. (19). Hf we move
from (710 C" along A'B’, we find not only the change in oricmation of the
frant but alsa the change in the supersaturation, because the Latter, generally

Growth Shapes and 1heir Stability at Anisotropic Interface Kineties oo

spraking,isa function of spatial coordinates. Hence, both terms cont thute Lo
d 1’ deg, namely,

. "
ar_(avy o [avy do 5)
de dp |« g |« dg

First we assume that the supersaturation is uniform all over the prowing
interface. In this case
V P.r
ar = i ) . {56)
deo do |«

For simplicity, we write

vy ¥
Then, we pet

av
el.= Vot — L (5N
dy

For uniform supersaturation. FRANK ([958) showed that the trajectory
of constant slope is a straight line with the slope p- RItIR[dp. This
statement may be proved in our language, making use of Fig. 9, where an
arbitrary coordinate axis ox is introduced. The axis may be parallel to a
singular planc. Phe unit time interval is taken to elapse between ABand AR,
foy the sake of convenience. Using Eqgs. (31Yand (57), one gets for the angle w
defined in Fig. 9:

_ V o R -
(@vide) (L+p'MaR[dp) - Rp

tan (58)

On the other hand, since p=tang, we get from Eg. (58) und big. Y the
relationship

tany = tan { - @)
tany  lane

1+ tan w tan ¢@

R (59)

R
Jp
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which coincides with Frank’s result, The straighiness ol the trajectory (1Y
maintained by the constancy of V¥ and dF/d¢ al constant ¢ along the
trigectory, as is seen from Egs. (58) or (39). i the function V= k(@) 1s known,
the location of the growth tront at any time is uniquely determined by its
nitial pusition.

For the shape preserving growth,

deV. ‘v \ dn
Eix e B (60)

= +
d¢ : de’ | dy

Jhould be constant. I Ris a lincar function of p, g in Fig. 9 becomes zero and
nol a function of the local slope. Then, AB sunply shitts in the horizontal
direction with absolutely the same shape. o this case, Vis proportional Lo
sing. bn other words,

Vi ‘;q:; =0 1)
and ]
v, o
de ‘

Growth Shapes and FTher Stablity al Ansatiopi lotertace Kineis AU

are establishied. Fquation (61) stands lor the case where there is no pitestep

interaction. Henee, il the supersaturation is unitorm and the steps aic too far

apart to mteract with cach other, the growth shape is absolutely prewerved.
Far thiee dimensions, one canextend the previous discussion ind obtain

s I/
eVe=Fant— 4+t L 63
dyp, : dlpz 103

Y VY
DN IZ R L I Jar (64)
dg, d¢:

where ¢, 12, dg, and d@; are unit vectors and changes of angle shown in Fig. t0.

If the supersaturation varies along the interface, both terms in the right
side ol Ey. (55) should be evaluated. Eor simplicity, we drop again the
notiations of & and ¢ out of the parentheses. Equations (53} and (54) can be
now rewritien in the form

and

av
eV.= bVn+ (“—+r£~'i~‘-ii

dyp 8a. ds (63)

and

Fiu 10, Delimtion of three dimensional tangential unit vectof and rafius of
curvature.

Iy

W

wy

e

iy

wy
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dv 9N dv )

o=V + troe 0
dg an ds (06)
where the radius of the interlace curvature
ds
Fe— (67)
de

Under these conditions the trajectory of constant slope is not a straight line
any more, Again, for shape-preserving growth,

diel’) d {adV dV de dn

—— Ve — = b —— | - (68)
do do | d¢ dg  ds de

should he constant. Putting Fq. (68) zero, one gets the condition for absolute

shape-preserving growth in the form of

a1 Vv da V[ dr de .d'a
Vot oo b 2r— oo e
d¢ dgda  ds di ds ds ds
, &V da Y
|| =0. 69
4 da ( ds ) (69)

Thes cyuation is the same as S¥=0, where the operator § is given by [y,
(2.12a}) in Chapter 'l (van Suchtelen) of this book.

5. Stability of Growing Interface: Fast and Stow, Isotropic and Anisotropie
Growth Kinerics

S0 Swahility of rough surfuces

It aprowth surface is highly misoriented with respect to asingular plane
or il the growth is performed under high supersaturation, the growth surface
might be covered by tremendous numbers of steps and kinks, This means that
the sunlace becomes rough. n this case, the growth kinetic coctficient is high
cnotph to Keep the concentration of growth species at the surface atmaost
identical with the equilibrium concentiation. Under these conditions the
trinsport processes are the rate detenmining factor rather than the interfuce
kinetes. Namely, the overall growth rate 1s governed by the dilfusion ol the
solute and solvent. The stability problem {or rough interlfaces has been
extensively studied in the last twenty years. Here, two ssimple examples will be
described.

MU LINS and SEKEFRKA(1963) applicd a general perturbation technigue,

They put a shape perturbation on a growing interface and imvestipated how

Chowth Shapes and Then Stability at Anisotropic Interface Kinetics AR]

this perturhation behaves by solving the cquation of dilfusion around this
periurbed growth surlace. A lull and pood tutornial presentation is made im the
standard text book {or crystal growth (S1 k1 rREA, 1973 Thus, only o brief
analysis of rough interfiuce stabihity is given here to compare it with the
stability of a singulanr interface.

For simplicity, we consider a two-dimensional isothermal solution
growth as ancexample. Let us imagine a planar picee of a growth front (g, th
moving to the nght with velocity F which is much smalier thian the 1y pical
diffusion velocity, 13/ 1.01n the system, L. being size of the crystal, or thick ness
of the boundary Laver. In other words, the concentration may be described by
the two-dimensional aplace equation;

D GRS S I (70
ax a:’ ' )

Then, we put a shape perturbation on the planar interface. In principle. one
can choose any shape tor the perturbation. Sinee however, an arbitrary shape
can be expanded i ad-ourier senies, s sulficient to consider the sinusoidal
perturbation as depicted in Fag. 120 Tet us suppose the shape of the pesturbed
interface to be

Zo = O(1) sin wx (71)

where @ is 2r; 4, & heing a weak function of time.
The boundary conditions are expressed as,

growth unit

PR

CRYSIAL SOLUTION

x

i, TE Dielinmtion of coordinates,
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CRYSIAL < ...7,,1;

SOLUTION

Fio. 120 Plana nterface with pertas babon.
((U) B
Q) = G 2

Clzy) = Cull + LA
and

o€
J

a (P

= VA — (L, (73

whered, o, K, G, Vound Coare respectively the distance between the growth
wurface and solution boundary, the capillary constant (82} R, T, y being the
interfacial free energy, Qthe precipitate volume per mol ol growing species, R,
the gas constant), the curvature, the cquilibrium concentration lor planar
interfaces, the local growth velocity in the z direction with the perturbation
and the concentration of growth species in the crystal. ‘Vhe last equation of
(723 denotes the change of equilibrium concentration with curvature due to
e Gibbs-Thomson effect. The local growth velocity 1, can be written as
V, = ¥, +  sin wa (74)
where & is lime derivative of ¢ and V. is now the macroscopic (spatially
averaged) growth velucity.
Since the one-dimensional solution for Eq. (70) is given as

Co— Co
C=Cop+ {— |2,
() ™
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we can Lind the sutution for the two-dimensional case uy the o ol

. Ca = Co i
C=C.t —*;“"— o4 Ae U sy, (76)

Substituting Py, (76) into (73) and using the boundary conditions (72, we pat

b Do (GG e ok
flw) = s - l , [ YY) ( | b ) l (7N

(- Cu)
where we have piched up the terms of the first order in the perturbation. 1 1 is
small cnough to assume ¥,/ <1, one gets

Dy (Co— Co) Lo
= —— - (‘ml ) - 78
Aew) € (o) l — i } {78)
From the definition of flew) given in By, (77), onc linds
O = doexp (f(w) 1) (79)

where dy s the initial amplitude of the perturbation. I} fa) I5 positive, d
increases with time and the perturbation is amplificd. In this cuse, the growth
surface becones unstable. On the other hand, 1f Aw) 15 negative, the
pesturbation disappears and the surlace becomes stable. flen) given by Fy. (78)
is shown schematically in Fig. 13. we in the figure is given by

wy = (‘ll - ,C‘n:u_
’ (—‘:u[‘lld ’

For i< awa, flw) is positive and the growth is unstable whike [or @ > wa, it
becomes stable. The Fourier component with @ =, is amplificd most
rapidly and hence finally the growth surface may be covered with those waves.

G 15 given by
(Td - (‘eu [ATY (xl)
Uinay = T, = T A
e T 3Cud V3

fiw) is composed of two terms. The first term is positive (Tor growth) and
proportional to @ and the macroscopic concentration gradient. Ehis term acts
1o force the system to be unstable due to the flux inhomogeneity over the
sinusoidally perturbed intecface. In Fig, 14, contours ol constanl concentra-
tion are schematically shown for the case where the Gibbs-Thomson effect is
neglected. As shownin the figure, the flux of growing specits 1s concentrating

(80)

gy

s

ey -

L4



ARY!

A. A. Cheranoy and T Nishinaga

b
AL

e 1% Sehematic dlustration of Ao Ceeves a and b show the contithuiions of

destabdizing dillusion and the stabilizing surface cocrpy terms respectively.

SOLUTION

CRYSTAL
I 14

| bomsaon etlect

Concentrating and diverging Mux ol solute entermg the perturbed mterface.
Bioken line shows the contour of constant concentiation (schematich without Gibhs.
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al the tap of the sinusoidal surface while it is dispersing at the bottom, This
mceans that the prowth rite at the top is larger than that at the bottomesulting
in the amplification of the sinusoidal perturbation. On the other hand, the
second term ol Fg. (78) stabilizes the svstem. This is due to the tact that o
nsnimize the surface energy the growth at the top of the sinusoidal
perturbation tends 1o be depressed winle the growth at the bottom s
accelerated. ‘This has been done through the ditference of cquilibrium
concentration over the sinusowdal surface. The contributions of these two
terms to flen) are shown in Fig, 13, There are other stabilizing {actors such as
surtace diffusion, selution stirring and so on. Growth kinctics also stabilize
the surface and we shall see this in the following.

In the case of dissolution, the sign of the first term in Fq, (78) 18 changed
and now the term contnbutes to stabilize the surface. However, this depends
on the structure of the phase diagram and an unstable dissolution interface
actually does exist (O N and JACKSON, [971).

5.2 Stabitity of a singular plane
Lo nunintain growth, sources of steps, screw dislocation or two-
dimensional mucler are required. However, the latter appear in nicro-
scapically random positions on the interface and they can not be the conters of
shape perturbaton unless the generation of nucleation repeats contimuously
at the same place. Pach of the screw dislocations, however, pives vise to a
growth hillock whose slope po is determined by the supersaturation. An
occasional perturbation of the slope from gy (o po 5 may cause steeper
illocks Gf /03 and lead to instablility. The growing interface with
unpuerturbed hillocks may be approximated by a plane whereas the perturba-
tions ol the hillocks may be considered as hillocks on this plane. Unlike the
former case, the concentration above the singular face docs nol reach
equilibrium and there exists a supersaturation, The surlaces of constant
“concentration (hines in two-dimension) now cross the crystal surlace cven
idependintly ol the Gabbs-"Fhomson elect. This is iHustrated i bag. 150 and
b, As shown in the higure, the top ol a hillock is exposed 10 o higher
supersaturation than the bottom. As we saw in the previous secnion, dilfusion
clicets stimulate the apex to grow faster than the residual plane part of the
intetlace. However af the slope of the hillock is made up of numerous steps
whose density increases together with the slope, these steps consume the prowth
species and henee the steeper is the slope the lower should be the super-
saturation at the apex. This decelerates the step gencration at the apes and
stubihzes the perturbed interface. Again, there are competing forees 1o make
the growing interlace stable or unstable. This kind of problem his been
studied by one of the present authors. We wili review in the fotlowing some ol
the results ohtained (CHERNOV, 1972, 1974 and 1979). .
Let us assume the perturbation n the forn
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i, 15 Ilux of solute entering the apex{a) and ungettunbed concentiation distribu-
tonchp, oo denotes the slope of unpenturbed bnllock, whuch is shown here inexaggetatcd
manner and is actually indistinguishable Irom plane,

F={oexp(-p/A)  p=F ) (82)

Defining po as the local slope of unperturbed hiliocks existing on the growing
singular interface (Fig. £5a), one gets from Ey. (32},

aC
Blp)((* - C)=D 97 ~ Iy =GR (83)
and henee,
Dy
C=CF . 84
B(po) 84
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where
g = (85)
For the unperturbed nterlace, the concentration is given s

iy = C* 4 d¢ (80)
M E ]
az

Substitating Ly. {84), one gets
iy = Gt gz + Dyl Blpo) . (87)
The concentration above the perturbed surlee may be presented i the form:
Cip, 2y = Q2+ Clp, 2) (88)

Keeping the terms propurtional tothe first power ol the slope pcrlua'hatiuu,ﬁ,
ONE Cil WL

By) = Bpo 4 P)

= Bpo) (1 +0p) . i
where ¢ is given by
p-t 2B (90)
B ap |p
Since f is writien approximately as
p=ZIA (9
one pets
B) = Byw) (1 + 02/A) . (92)

Choosing the z coordinate perpendicular to the average oricntation ol the
growing interlace (Figs. 15a, 16) and moving the coordinate together with the
intet(ace at the rate R, one has in the steady state approximatior:

DVC+ Rgg—:o. 93
dz

Y

0y -

e
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At the nterface,

o dC -
Cp, 2y - ((0) + (T 1 P+ Cip, Oy (94)
2 o
ac dC ‘ d'c ‘ Al
- | == — it (95)
dz dz [ d:” 0 dz )
and
d¢ .
N ). ‘ = Bp) (I — QCip, 5UC(p,. D Co . (96}

where €215 the volume of the growth unit. Subscript 0 means the value on the
unpetturbed interlace.

Substituting Fgs. (94) and (95) into Eg. (96) and picking up the terms of
the Tirst order in the approximation, onu gets

1C ~
n') 4 = BCp,0) +(B* 1 R+ D AT (97)
(ST

where

B* - I)’[[J||}i| - Sz(:(n (‘” . (‘}8)
To derive Ty (97}, we have used similar cquations for the unperturbed
solubion ({2) sauslving (93) and (96).

({p.2) can be expressed in Fourier series,

t . ‘
Clp. 2 = Ey ff el Ay, {99)

Growlh Shapes andd Thor Stabihty at Anisotropic Interface Kineties '

where poand y are two-dimensional vectors with the components (v and
ey ) respectively. ¢ Izl

(1010}

and

(101

The expression (101 or AG) follows from Fqgs. (97), (99 and {75 e shin by,
{101} is the Fourier transform of the perturbation:

) = 5 1 7500 7y

Cn/\Z

(1 + A"

If the tip of the perturbed hillock penetrates deeper into the ~olution than
the unperturbued one, as shown in Fig, 17, and is at the powt = Lot

Fi, 17 Concentration distiibution ol sofute with aod witheut the pedurbanan



o
Caputivaces the coneentration CO) 1 gon, whereas the unperturbed hillock tip
- at the concentration C{O). On the other hand the solute consumption ciiedt
lowers the concentration by the amount of Gl at the center ol e
perturbation. Hence, making use ol Fy. (94), one gets the net change of the
concentration at the up,
sC - W, 3~
dC

4 (0
dz ju ¢

— 4l + €O, 0) . A (103)

For the slable case, 5C is shown schematically in Fig. 17 100C s negative as
Jhown i this figure, the perturbed tip is tn contact with i lower supersalura-
Lion than the unperturbed one and heace the surface remains planar on
average. For 0C>0, the surluce becomes unstuble.

Substituting Egs. (100), (101) and ( [02) into Fy. (99), we get the {ollowing
cquativns alter some calculation,

3¢ 0\ ;e
—= - ( 1 +v+ — )j . —_--f;‘-f—‘,‘-"(——-- —
w ) (L AT Dy BY)

4lo

v
I ETTREY U )
| + Juz(l + v) H (! + ,u"(i + v))”z

%,uzv(l I N A ()

In v - — N (]04;
Hil o+ v)[;z(-l -+ 5) - \/H-;J'(l + v)]
where
u= B*A[D

SC gyl is shown as a function of x in Figs. I8 and 19 for ¢--2 and !
respectively. v, which means normalized growth rate, is taken as a purameler
The intertace rapidly becomes stable as the horizontal sice of the apex, A
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5600

01

0.0
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tie 18, oCiqos as a function of normalized size of the perturbatonts , taking
nornakized growthorately) as a parameter for 0= 2. Broken line shows the appioxiiii-

uon give by kg (107).

_2.0
Fig. 19. Vhe same relation as Fig. 1% o0 05,
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Forge 7and v 0.1 Fg (109) is approximated by
A gt 2
IR IRt TR LU0 tre)
T T n

53 Stability of polvhedra

I has often been observed that small polyhedra grow preserving their
shape. We shall consider the reason for this phenomenen very bocfiv, Liking
the growth of a cihe as an example. Dictailed analysis is given by CHERNOV
(1972, 1974), K1IRODA ¢f af. (1977) and QOKAWA (1977).

Lot us assume that a cubicerystal i growing in a solution 1 his shiape will
be maintained stably during the growth it the normal growth rate. Rois
uniform evervwhere alongeach face. On the other hand. il stcady state growth
i« established, the concentration around the crystal obevs the 1aplace
equation with the boundary condition of constant cencentration gradient
aver the growing surface. The concentration distribution can be tound by
making use of a contormal transtormation {(SELGER, 19531 or numcetically by
computer (kU rRODA ¢f al., 1977). The results showed that the surfaces of
constant concentration ae almost spherical and concentric irrespeetive ol the
cubic shape. Fhis s schematically shown in Fig, 2la Hothe equilibium
concentration, (.. is uniforn ali over the growth surlace, the supersaturation
over the growth surtace changes ke the concentration and is schematically
Mustrated i Ui, 21h. The growth rate can be unitorm under the condition of
non-uniform supersatuation if this nonuniformity is compensated by such a
variation of locat slope proand thus the kKinetic coetficient A(p)., that the nonmal
growth rate K is consbint:

q
// 0./
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Fre 20 Contowr of comstnt concentration dar the growth al sgrane Gooand
concent ation distrbution aleng ene ol the side th). .
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(0" at which the Tast erease ol By with pis altered o the

the arder ol U7 : 7 .
The condition Lur the stze may be written m

vicinity of a smooth AN LU,

the form:

Rover = B (CFO) — € (12

e corner, Boa - Bup*y s CHY s the
concentration on the ZIowing he center depending on the cuitical
size £ Koo dopends on the nucleation rae there and s also o function ot
¢*(4,. ). lheexplicd expression for L is piven by CHERNOV., [474).

I the mode of growth is thatshown i tig. 22b, shupue-presciving g owth
i maintained continuousty. However, as the crystal size is mereasing, the
¢ middle of the face approaches sero, cnd either the
growth mode changes to Lhe former one or the growth rate continuously tends
1o ecro. 1 one increases the overall supcrsatumtion, as in the case of Fug, 22b,
instability shown in 5.2 or the mode change may oceur, depending on the

o i The growtd rate at th

whete &
surface at L

supersaturation th

the
depree ol supersaturation.

‘Ihe eriterion given by Eq. (112) is not ¢cuough Lo pud
stability. Instability inay occur by some pertusbation 1 the shupe, even if the
ciystalsize is below the critical one. To study this kind of instabihly, we lake
syuare ay dn example and see how the growth shape changes alter
purturbation of the ledges as shownin Fig. 23, We assume here s perturbation

i the torm of

rantee coplieie

o= Loexp (XL A) (1)
vodinates (X', );’) shown in Fig. 23 co.ncides with the
Assuming that OA is asingu i surface with
bed surfuce (x"<U) in the form of

where the origin of the ¢
corner ol the unperturbed square.
p=0, one gets the slope of the pertur

R 1 :
(Lo A)sin™¥ cxp[-- E(L, - 233 ]

| e (114)
|+ (Jo) A)sin¥ cos't cxp[-- i(l,_, — 2x)sin' P

p=

where W/ 2- fnand nsthe number of edges ol the polygon. For asquare,

nis 4.

The change of concenty
calculated by using a similar tech
boundary condition analogous 10 Eg. (9 s

aton, ¢, due o the perturbation can be
nique to the one we have used in 5.2. The

{J:('
D?_f_ = BC| 4 Bgi - D= | 7 v Dyt (115)
3)’ v 0 Vool

T _on i

ay

"y
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Fu. 23 N OO e o expresy a it ST tvorner of polypran
! ew courding - P
H Xpresy Pex appearcd ai the o ner of
Ju

where 0 ('L'"Utl.‘.\ the values Al pe0

R ! and B is (he kinetie cont . )
tperturbed intertace. Fyuation (115) can hc\'nph[:n!\\::],;“t (j“':”wlcm of the
é ximated by
(—"
I),,__‘ = 1
av Dl (116)

beciuse the fir '

D se l.lu st tq the third terms in the right hand side
' der of f.\-l. with respect 1o the {ast o
concentration by (ty, 1), one n
the perturhation in the form:

ol Fy. (115)are of the

onc. Denating
" o .
can presem the conce o0 gain ot the g
concentiation gain at the tip of

IC . AC gy
S Lo s Cem
d_l' {’]A (3_[" A

e

cos(a; 1) (17

where 1 dr. Wi i
g A dr With the approximation, pl  o/A. one Let
= . w 5

hig
R —— il A .

goo cos(ajmg f. (H18)

Nishinaga
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Instability occuns if SC 0. Henee, if the base ol the perturbation exceeds a
cntical value A, the corner of the polygon must grow much {aster than the
faces. A is given as

A, ' (119)
D ex I
I. oxp fleos(m)my

A more rigorous criterrion has heen obtained by making use ot a contormat
transtormation (o calculate the concentration field. The corresponding
version for Eg. (118) 1s:

5 " vlo2A . A
M S 2 2‘—— In( 1+ o ) ln(-f ! I_ﬁ)
{fin in L A f.

RL

bl _!.!].:,‘i;l_ (120)
" exp(ay 4 3 Lo
For such a gentle slope that S/ 2A-= 1, one obtiins
hig 1 A
- A Ss8 4+ 030 In—+ 16 ], (1r2zn
fin L.

The eritical length, A Tollows from this equation under the condition §C=10:

Ao
= 02exp (280 (122)

~

If a perturbation for which AZ-Ats introduced at the corner by ieertain
fluctuation of the supersaturation, this pertutbation grows piving 1isc to the
instability. On the other hand, the perturbation with A-IA. diappeirs
hecause the perturbation slope intensively consumes the sofute making o¢
negative. In the case ol instability, there are two possihle growth shapes. The
fiestis a dendrite with a sharp tip. The sceond 15 assoctated with the generation
ol macrosteps at the corner and the resulting shape is called “hox-like™ Ttas
speculated that the formation mechanism of this shape may be as tollows. I
the perturhation begins to grow, at some stage of sharpening the slope and its
consuming ability becomes large enough to change the sign of 6C, which
becomes negative, Then the tip ceases to grow and lateral growtle starts 1o
cover the slope as shown in Fig. 24a. The macrosteps thus introduced
propagate from the corner to the face center. Onee the maciostep has moved
{ar from the corner, the latter is again subjected to high supcrsaturation and i
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new perturbation inay be formed at the corner. Thus initiation of a new apex
ocawrs pertodically, giving a “box-like™ shape as shown Fig. 24b.

6. Mucrosteps

Weolten ubserve macrosteps on crystal surtfaces prawn oy prowing froni
the vapor, solution or melt. The steps possess heights ol the order of wens of
angstroms up to several tens of microns, Microfacels may also be considered
as special Kinds of macrosteps. So far, there is no unificd theor y descritnng the
behaviour of these macrosteps. In the following, we summarise the existing
theaies, which are restricted 1o solution growth.

Ouce i macrostep has been formed on a growing interface, the typical
tquiconcentiation lines and the flux of the growth species may be schematical-
ly represented, us in Fig. 25, by dashed lines and arrows respectively, Over the
top catner (edge) of the macrostep, the higher supersaturation and
cottesponding focusing of the stream dines enhance the growth rate there, The
oppusite phenomenon oceurs in the vicinity of the bottom reentrant corner,
nanicly, the depression of the growth rate due to the lower supersataration
and diverging tlux lines. Macrosteps are thus developed uniil they reach a
steady state. On the other hand, interlace growth kinetics and surlace Iree
energy both oppose the developient ol the macrostep. Thus, the problem of
macrostep formation is close by related to the stability analysis which we
studicd 10 a previous section. As we have seen in Section 3, the relationship

ﬂhfl)-;:]

should be estublished to find a significant concentration difterence between
the 1op and the bonom corners of the macrostep, where 8, fand D are the
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5 ac w3y CAD) (128} .
p 2 = o - co.
[ :
. . .y 29

= (Pz + Sisinex + dwosax{ G O il tn
. ) [RIP]

hgud C(3) - Call 1 Ppa@isinox 1 drcosox (

e use the fotlowing approxmanon,

As for the kinetic coctficient, w

p— X

(ot [
tadp, - i = Blpat — 0 _ (131)
solid ] = flafl + ()(.«Szmsinm.r — dyncoswx)}
Fras 260wz axis and macrostep undolatic . , erape slope of the
\ 1XIs an macros (p maulation and Bn drc lhe axc[ \}“ p I 2(})

he 1/ NS . Here, po substituting . (
“huetl?rh:'d !1i(P1it‘d inrterl"ucc and fipo) respectively. Substituting
unper :

¢ uso (i,{] N att into 8 R 3 i [ 1 I l'\"l II sceond ar hll}lh( |'(||di r
I]g][ |rb]“ 1 l q (12 )[U[! ())and nCHLClll’lg lh(l 1 1.(“ . . l N
) '. d ] b his (l‘ WO ilferen i I cyquations a t““(’“. .
] s ] dlil—(. et Y
) | o " Si ‘. I | | " ill l'.| ‘"'l(l i, one HL‘ a set t twi

5 L kW
= dsinteoy + ) ,1.,.2. :mr;u 4 f;'rsz ‘ (132)
m = Vi A
= Jisineoy + J;c(lsr,-),\" “24) HmO1 | | et
; are introduced a
where . here &, is the time derivative of of &, and fiu, Vm and &, are n
w At
- e — follows: '
S = \/r);' + (’g‘ N “ _ ((\ - h)( Do ﬂ())( D —![fn) . 1] (l_‘.”
" : - N P D) B
¢ = tan ' ( é- ) . (125) v = ab A Dw + Bl Da — fu) Pula '
o fw = kb — Coo)lhw .

Due tathe difterence in kinetic coeiTicients on hoth sides, A and B, of the
sinusoidal perturbation shown in Fig. 26, the perturbation moves notonlyina
vertical direction but also in a horizontal direction, in contrast to the case . ey Lim )
studied in Section 5, where the perturbation moved only in a vertical o =die ™ cns(;: o
ditection. The horizontal movement ol the sinusoidat perturbation iy called
phase shutt and is expressed by ¢ in Eq. (124). ¢ = (1), £ being the time. Let us . = sin ( by . )

. . . - \ s d) ’7,;“ -
choose the coneentration above the perturbed interfuce in the form: Oy s Hm

3 N b AT
The solution of g, (132) s

(134

. At : ()
. @z . . e o f snerturbation at 7
Cras b bt e™ (dsinmx Beosay) (126) ; [ o are the amplitude and the phase ol th-pul gt ifs
e H 0ot 3 . R e H
where ’?” “Im H "ucc after the perturbation, the sinusoidal wave
respectively. Homte,

form accordimg 1o

¥yo o e I im ‘ 135)
D( e t oy ) L (127 3= due™ sin \ wx — —— 1= ¢ 1 (

satistying the two-dimensional Laplace equation:

b Hon

The boundary conditions af the perturbed growing interface Ity are now

» define
expressed as We de
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As Lhe interface beeomes rough, fin tends 1o infiny foso tha
¢ I‘ud = D

and

Co— Co
i} © 140)
Wy (vmr“d l

which is identical to Ly, (K0) in Section 3.
1 he phase shilt per unit time or phase velocity by can b given as

B @ Hun (l +#Es)(l +&!)($
Dw b
_ V.0 . (142)
s
Dw

To gel by, (142), we have used inequalities (137).

As we have mentioned, the macrostep undulation moves i both verueal
and horizantal direetions. The trajectory of the intlection point has and anple
@, which is gaven by

9 = an (V. V)

o )

For u rough surface, fu(see foot note below) and U become infinitely large and
zero respectively and we get @p=n/2. This means that the macroesicp
undulation moves only in a vertical direction lor a rouph interface, buing
consistent with the result obtlained in the previous seetion

A sitmilar analysis has been made by CAHN (1977), who expressed growih
velocity and solid composition as functions of undercoolin g, supersaturation,
local slope and curvature. By expanding them around an unperturbed stale,
lie obtained the expressions for amplitude and phase shitt when a sinusoudal

(143

*1n solution, fly may be linte even for a rough susface, beciause of the high potential batiicrs
Lor desolvation and incorpusation o growth units into the growiag Lattce (CHERKOV aRd 11 BkLN
1971
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perturbation is introduced. However, (o cmploy his expression one has 10
hnow the partial derivatives of the lunctions with all variables determined
cither experimentally or theoretically. These derivatives are usually not
obtained and hence this restricts the applicability ol the method.

6.2 Real MACrostepy
6.0 Concentration distribution around a real macrostep

In contrast to the macrostep undulation, a real macrostep (Fig. 28) is
compuosed ol a shape-preserving step riser, which is surrounded by two flat
terraces whose inear size is large as compared with that of the riser. Hereafter,
we shall cadl the real macrostep simply macrostep. The macrostep riser is nol
necessanly plane but s often composed of curved surfaces, The concentration
profile of the solute aroung the macrostep can be caleulated by solving the
dilfusion equation. Its solution should fake Into acconunt two main circum-
stinces which are, generally speaking, independent: iy the kinetie cocflicient is
totconstant along the interface, i) the interface iy not flat; the larger is the
step heght i, and thus the parameter Bhi D, the more pronounced is this
purcly peometricat eifect. The simplest way (0 tuke both these factors into
weconnt is to aceept that the step riser is flat, as depicted in Fig, 290 1ihe
analysis which takes into account only the inconstancy of the kinetic
coetficient has recently been made by VORONKOV (1950). Steady-state growth
displacement of the shape-preserving macrostep requires unttorm growth
rates along cach direction and henee requires constiancy of the corresponding
concentrabion pradient at any point of the interface (NISHINAGA er of 19R5).
The boundiry condition is now given:

dCidn = ¢, at the step riser
= at the terrace |

Lo solve the present problem, it is convenient to employ a conlormal

tamstormation (SEFGER, 1953). As shown in Fig. 29, the part above the
nicrostep FABE in the w-plane is mapped o the upper half of the z-plane.

Froo 280 Form of “teae™ Macrostep

Growth S

T his can be done by

185

; o Interface elics
hapes and 1Their Stability at Amsotropre Interfuce Kine
rapes ¢ ¢

v

w plane

z plane

-1 I W )
e

>

- . ,
* M . wlea In w melfi nd 1ts conlorn ansformation

p dip 1 in w I cla) a d nl al i
bie, 9 acrosie lipic i { [} al

plaacth

Schwarz-Christoflel transformation:

! X - I ”If 4+, (I‘-‘J]
wo= g b D I
]
14 mi » point of the riser as
+ is the veetor (complex number) to .l~ mi'ddh,bp(
o b the vector from A to 13, is given by

shown in Fig, 29wy,

He o
Wy S oWy om W T
TEREA Y (145)
el P

4 «! W P by ¢ I [ I
where b wnd e vectors she nin E, JYaand a. 1 h \}_Jil U C
] vty t l are vecto h l r Iy i ] \1-1 helween

and B From (145), we pet

o 2.\"7'_ ~
do = fo -[u 7(._|_+ \').‘
2o (136)
sinum



L//'

iTH

A A Charonoy and | Nistaoaga

hionee, gio 1s piven by

4o - s
W - T T
an (147)

Anarbitrar i '
i ury pos ) D i
c-plane ,”15_ I‘ .|."-um Ponthe riseris transtormed tnto 2 on the v-axi

- Therelation between r (= AP) and . 1 -anis ol the
bincar and is given by ! nd a, (v comdinate of /) is not

AR
p Hu_’_l ( ————: ) di

|
- Zﬂub‘—l——- Fi(2
PSR utlhat 208, (14%)

whore S (0t v,/
Ap ) (I=x,) and Fi ; ;

function. A i ! (a, fi,yi o) is the app

- Asmentio . he uppropriate hypergeometric

state growth :shoulél':[;l bcfo-r.t'thcmnc“"”““ollgludlcmut'mflzlcl;m"t?“u

concentration distri o ur-niorm over the terrace and the ris .U.\l(_,ddy_
ion distribution in the z-plane is given i riser. Then the

b

C(z) = Re %j: In|z - &) [ udL
s—1f

qijto o1 ryu
+ Re 112 Pt
e f, In|z — ¢| ]_L) e
S
Yoy o= E u
+ Re 1Y afdt
Re =), Intz = &3 M
£ 1 ' (149)
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Alter integration, one gets
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The concentration ditfer
(edges) of the macrostep
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it cosan — ¥ A
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cnce AC* belween the top and the buttem corners

can be given as

AC* = C¥(—1) — (1
= - J/ Gz

AR
] — ycosun SUIIT

3 2 COS - 2 n
Lk - y,cosun){ (cosut ) il——f] ; (15%
2un

rofile is shown in Fig. tor g g The singularitics
ts (edges). The concentration mimmum at the siep
J absorption ability of Lthe step risur as compard with
while asymmetry in the C*{x,) distribution rellects
lence of the top and the bottoin corners uf the step

correspond o the corane
riser reflects the enhance
that ol the terrace {gr=42)
the geometrical non-cyuiva
(NISHINAGA &1 al., 1986).
6.2.2 Mucrostep under interfuc
For simplicity, we assume 2=
velocity of the riser in the lateral direction is much larger
velocity of the terrace. Denoting the lateral velocity of the rise

from Ey. (29)%

e kinetics control
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han the normal
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Iorthe sh:lpc-pl‘usu‘\'inp Slep, v should be uniform over the riser surlaee.
If AB i approximated by a plancalong which the normal thux of covstallizmg
species is constant, the concentration at the planc, CHo s piven by g 1587)
with ¢ 0. In this case, (*(x) decreases from A 1o B oand bép) shauld
correspoidingly increase to keep v constant. If the tiser plane inchnes very
much trom a singutar plane, the changes in () may no longer be able 1o
compensate tor the concentration difference along the planc. We shall
consider here the situation in which the riser is close to a singular plane whose
arientation corresponds 1o pain Fig. 32. Inorder to keep v~ constant along
the riser, its slope should be close to pa it the vicinity of the upper edge A
T here are two possible ways 1o realize wconstant as shown in Vig. 3 namely,
the riser shape is either convex (AB) or concave (AB7). A schemalw
illustration of M(p)is shown in Fig. 32 as o function ol slope p. 1o this figure,
pa-and pa- are respectively the stopes of the top corner for the convex and the
concave tisers. 11 as shown in Fig. 2, there is another minimum in m{p) onthe
way from A to Bin Fig. 31, ancw riser plane with a slope po appears at Cas
shown in Fig. 31 Returning to Fig 11, we examine the stability ol the
macrastep. Since wis also the velocity along the constant slope trajectory, 1o,
which is given by Fq. (57). constant v along the niser puarantees the
satistaction of Fq. (69). The condition vi=constant is insutlivient for the
stability of the macrostep. To analyze the stability, we liave to examine the
behavionr of the macrostep by applying a certain perturbation 1o its shape.
Iagine that some concentration fluctuation over the concave riser pushes B
to 1he right (Fig. 31). The solute concentration near B” s then increasing due
1o the increase of average slope (referes to the x-axis) of the riser. Sinece Ailp)

b(p)

|'

2

Jw 12

Phe typical fori ol Fdp).
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near B” ulso inercases with p (Fig. 32), the growth rate near B is aceelerated
and pushes B funther to the right, until the mucrostep disappears. On the
other hand, the convex riser is stable with respect 1o the perturbation as can be
casily shown by repeating a similar argument. Henee, hercatter we shall study
the behaviour of the convex macrostep when its height is increasing.

Since AC* given by Eq. (153) increase as the step height fincreases, bip)
should also inerease at the bottomn to keep the growth velocity there constant,
However, Mi(p) suturates or has g maximum as shown in Fig. 32, This means
that the compensation of inhomogeneity of supersaturation ai the niser
becomes impussible and that the macrosiep cannot propagate preserving its
shape. In this sense, the macrostep becomes unstable when its height reaches a
certain value, above which the base ol the riser advances more slowly,
resulting i an overhang, as shown in Fig. 34,

In the following, we shall study this type of stable-to-unstable transition
(CHerNOY and BUDUROV, 1965). For simphicity, linear approximations tor
C(x) and by(pr)y will be used:

C*x) = CX + (€8 — Chix/h (155)
hip) = b 4 Blalp — pa) (156)
with the anes shown in Fig. 31, Here, CX. Cu, B1a and pa are the values at the

position denoted by the indices and bla=db/dp ul p=pa. Now, the horizontal
velocity viout the position A (x=0) is given from Eq. (154) in the form

I

h
______ b

Fioo 340 Bieak down of stabic growth for larger & 1o start the formation ol inclusion.

2
11 hen Stalality at Anixotropu Inteelave Kancties
b ML ks

b . (157)
a = e (Ch - G

N

Groawih Shapes

| : horl al velocity s
AL an arbitrary position on Uhe riser, the horizontal y

bip)

) - (15%8)
wla) — "(, - (O Cah

s Cyui nas This gives us
For steady-state growth, this must always be cyual 1o via l i

i’.\ k [§]
hu\ ‘{’I_:‘: l . E,, — 1 . (]5 )
P hn 1 pat bin \ I
L
RS

: ; and Is given as
where @ may be found making use of Egs. (153) and (157) and is give

I S
i - Cu
L

@) = G Tl

B g (-u-—g»—g - p) (160)
D

i
n— lan p

where -

(7

,UA = hia(l + P:) .

Integration of Eq. (159) gives

LIRY N
b L - —«)nr (162)
)’:‘pAH"E)r__[I-{@xl'l(l h

With average slope

p=yhih,
one gets from Eg. (162)
L Ll - ] (164)
p=pa— —nfl — ) | .
P = Pa ;A['+¢'l(

we take p

. (irst approximation, )
e o ot he anisotropy of bi(p) 18 ¥

plane, for instance because t

step heightis small enough. In this casc p cal

(1oh

=pa. This means that 1he riser is abmost
ery strong und/ or lllL“
1 be replaced by pain Ly, (160). I

s

gy -

ey

wy X
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frbecomes so Lrge that B exceeds unity, the stable growth breaks down at the

pointy Jiab as s seen in P (162). Henee, the condition for stable growlth is
given by

B

_— 2
O - It ? e ——— . B I(S
D VI pa ( T tan pa m) ! (e

Phis gives the critical condition in the form

( /;_m) [ 2 :
i e g [ 2 )
bl Pa”\ T~ tan 'pf\ 7

In general, when the riser s curved, one has to solve Fgs. (160) and {164}
siultancously 1o tind p and . This can be done eraphicaily as shown in Fig,
25, where we take pa as origin, For Iiaf bia=0, onc has positive i, which means
the riser is concave and unstable. On the other hand, for ha/bia<0, we have
(wo soluttons tor small fidi/ D and no solution for fah] D>(fiahy Dy,
Namely, lor large i 1), we have no stable solution. Among the (wo
solutions the one near or the origin has meaning, As Jiis increased, the surfuce
near B should be more curved 1o the lelt in Fig. 31, resulting in a more negative
vithue of p. A detailed analysisis given in an arllic|L‘(('I!I~RN(lV and Bunurov,
1904} for the stability of a riser composed of two
Fig. 33,
0.2.3  Muacrosiep with a riser having an infinite interface kinetics coclficient
It & macrostep riser is highly misoriented from a singular plane, the
cistance between elementary steps becomes ve

planes such as is shown in

ry small and the riser now

S o 1. 1
-20 -16 -1.0 -0 8 -04 00 04 0OBp
Fae, 38

Bas o tunction of p taking P as the ongine, o0 and p-

“0carrespond to
voncave amd convex end 1

ace o the soletion respeetively.

, . i
‘ i lnterface Lics d
Growth Shapes and Thein Stability at Ansotropu Interface Kimne
I . l . - . - '|\L'\(‘.-..
' wed i sease, CHlv)upproad
i s sense discussed in 5.1 In this LM :
scomes rouph in the sense discussed i his Clappondien
PL:( an cquil'ﬁw.-im.h: shape ol the riser s determined by lll”fl\l;):lhi“- the ol
an H lll surfuace free energy. We shall present an analysis 0 : ‘
and the surf: .
ORONKOVY (1980) . . ich are close o a
o AN shawn in Fig. 36, BoAi, BiA; etc. are terraces which ll’l.dki | himl;
S8 . 36, ) at are composed of highly
ingular plane while ArBy, A2 B cte.are step risers that arc Lnlm; od ol by
i ‘ def spectively wni i
.foricntcd surtaces. We define £, L and A rgspu.hyt,ly ass 1':)“1 in the ame
:‘]'". The llnglc 2, hetween Lhe average suiface onentationand claacc
med o 9 is averape aricntation
s d to be amaller than the angle § between this average oric
assume am

C L4 ‘l X1, ¥ |( thies l Vooatn l ITe deiing (| 15 shown ‘Il ‘ 1. . J, l JL.Ing
L, v CHICS ya d J,,( [ Il [t kl 1 2 v
Lhe riser L y .

Y
B, ) B
/\‘\ E\
~— '.r: )
17T .
N ;
| |
,..El - :
: N
et W

1

Fio . Definition of variables wsed in Varonkov model.

X
L —

Fio 37 Relationship between v, Foand By
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the velacity ol the : ; -
mm“lmun{; N ha;g\:fll::!;l_sjur'L:u‘c along llhy v-axisy normal to the average
e e ”“rlm;l lu’llt;ll.a.f! “"c,‘_'l the riseradong ¢ aj-axnis and V, bis
RO f' lJu |‘1.~,c-r. Iﬂhc truce ot the riser moved duri"n'
A el lcnuﬂ: .|.|gu i Fig. 37, The hine dividing the sect b
¢ makes anangle wo with the p-anis: o

T WY '(\-\:- v
{106)

Expressin ‘ .
; ssing the shape of the macr .
P ) he macrostep by Fa), one gets the local slope of th

al s e

J ) d."“)/dl— (Ib;)
lhiS vatl bL [t
l\\l““Ld {o b(— ll]l.lLll 5["&]“[—[ lhd“ Uit ( ’) tUl d 5"1““
lel alion I } .9‘\
s 118 b { "]‘ dl‘t.d th Jll mn lhl. b l 1
lll.)l ) w llltl ldl 0 CO 3 regaon o lllLS Lpller.

’1 hllh “‘L ] )“UW'“ ' « -
. L
L dppfox““d“u" 15 [huugh‘ 10 I)L reasotl 1bl’u

5;"”!;‘ !9[)

~—
N
——

h = l— I()u.

The normal growth velocity
by = V008 5 1 v 5

=y ot —d—i R
d (16%)

I-h . \Ulu Ot 1 p pp
h icentration (l(.\ d X i
‘ ¢ : :L N . " dliu y ,y), b()\il., [hL- Cllurb‘.d {l.L. sl Ld) l'lllt:llu e

Clx, 1) = Coly) + E(x, ) (16
0Y)

u( } } 15 I’ &l
WI.L'L ( lh‘. Ll)llLCﬂlldlIOil danL [I“., “;.l. ¢ I)L,(l H“t‘]ld(e HI(I
riur
( \,I) .lb lllt. dddl“()ndl concentrallon duﬂ v thL erlul bdll('". ln lhc
dppiUA“." Hiun ()l B dllulc hUIulIU“, th normal ’Iuwlh VLI()L } } “h yh lllc
B u n CYS

D aC ¢
o= ‘-\ l/II-
(170)

W— d/ an

Ly ab Auisoliopiy Interave kv 2n

Citow iy Shapes At Lheir Stab

Thus. from Ly, (168) one gets.

JQ G dy 71
gy D b i

alto the growing tiser.

where 9O, dpmuans 1the concentration gradicnt norm
9 roxintely given by

porsmall  and Ju, T(a.y) can be app

wem

. Cwv, o dF
= —J"‘ tmr da’ | oconstant, (17

(‘_.‘ W —eee
x nid dy

small tor the wrraced reglon, the

for <A’ 1.

ent is supposed to be very
jue. The equilibrium
‘Theymson efiect s

whiere 1= Jlx—xY £y Since dj/dx is
with sufficient accuracy
here the kinetie coellici
its equilibrium va
ording to the Gibbs-

intepral can be performed

On the riser surface, W
barpe, the concentration approaches
concentration changes, however, ace
was given by Eq. (72), namely

C. = Call + Tpk) (173
the curvature K being piven by ¢
K=-— 9,—{ (174)
da’’

The concentration ((x,y} should be equil to ¢, everywhere on the 110
surlace and henee we gel '

3y - Ca
L (75

—5 + 0.
dxt ToCa :

iy

ser (Fig. 36), C'(v,y) must be equal

re the terrace meets the r
Hence, onthesiep riser, the sulute

At the origin whe
nishes there,

1o C.o because the curvature va
concentration can be expressed in the form:
Cx, )~ Co = 1) — CA0) + 10, 0) — G, vyl (170)
On the other hand, the first bracket on the right hand side s app! oximaicd by
. . Gy )
l(n(j”)_ (\1(0]'”—"_”"}‘"" (l”‘)
Substituting Eq. (176) into (175) with Eq. (172), one pets - §
- 4 /’ a
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d ytd)
do

gr

. 1dy [& - &

t /] i) 4 A - "H—“g !

) 44 j(_dé hf =g Jaeo (17K)
where &y F O WF
mlt\.-lntl ," '_'\|I y :’ Fih, AI.—'( WK ToDCL Ay = ivefm b, By expanding  in
:hc_ ! ‘, .nn:| lul ¢ and making use of subsequent iterations, Voronkov obaimed
“_”: g_;:nA\.i ues 4, f_l 6.37 and A; - 5.37 for which there exists a solution ol F

). From these eigenvalues it Tollows o

"’/ Vy = 1.1

and

I = 80S(DCalw) CV)".

Hence, | 15 & imati i i

e | u; tllm. approximation, g, 15 umquely determined as 48°. 1t is also

Hence. | ' ximati . [ s als
gpoested that [ s ?nvu.sLIy proportional to ¥, which shows the same

dependence as Hea given in 5.1, o e

’lli\ otk was done in lar I S 4 ¥ ST ]
S oW 48 . H P & T

(.l\’\l'!”(:r[-l H v A 'n] y ,] B Be art as ¢ I 1 resea (‘1] in the ll'l.\lilll‘l.‘ ol
I |V) L “ ; i cale hJ of -‘\K’IL‘!ICL‘S ()r the "J\.‘\R The author (’ N ) thanks the
Japan dociety for [ romolion of gl. e TOr k.]|‘ 1 ssible U\[.‘l “ n].()‘] V N 1.

Science for makt 4 him po i Y
. ) o ssible to st i

M ostow and to carry out the present work . I i
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Contemparary Physics, 1989, volume 30, number 4. pages 251-276

Formation of crystals in solutions

A. A. CHERNOV

Growth of high quality crystals has played an important role in sophisticated, modern-
day technologies and in recent advances in physics. It has also provided examples in the
study of self-organizing dissipative structures. This paper reviews the science of crystal
growth and discusses recent data, particularly with regard to kinetics of growth and

defects in crystal lattices.

Preface

It is relatively easy to crystallize many solutions or melts
and to obtain crystals of poor quality. However, the lack
of availability of crystals with strictly controlled compo-
sition and defect structure is still an obstacle to under-
standing of high-T, superconductivity. Analogous
problems have arisen and have partly been solved in
preparation of semiconductor crystals and structures
such as, e.g., the guantum well structures. High-quality
tens-of-centimetre size frequency-doubling crystals from
aqueous solutions can now be grown within a couple of
weeks instead of 12 months that was needed several years
ago. This provides a strong support for laser-fusion
programmes.

People are developing technoiogies to produce desired
and efficient laser crystals and others for the optical,
magnetic and energy storage devices. Crystallography of
proteins is based on the growth of protein crystals.

Still, the art of growing crystals remains an important
feature, although a scientific understanding now prevails
in some of the most sophisticated technologies.

As a fundamental problem of physics, growth of crys-
tals has provided examples of self-organized dissipative
structures such as dendrites, fractals or macrosteps (see
section 4.2 below).

Kinetic phase transitions, numerous examples of
which are now known from synergetics, were first found
and named in the study of the crystallization of binary
alloys (Chernov 1967, 1970, 1973).

Surface melting, discovered by M. Faraday in 1859,
has become became nowadays a popular subject (Cher-
nov, 1988).

Author's address: Institute of Crystallography, US.S.R. Academy of
Sciences, 117333 Moscow. Leninski prospekt. 59, US.S.R.

The present paper is devoted to the science of crystal
growth. The main topic is the kinetics of crystal growth
which proceeds by the subsequent deposition of atomic
layers on crystal faces. This mode is the most typical for
solution and vapour growth and for molecular beam
epitaxy. We discuss recent data on how the new layers
arise, propagate and (briefly) how they produce macro
defects in crystal lattices.

1. Introduction

1.1. A FEW WORDS OF HISTORY

In 1944 in cold, hungry, war-time Moscow at the Insti-
tute of Crystallography, my teacher Professor George L.
Lemmlein was scrutinizing the surface of an artificially
grown silicon carbide (SiC) crystal under a microscope.
He was tired and without taking his eye away from the
microscope sighed deeply: “Oof...". Immediately the
visually flat surface of the crystal was covered with a
great number of droplets, arranged into lines. The drop-
lets were the dew produced by his exhalation. Lemmlein
breathed at the surface again, this time intentionally. The
pattern was repeated. It became clear that the droplets
did not condensed uniformly along the surface, but
instead only at the most favourable sites, ‘decorating’
them. The *dew technique’ was thus discovered, revealing
the fine relief of a crystal surface, which was invisible
under normal conditions {Lemmiein 1945, 1947). The
water droplets dried up rapidly, and later Lemmlein and
Gliki (1954) replaced liquid dew with a solid—they
started precipitating ammonium chloride (NH,Cl) crys-
tallites from vapour. Then Basset (1958) reported on his
technique of decorating the surfaces of NaCl crystals
with gold, before they were studied in an electron micro-
scope. Decoration techniques became very popular
{Distler er al. 1976).

O0LO-T514 89 83.00 ¢ 1989 Taylor & Francis Ltd
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Formation of crysials in solutions

end of the step at the point D must also be immobile.
During the growth—=process, -the step cannot rotate
arcund the centre D and still remain straight; for that,
the step displacement velocity. v (like the one shown by
an arrow in figure 2(b), at any particular point of the step.
must increase linearly with the distance of this point to D.
This increase is impossible since the linear step velocity r
1s determined fully by the supersaturation and molecular
processes. Thus the periphery of the initially straight step
(hatched in figure 2(a)) will rotate with a lower angular
rate than its central part and the step will finally curve
into a spiral as seen in figure 2(b). If two dislocations in
the vicinity of each other outcrop on the surface. a double
spiral is formed (figure 2(b)). From figure 2(b) it is clear
that the spirals form a comnical hillock. Its apex is the
region of the outcropping of the dislocations. Rotating
constantly around the points of the outcropping of the
dislocations, the steps do not disappear, and the growth
can continue endlessly. This most beautiful idea was
formulated in 1949 by F. C. Frank and gave rise to a
‘spiral rush’. Very soon spirals were revealed on the
surfaces of numerous crystals that had grown from
vapour, solution or melt. It turned out that Heck (1937)
had seen spirals on paraffin as early as 1936, but had not
attached any importance to them. It became clear that
the dislocational mechanism of growth is by no means
anything exotic, as previously thought.

1.2. NUCLEI AND DISLOCATIONS

Interest in spiral growth was. however, roused by deeper
considerations as well. The point is that the idea of
growth on dislocations removed the discrepancy between
the expected rate of the formation of two-dimensional
nuclet and the experimental value (Burton er al. 1951). It
might be useful to recall here what is the essence of this
problem of new phase nucleation.

Let an atomically smooth (see section 2) face of a
crystal be in contact with the supercooled mother
phase —vapour, solution and melt. Atoms, molecules or
ions of the substance forming the crystal and situated in
the mother medium—vapour, solution or melt—can be
reversibly adsorbed on the surface of a crystal, passing
from site B to site A as shown in figure 3(a). Adsorption,
however, is not yet attachment to the lattice, since, as
distinct from the crystal particles, the adsorbed particles
are almost devoid of ‘regular’ neighbours, or have no
neighbours whatsoever, in the face plane. Therefore, the
potential binding energy of the adsorbed particles, with
respect to each other and to the lattice, their kinetic

_vibration energy, configuration and vibration entropy
_are different from those in the crystal. Their chemical
potentials are different as well. Therefore, in the absence
of steps, a layer of adsorbed particles can be in thermo-

l.valr

[
Wl
e

(b}

Figure 3. Step, kink and two-dimensional nuclei: (@) a particle
in the kink K on a step can exchange places with the particles of
the adsorption layer (position A) or the mother phase (position
B): (b) naclei of a new atomic plane can arise both on the face
already developed and over the growing islets.

dynamic equilibium with the supercooled mother
medium surrounding the crystal, but not with the crystal
itself. Only the attachment of the particle to the kink on a
step (figure 3(a)} makes it a ‘member’ of the crvstal
lattice. Indeed, attachment of any new particie to the
kink only continues the development of the not yet
complete row along the step, but does not change the
number of unsaturated interatomic bonds on the surface.
Thus, for a crystal to grow it is required that there should
be kinks on its surface. In the case under consideration, of
an atomically smooth face, the kinks can only exist on
steps.

What is it then that hinders the atoms, molecules or
jons from merging into islets of new crystal planes
bordered by steps with kinks (figure 3(h))? This is what
should happen because the sotution (for definiteness, we
shall speak of only this kind of mother phase) is supersa-
turated and this means that the crystalline phase is
thermodynamically more favourable,

The problem is the same for the supersaturated bulk
solution. The dissolved molecules {or ions) are prevented
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Formation of crystals in selutions

temperature T > 0. In other words, at T > 0 a step is
zg-zagged with kinks(figures 3(a), 4(a)). The free energy
of a step per one atomic site on its riser is given by

(2)

aa=¢— Ts.

Here ¢ is the energy needed to create one new atomic site
(on the step riser), Le. for a step to be elongated by a {(we
regard an atomic site as having the size a along the step);
sis the entropy of one-dimensional solution of two types
of kinks facing the opposite sides on the step. With an
increase in the ratio T/z the density of kinks on the step
and their configuration entropy on the step, s, increase.
Correspondingly, the free energy of the step, «,, drops
and, at a certain value of T/¢, can be reduced to zero. A
further increase in T/e would lead to a negative free
energy a,. The latter occurrence is obviously tantamount
to the decomposition of an atomic plane limited by the
step into a multitude of individual adsorbed atoms and
their small groups (figure 4b)). A macroscopically
extended step ceases 10 exist, as happens with the gas-
liquid interface at the critical point. The decomposition
of a step, described above, also means the.disappearance
of atomically smooth terraces and their transformation

[
.
A

into an atomically rough surface (figure 4(b)). The

"‘roughening’ temperature is denoted by T;.
Fluctuations of the surface can also be regarded as
some kind of capillary waves on it. i.e. without resorting
to the notion of a step. Analysis of such waves with the
help of the renormalization group technigue (Chui and
Weeks 1978; Nozieres and Gallet 1986) gave

o
P 2

Ta=ad (3)
Here x (erg cm?) is the specific energy of the step riser per
unit surface of the riser, 4 is the distance between the
atomic planes parallel to the surface in question, ie.
ad® >~ ¢ As we shall see below, for crystals of ADP
(NH,H,PO,) and KDP (KH,PO,) types, z=~
20ergem 2. For these crystals the lattice parameter in
different directions is given by d ~ 7-10 A. Taking 4 =
8 A, from equation (3) it is easy to get T ~ 600 K. Thus,
at T < 600 K the surface in solution must be atomically
smooth and, therefore, grow by successive deposition of
layers, which actually happens in reality. An absolute
majority of other crystals grow from solutions by layers
as well. This fact is in gualitative agreement with empiri-
cal data (figure 5) on the surface energies of numerous

150+ ® CaWQ,
.muUﬁ;uOL
@ BaSO,
] BaCrQO ! .
PoCO, o mmh\mmv @ Mg(OH:)
BaWO ®. ® G #CaMoO;
b / ®BaCO,
-~ jm,ﬂmmv._ /mmZoO,..
- Aglr e _®MnCO;
E 10} mawowo O Mo0, ALSOL
E CaCO; ®cas0,
T BaScO. g "\ g TlIO,
ww, SrSC, @TIBr
g eALCl o / ® ACH.CO-
> e 500 N Tic
2 PhSeO @ CaiOH);
@ AgBr 4 :
E STWO.® 1iseN
g OB,
S0
NINH,1:(50,). @
KH-PO
( L 1 1 1 1
: —f -5 -4 -3 -2 -1
Log,, (equilibrium concentration. o imal 1711

Figure 5. Surface energy x» of the
crystal-solution interface as a func-
tion of the concentrations C, of satur-
ated solutions (S8hnel 1982).
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Formation of crystals in solutions 287

10 8 cm s~ 1) (Kuznetsov er al. 1986). On the contrary.
screw dislocations gave an easily observed growth. When
screw dislocations no longer intersect the face its growth
practically stops (figure 6).

Another interesting peculiarity was revealed. Let the
dislocation D, (figure 7(a)) come out on the surface of
dipyramid (011) at the moment of time answering to the
profile | of the crystal. The face {011) grows noticeably
faster than the face of the prism (010). So, after some time
D, reaches edge E on profile 2. This is simply the result of
the (011) face displacement, since the dislocation is
immobile with respect to the lattice. If D, is the sole
dislocation providing for the growth of the face (011).
then, as soon as D, comes out on the edge of the face, the
growth of this face must stop. Indeed, a dislocation
coming out on the edge does not give rise to a step on the

Figure 6. Sequential X-ray topograms from a growing
NH,H;PO, crystal. Seen on the right are two dislocation lines,
the lower one reaching the edge of dipyramid AB. After the point
-of the outcrop of this dislocation reaches the edge B the growth of
the AB face practically stops. Only the growth by the formation
of two-dimensional nuclei is possible; it proceeds at a rate as a

-minimum by two orders of magnitude slower even at supersatura-
tion ¢ = 7°%,. In this experiment supersaturation o = 1°; X-ray
reflection 022.
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face, as distinct from a disiocation that comes out on the
face (figure 2(c)). Approach of a dislocation to a distance
x from the edge. comparable with the radius of curvature
of the two-dimensional nucleus (figure 7(bh)), reduces the
power of a dislocation as 4 generator of steps to a small
value, depending on x because of the Gibbs-Thomson
effect (the effect of curvature on vapour pressure or
chemical potential). If, therefore. the face of the prism
(010) (figure 7(a)) continues to grow, e.g. owing to the
activity of dislocation DD,, the face (011) will continue its
growth at such a rate that dislocation D, stays ali the
time near edge E, as is shown on profiles 2 and 3 in figure
7(a). The rate of growth for the dipyramid face will thus
be wholly determined not by its own properties, but by

{001)

Figure 7. Interdependent growth of the neighbouring (001) and
(011) faces and the mechanism controiling the activity of disloca-
tion D,: {a) sequential profiles of the crystal with time, (4}
geometry of the surface in the case when the distance x from the
point D, where the dislocation outcrops, to the edge EE is
comparzble with the critical radius of the nucleus, p_, shown in
figure 12.
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Slape, p/ O

Velocity, o/(10 “ems Y

Supersaturation. o/ 107"
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Figure 9. Dependence of tangential
velocity r of the steps, slope p of the
vicinal dislocation hillock of growth

T T T T
345 385

Temperature. 77°C

Tas
th

and rate R of the face growth on this
hillock. The value of R = p:. Elemen-
tary dislocation source. The face of
NH_ H, PO, prism.

0-6328 um). That is of course why the elementary spiral
steps are not seen. By measuring the distance between the
fringes one can easily find the slopes of the vicinal
hillockt, p (figure 8(b), with respect to the particular
orientation (the terraces). The number of new fringes
appearing in the centre of a hillock per unit of time gives
the normal face movement rate

R = pr. &)

Knowing R and p one can easily find the average effective
velocity of the steps v = R/p. The velocity v can also be
measured directly by the rate of the fringe motion.
Figure B(c) is an X-ray topogram where the face of the
dipyramid, photographed from the front in figure 8(a), is
perpendicular to the plane of the photograph. One of the
positions of the plane proved to be decorated with
inclusions that arose after the face had stopped. The

t A ‘staircase’ of steps separated by atomically flat terraces, ie by
pieces of the particular [aces, form, on average, a face slightly inclined
- away from this particular orientation. Such a face is called *vicinal’
{from the Latin vicinalis—neighboring). A vicinal hiliock is a hillock
whose slopes are slightly inclined away from the particular face
onentation.

largest inclusion gave rise to a whole bunch of disioca-
tions having different directions. It was the dislocations
of such a bunch that produced a hillock in figure 8(a).
Comparing these photographs one easily concludes that
not all the dislocations, but only some of the most
powerful of them, actually work as the sources of steps. A
difference in the power of the dislocation sources of steps
is seen from comparing the growth rates R of the prism
faces as a function of the relative supersaturation ¢ in
figures 9 and 10. Both the investigated faces of the prism
have grown from-the same solution at the same tempera-
ture, acidity and supersaturation. Nevertheless, e.g. at
¢ = 3%, the normal growth rate of the one prism face
(figure 10) is almost four times greater than that of the
other (figure 9). In figures 9 and {0 are also shown the
supersaturation dependences of the tangential velocities ¢
of the steps on these faces and the slopes p of the vicinal
spiral hillocks of growth formed around the dislocations
on the faces. These very hillocks of growth ensure the
growth of the face with the rate of R. Presented in figure
10 are the data on the growth on two hillocks, whose
interferogrammes are shown in figure 11 and marked by
the same crosses and circles as the corresponding data in
figure 10.
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Formation of crystals in solutions 261

mutually compensating distocations whose outcrops,
though occupying rather extended territory on the grovi-
ing face, possess only the elementary total Burgers vector.
Even |m| = 0 does not mean that at any supersaturation
the group of dislocation is inactive; if at least some
distances between dislocations exceed 2p,, the diameter
of 2-dimensional critical nuclei (p, = wa/kTo), some
pairs of dislocations and the whole group will generate
closed distocation loops. The picture given above, first
developed by Burton er al. (1951), results in the following
expression for the slope of a hillock provided by a
complex step source:

|mhkTe
= mARie 7
P = 19wx + 2LkT )

1 1

From (7} follows a linear p~! uvs. ¢~ ' dependence,
satisfied in reality, as seen from the upper insert in figure
10. The two straight lines in this insert refer to the two
dislocation hilocks of growth, shown in figure 11. From
the slopes and the positions of the above two straight
lines there follow the values of |my!l = 12 and {m, | =6,
with Ly = 0-92 um, L, = 0-31 um (Chernov er al. 1986).

It is thus seen that not only the presenee but also the
internal structure of a dislocation source with a cross-
section as small as =1 um can cause a several-fold
change in the growth rate of the macroscopic face of a
crystal.

The reason is that the power of a dislocation source as
a generator of steps is fully determined by its centre. In
the simplest case of a single dislocation (figure 12(a)) the
radius of curvature of a step in the central point D must
be equal to the radius of the critical nucleus p =
wa/kTo, related to the supersaturation ¢ of the solution

3Bems

(100} —

Figure 11, Iaterferogram of a portion of the face with two
-dislocation sources, the kinetics of the growth on which is
presented in figure 10.

-33-

!

i

Figure 12. Spiral steps: (a) Single spiral; near the point D,
where the dislocation comes out on the surface, the radius of
curvature of the step is equal to the radius of the critical nucleus.
p.. r indicates an arbitrary point on the spiral step. The cross-
hatched region is that of the existence of internal stresses in the
crystal, generated by the dislocation and reducing the movement
rate of the growth step. This region becomes wider the lower the
supersaturation. (#) Triple spiral—cross-hatched area is the
internal region of the dislocation source, around which the steps
must move during growth and dissolution.

over this centre. Indeed, the rate of a step at the point
where a dislocation outcrops on the surface must equal
zero, because the centre is immobile. That is why the
pitch of the spiral is proportional to the only linear
dimension of the problem, p_, i.e. r = const. x p, (figure
12(a)). To be more precise, the distance between the
loops is equal to 19p, (Cabrera and Levine 1956), and the
average slope of a vicinal hillock p = h/19p_ is therefore
given by formula (5). The time of one revolution of the
spiral around the centre is 19p./v, where v is the rate of
motion of the step.

Let us now look at how a complex dislocation source.
shown in figure 12(b), works. It has # = 3k and a core in
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Farmartion of ¢rystals in solutions 263

13 ASYMMETRY OF GROWTH AND
DISSOLUTION

It has been known for a long time that the rate of crystal
dissolution is several times greater than the rate of its
growth. Moreover, a crystal. acquiring the shape of a
perfectly faceted polyhedron in the course of its growth,
becomes close to a sphere when dissolved for a suffi-
ciently long time (Heimann 1975). The reason for these
kinetic and morphological differences lies in the fact that
crystal edges serve as powerful sources of layers as the
crystal dissolves, but are absolutely passive when it
grows. Even a very slight dissolution causes, already in its
early stages, the round of edges and apexes, as a result of
their giving rise to numerous steps that spread to the face
centre.

And are the growth and dissolution kinetics symmetri-
cal on the steps themselves? In other words, will the rates
of step movement be equal in their absolute value when
the atomic plane is being built (v > 0} and when it
decomposes (v < 0), under the condition that the abso-
lute values of supersaturation (¢ > 0) and undersatura-
tion (¢ < 0) are the same? A positive answer is given by
the symmetry of the right and the left parts in figure 13,
where the absolute values of v are laid off along the
vertical and the supersaturation and undersaturationt
along the horizontal axis. With a sufficiently high degree
of accuracy figure 13 yields v( —a) = —v{o). However, as
seen from figure 14, the normat growth rate modulus, |R|,
is not invariant to the ¢ — —o¢ substitution. Namely,
—R(—0o)> R(g), and for a=0-257% |R{—a)] =~
3|R(¢)|, i.e. the asymmetry is considerable.

The rates of steps are thus symmetrical during the
growth and the dissolution, while the rates of faces are
asymmetrical. Therefore, the cause of asymmetry lies in
the generation of steps by dislocations. Indeed, the dislo-
cation core is surrounded by an elastically stressed region
with the energy density ¢,, = Gb*/8n’r* (Hirth and Lothe
1982), where G is the shear modulus, b is the modulus of
the Burgers vector, r is the distance to the point of
observation. If G ~ 10'" ergem™3, b= 5h, r=50h =
250 A, the specific molecular volume o = 107%%cm?,

+The values of R were measured with the heip of local laser
interferometry as follows. A laser beam is focussed on the surface of the
growing face, producing a spot = 0-7mm in diameter. The beams
reflected from the investigated face of a crystal plat¢ and the second face
parallel to 1t interfere, producing lines of an equal slope on a
translucent mirror. The intensity was measured in one of the fringes
occupying practically the whole spot, The rate of face dissolution was
- measured during comparatively short periods of time after long periods
-of steady-state growth. This procedure of measurements in the non-
_steady state mode excludes the influence of steps emitted by the apexes
—and edges of samples during dissolution. The slope p was found from
the kinetics of the shock waves of steps (Chernov et al. 1987), From the
known values of R and p, v = R/p was calculated.
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Figure 13. Average speed of steps, v, as a function of supersa-
turation (¢ > 0) and undersaturation (¢ < 0) of solution. For the
dissolution rate the -t value is plotted on the vertical axis. The
growth and the dissolution processes are symmetrical (in the
sense of {o) = —w{—0)). The face of NHH,PO, crystal
dipyramid, pH = 56, kinetic regime of growth.

then the elastic energy in terms of one molecule we, =
10~ ‘% erg. This is comparable with the difference Ay =
kTo of the chemical potentials of the crystal, u,, and
the solution, g, at o = 2-5%, Likewise the radius
of the critical nucleus p, = wa/kTe = wx/we, =
20ergem2/(107ergem ™)y =2 x 107 °cm 1s compar-

20 -

Figure 14. Normal rate R of the same NH H,PO, dipyramid
face as the one shown in figure 13. For disselution, the — R value
is plotted on the vertical axis. Growth and dissolution are not
symmetrical: R(a) < —R(—o). The influence of steps emitted
during dissolution by the crystai apexes and edges is excluded.
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Formation of crysials in solutions 263

Figure 16. Effective speed ¢ of
steps, slope p of vicinal hillock and
normal growth rate of face, R, deter-
mined by the hillock, as functions of
supersaturation 0. A sharp increase

Rate. RA “cms ')

in r in the region of ¢ = 3.5°, occurs
when impurity stoppers can no longer
restrain the movement of steps. The

R KH.PO, (100}
h - -
b~
- s
_ -
z £
S gk e
£ = L
o =
b W
3 .
= Al s
-
(L T
U
Supersaturation. /107
| — T T T
am 29 -
Temperature. TFC

T ponmonotonic nature of p{o) is a
- consequence of a sharp increase in
t{a). KH;PO, crystal, prism face.
Different symbols on t graph are
related to different hillocks.

supersaturation and by the lifetime of stoppers. The
situation is similar to the one observed during the
movement of dislocations in a crystal with impurities.
Analytical solutions of such problems are not known.

If the rate of steps varies nonlinearly with supersatura-
tion the ciassical layer-spiral growth theory is inapplica-
ble, since it is based on the relationship (8). An adequate
analytical theory for the piecewise linear (o) dependence
(v curve in figure 19), describiag approximately the v(a)
nonlinear curve in figures 16-18, has been recently devel-
oped by Chernov and Rashkovich (1987). Mikhailov et
al. (1989) have performed numerical calculations for
arbitrary v(s). The principal effect of the nonmonotonic
p(a) dependence within the framework of the ideology of
Chernov and Rashkovich {1987) is explained in the
following way.

Let us consider a step ending at point D, where a screw
dislocation comes out on the surface (figure 20). We shall
assume the (o) dependence to be a piecewise linear one
(figure 17) and try to establish the nature of the p(a)
dependence.

As in the case of linear kinetics, the step at the centre D
is stationary, and the radius of curvature of the step at
this centre must be exactly equal to that of the critical

- 8-

two-dimensional nucleus. Consider a point C on the step.
The further C is from the centre D of the spiral (figure
20), the smaller the curvature of the step at this point and
the closer the supersaturation that really moves the step
(the Gibbs-Thomson effect) to its value in the bulk of
solution. Therefore, there exists such a portion DC of the
step near D, where the active supersaturation is lower
than the threshold one, o, Here the growth of the step is
determined by slow kinetics. At distances from the centre
that are greater than DC the movement and the shape of
the step are determined by fast kinetics (0/6, > 1, figure
19). Under steady-state conditions the flow of steps and,
therefore. the growth rate of the face are the same at any
point of the face, since R = pv = const. (figure 8(h)). On
the peripheral portion of the step the kinetic coefficient B
and, therefore, the velocity ¢ too are approximately an
order of magnitude higher than at the centre of the spiral,
where the active supersaturation is lower than the thres-
hold one, o, . Correspondingly, the slope p on the peri-
phery is approximately an order of magnitude lower. If
supersaturation in the bulk of solution is lower than its
threshold value, ¢ < o, the whole spiral, from the centre
to the periphery, is characterized by slow and, roughly
speaking, linear kinetics (figures 9 and 10). With linear
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Figure 18. Dependence of the average speed of steps, r, upon

supersaturation o on DKDP prism face before (1) and after (2) -

adding 100 g of H,0 to 1300 g of solution in D,0. Degree of
crystal deuteration: 1—92 %, 2—85 %. Different designation of
experimental values refer to different hillocks of growth.

by the Bulgarian school (Kaishev and Budevsky 1967:
Budevsky er al. 1980). Absence of dislocations was reg-
istered in KDP crystals grown from agueous solution
(Fishman 1972); however, the kinetics of such growth
have not been studied, The first successful intentional
realization of dislocation-free growth from aqueous sol-
ution on a dislocation-free seed (Kuznetsov er al. 1981}
opened the way to the systematic study of growth by two-
dimensional nucleation (Malkin et al. 1989). In the latter
experiments, the 3 x 3 x 1 mm? seed platelet parallel to
the (101} face was cut out of a dislocation-free part of an
ADP crystal. After preparation, the seed was analyzed by
ex situ X-ray topography to prove that there are no
dislocations in it. Then the seed was fixed in a special
growth cell through which supersaturated solution
(pH = 5-0) flows at a velocity (225 cm s ') sufficient to
achieve the seed growth rate limited only by interface
kinetics. During and after growth, in situ X-ray topogra-
phy control was also used. The growth rates at various
supersaturations were measured by automated laser
interferometry. The results are given in figure 21 in
coordinates In (R/63'®) vs. 6 ~ ! following from the modei
of multiple two-dimensional nucleation. According to
this model, the two-dimensional nuciei appear indepen-
dently at various points of a sufficiently large face and,
reaching each other, complete the next lattice layer on
this face. Neglecting the mutual influence of steps via
their diffusion fields, one obtains the face growth rate
(Chernov 1984):

R = h(v*J)'? = const. x 6%% exp (—nwath/kTo), (9)

204

LN

10 1

R X [19-08 wad(k Thi

h
Ratio, pip,,

Figure 19. Piecewise linear 1(o) de-
pendence {approximating the r(s)
dependences of the type presented in
figure 16, 17(b) and 18) and the p(o)
and R(o) dependences theoreticaily
following from it. The p{og} pyia)
curve shows the ratio of the hillock
slope p{o) for the piecewise linear
(o) to the slope p (o) in the case of
wholly linear {¢) dependence. The

o [1948 wedlth T, )]

Velovity, pf(10 Tems

Ratio /o,

L s R, ~ o7 parabola corresponds to the
wholly linear (s) kinetics with the
kinetic coefficient equal to the lower
slope (a1 0.0, < 1) of the piecewise
linear (a),
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Formation of crvstals in solutfon 269

stirred so intensively that diffusive resistance of the
boundary layer to the supply of crystallized matter to the
surface was much lower than resistance (0 crystallization
directly on the surface. For the kinetic regime to be
reached it was in practice sufficient to raise the rate
of solution flow around the investigated face to
~30cms—'. Che corresponding thinning of the bound-

ﬁ h hm

RSN 2 SN

AL

DN

Figure 22. KH,PO, crystal in supersaturated solution flow
moving from right to left. Interference bands in solution represent
equiconcentration lines. The bending of lines near the surface
corresponds 1o the solution depletion by the growing crystal.
Solution flow rate: (a) 0-4, (#) 4, {¢) 15cms !, {L. N. Rashko-
vich and B. A. Shekunov).

ary diffusion layer 15 seen from the series of interfero-
grammes in figure 22(a-¢} obtained by L. N. Rashkovich
and B. A. Shekunov. The solution moved from right to
left in a cuvette of rectilinear cross-section. The cuvette
was placed in the interferometer in such a way that the
beam was directed perpendicular to the direction of
solution flow and parallel to the face limiting the crystal
in figure 22 from the top. Correspondingly. the interfer-
ence {ringes seen in figure 22 are lines of equal slepe. Ina
homogeneous solution of constant concentration they
would be rectilinear. The curving of these lines near the
surface of the growing crystal is the measure of how the
solution is depleted with respect to the crystallizing
matter. Comparison of figure 22(a-c) with each other
shows how the boundary layer is becoming thinner with
increasing solution flow rate. At the flow rate of
15cms ! (figure 22(c)) the boundary layer is no longer
discernible. The boundary layer thickness is also seen
(figure 22(a,b)) to be strongly dependent on the erienta-
tion of the face relative to the flow. On the upper
horizontal face the boundary layer thickness is maximal
at the centre of the face, and does not increase monotoni-
cally along the flow. These peculiarities are caused by the
complex nature of the flow around a crystal having the
form of a cylinder with a square cross-section.

Because the diffusive resistance of the boundary laver
depends on its thickness, the supersaturation actually
recurring on the face is highest near that edge of the face
which first meets the approaching flow. In figure 23(a,b)
the same face of an ADP. crystal prism has been photo-
graphed with solution flowing along it in two opposite
directions. In the left-hand upper corner of figure 23(a)
the black arrow indicates a powerful dislocation source
the steps from which propagate over the whole face. A
few minutes after the solution flow inversion the echelon
of steps seen in figure 23(a) disappears, and another
source is seen. indicated by the black arrow in figure
23(b). This second source is situated at the centre of the
face. It can therefore compete with the source prevalent
in figure 23(a) only if solution flows upward. In this case
supersaturation over the second source is somewhat
higher than over the first one, and the second source now
prevails. Notice, however, that the difference in supersa-
turations on the surface, associated with the variable
boundary layer thickness, is not large. For instance, an
approximately two-fold change in solution Aow rate does
not lead (within an accuracy of 5-109;) to any measur-
able changes in the rate of face growth.

The replacement of the leading dislocation source of
steps upon the change in solution flow direction is also
observed on the face of an ADP dipyramid (Chernov et
al. 1986). The growth rate dependence on the position of
the dislocation source was also discussed by Bredikhin et
al, (1987).
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Figure 24. Instability development on vicinal face. (a) unper-
turbed vicinal surface with elementary steps; (5) periodic pertur-
bation of the vicinal leads to periodic bunching (2-4) and
rarefying (4-6) of steps; (c) kinetic coefficient of the surface, 5, p,
follows the density of steps; (d) distribution of the supersatura-
tion o_ directly above the surface in the case of two solution flow
rates u in the opposite direction; (¢) instability development
consists in a further increase in the density of elementary steps at
the regions of type 2-4 in (a) and, independently, of macrosteps
M separated by the terraces T; () shock wave of the density of
steps with the edge {a jump in the density of steps) in front; (g)
shock wave with the edge behind in the direction of step move-
ment.
portion of solution. from the regions 1-2, 5-6, etc., will be
carried 1o the slopes of the 2-4 type. Here the density of
steps is the highest, and the solution is depleted most of
all of the crystallized matter. This depleted solution
moves further into the region of the 4-6 type. where the
density of steps 1s the lowest, and is again enriched there.
Thus, the enriched solution from the regions of minimum
density of steps arrives at the protrusions (2-3), and the
depleted solution from the regions where the density of
steps is maximal—at the valleys (3-4). In other words,
the supersaturation on the surface, g_, will vary as shown
+n figure 24(d) by the solid line. This means that, again,
the protruding regions 2-3 exist in conditions of highest
supersaturation and the valleys 3-4 in conditions of
lowest supersaturation. Therefore, the penodic perturba-

tion that has occurred in_a random fashion will grow
with time, 1.e. the surface s unstable.

Let now the solution move towards the left in figure 24.
Then the enriched solution from the regions with the
minimum density of steps {type 6-4) will first penetrate
into the hollows (type 4-3) and only after that. having
become depleted, onto the protrusions of type 3-2.
Because of this the valleys must grow at a higher rate
than the protrusions—the periodic perturbation ends. i.e.
the surface is stable.

The aforesaid explains a new type of morphological
instability, revealed on ADP crystals, and differing from
that previously known by the substantial role of solution
hydrodynamics.

Figure 25 shows the morphology of a hillock of growth
around a dislocation for which the point of outcropping
is indicated by the black arrows. The white arrows
indicate the direction of the flow of mother solution
along the face. The ‘surface wrinkles’—the macrosteps
—are seen to be always formed on the slope of the hillock
of growth where the elementary steps while growing
move in the same direction as the mother solution. The
smoothing-out of macrosteps on one slope of the hillock
and their formation on the opposite side after the change-
over in direction-of solution flow (transition from figure
25(a) to figure 25(b)) takes a time of about 1-2 minutes.
The instability just described is observed 1n a purely
kinetic regime of growth, when the solution flow rate
(=~30cms~ ') is so high that its further increase no
longer influences the growth rate.

Macrosteps exist permanently on a layer-wise growing
face and constitute a certain kind of dissipative structure.
Having once arisen they can change their shape. In
particular, kinematic shock waves of steps can arise on
them. i.e. jumnps in the density of their distribution along
the face. These jumps are obviously equivalent 1o edges.
An edge can be formed both on the forward (figure
24{f)) and on the rear (figure 24(g)) front of the macro-
step. The theory of the shock waves of steps was devel-
oped long ago (Frank 19358, Cabrera and Vermilyea
1958, Chernov 1961) and is also based on the mutual
diffusive influence of elementary steps. This influence is
noticeable only for a high density of steps, when f,p;D
exceeds at least (-1. which would answer to 109, of the
diffusive regime of growth for a part of the surface with
slope p. If the boundary layer thickness & ~ 1077 cm,
=4 x 10" *cms ™. diffusion coefficient in solution
D ~ 1073 em? s}, then the condition is satisfied at p >
4 x 1072 This is appreciably higher than the average
slope of vicinal hillocks (see figures 9. 10, 16, 17{a)), but is
quite pessible on macrostep stopes.

There also exists another mechanism of instability in
the echelon of steps (Frank 1958, Van der Eerden and
Miiller-Krumbhaar 1986). The gist of it 1s that on the
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very small (5-25 um) fragments with each one becoming
the ‘nucleus’ of a new crysial. Naturally, the crystals
suspended in the crystallizer collide with the stirrer, the
vessel wall and with each other. and thus ‘reproduce’
themselves.

Experiments (Belyustin er al. 1966, Sung er al. 1973)
have been described, however, in which secondary nuclei
appeared without any contact between the main crystal
and a foreign solid body except of crystal holder or vessel
bottom. These experiments were conducted with an
individual crystal, so that the collision of crystals with
each other was also excluded. Sung er al. observed
secondary nucleation in a two-chamber crystallizer. In
the upper chamber at a lower supersaturation one crystal
was growing freely. The supersaturated solution flowing
around it went into the lower chamber, where the super-
saturation was higher, but still not so high as would be
necessary for primary nucleation. The nuclei that origin-
ated in the upper chamber rapidly grew in the lower one
to visible dimensions and in this way ‘developed them-
selves’. In a check experiment, a ‘dummy’ was placed in
the first chamber—an organic glass body whose size and
shape were the same as those of the growing crystal. Ata
not too high supersaturation, the nuclei proved to appear
in the lower chamber only in the presence of a real crystal
in the upper one.

Experiments similar to the one described above led to
the ‘fluid shear’ hypothesis (NyvIt 1985). It assumes that
the solution flowing around the crystal carries away from
the surface the clusters arising near it under the action of
the crystal molecular field. Subsequently, the clusters
—molecular aggregates of the crystallizing matter
——reach their critical size in supersaturated solution and
grow to visible dimensions. This hypothesis is, however,
difficult to believe. Firstly, supersaturation near the
growing crystal face is much lower than that needed for
homogeneous primary nucleation, and the probability of
nucleation undergoes an extremely sharp drop with a
drop in supersaturation. Secondly, it is difficult to im-
agine that the crystal molecular field concentrates the
dissolved matter particles into clusters. At the same time,
secondary nucleation, even in the absence of stirring, is a
firmly established fact, which calls for an explanation. In
my opinion. it is caused by the small fragments that
separate from the growing crystal during the formation
of inclusions and cracks in it. In fact it is well known
(figure 8(c)) that inclusions of the mother solution in a
crystal often constitute the source of dislocation bunches
so that the overall Burgers vector in every bunch is equal
1o zero). The scheme of the formation of dislocations is

~especially simple for flat inclusions parallel to the grow-
—ing face. This is shown in figure 26. Let two macrosteps
move toward each other as shown in figure 26(a). The
feeding of the protruding edge E of the higher left step is

(d)

Figure 26. Scheme of the formation of inclusions and disloca-
tions, demonstrating a possibility of the overhanging layer defor-
mation and breakaway: {a) two macrosteps and two elementary
steps moving towards each other, the protruding edge E is fed
better than the re-entrant edge F (shown by short arrews}: ()
better feeding of the step riser near E leads to the formation of
the overhanging layer EG, its end can break away (shown
symbolically by the arrow and the wavy line) under the action of
pressure fluctuations in the liquid on both sides of the layer, the
breakaway is also possible from the contact with the front of the
step E'F’: (¢} a flat inclusion sealed when atomic planes on the
step risers EGF and E'F’ in (5) do not exactly coincide: () view
from the top of a sealed flat inclusion with two dislocation sources
DD of steps (each source is made up of two dislocations).

better than that of the edge F of the re-entrant angle. This
results in an overhanging surface layer growing out {rom
the upper part of a high step (figure 26(k)). Under the
action of hydrodynamic pressure and temperature fluc-
tuations the overhanging layer, generally speaking, is
bent and can also undergo vibrations. Because of this at
the moment when the macrostep EG meets the ap-
preaching macrostep E'F’ horizontal atomic planes may
not exactly coincide. A discrepancy arises —the Burgers
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Formation of crystals in solutions
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Figure 27. Large (a) and small (5)
crystals after halfperiod of dissolu-
tion (solid stepwise profile) and
growth (dashed line profile). Steps
emitted by edges A and B have time
to reach each other on the small
(b crystal but do not on the large one.
Therefore, the small crystal dissolves
relatively faster than the large one.

disappear. In solution. however, a certain small supersa-
turation, created mainly by the small crystals and ab-
sorbed mainly by the large ones, will be automatically
established and maintained throughout the whole ripen-
Ing process.

In a similar way we can understand the experiments in
which spheres, artificially prepared and submerged in
solution, are transformed into polyhedrons as the tem-
perature fluctuates periodically about its equilibrium
value (Shubnikov 1935, 1947). In this case a crystal
having the size of ~1c¢m or more is also being faceted
under the action of kinetic factors, and not of the surface
energy. It is the stepped, nonsingular surfaces that grow
faster than the singular ones and thus disappear from the
surface and turned into edges and apexes. Correspond-
mngly, the final polyhedron by no means provides a
mimimum of surface energy, but constitutes a form of
growth.

7. Conclusions

The use of modern in situ methods of investigating the
processes of crystallization from solutions, primarily
laser interferometry and X-ray topography, has made
possible advances in the guantitative understanding of
crystal growth from solutions. In particular, it has be-
came possible to find the fundamental parameters of
crystallization: the linear energy of steps and their kinetic
coefficient. Impurities make the kinetics of step move-
ment essentially nonlinear and the conventional spiral
growth theory of Burton er al. inapplicable. A new
nonlinear theory has therefore been developed.

The fields of elastic stresses around dislocations, shift-
ing the value of the chemical potential of the crystal,
create the asymmetry of growth and dissolution. At the
same time, the growth and dissolution kinetics on the
elementary steps, or those similar to them, are practically
symmetrical.

Moreover, the morphological instability of vicinal
faces, in particular of the slopes of the vicinal hillocks of
growth, proved to depend substantiaily on the direction

of solution flow: the flow promotes instability when the
directions of solution and step movement coincide, and
promote stability when the directions are antiparallel.
Accounting for these effects is essential in making possi-
ble the fast growth of perfect large crystals for nonlinear
optics, laser thermonuclear fusion, and other applica-
tions.

The next stage will be the investigation of defective
structures on the atomic and subatomic levels,
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Atomic configurations of sub-steps created on a (1113 growth surface of an fce erystal by stacking faults with fault vectors [ (1123
and {111 show that they can act as self-perpetuating siep sources. Growth kinetics provided by such sub-steps have been analvzed.
and it has been shown that the 2D heterogeneous nucleation barrier at the sub-steps is alwavs smaller than that of conventional 2D
nucleation. It has also been shown that the 2D heterogenecus mono-nuclear and birth-and-spread nucleation along the sub-steps

should provide a growth rate exceeding the cne provided by conventional 2ID nucleation at low and high supersaturations.

1. Introduction

Experimental evidence has been reported to
suppori the fact that stacking faults can act as
step-generating sources. To mention some of these
reports. we may refer to the observations by Bauser
and co-workers on solution grown Si crystals [1,2],
by Nishizawa et al. on vapor grown Si crystals [3],
and by Tsukamoto et al. on aqueous solution
grown Ba(NOQO,), crystals [4]. In the former two
cases, electron microscopy. X-rav topography and
surface microtopographic methods have been used
and in the last case, in-situ observation tech-
niques. A step generation mechanism of stacking
faults has been proposed by Bauser and Strunk
[2.5]. based on a block model of simple cubic
crystals.

The aim of this paper is to theoreticallv analvze
this mechanism. Therefore we consider the (111)
face of an fce lattice as an example of structures
where the stacking faults can really exist, contrary
to the simple cubic lattice,

* On leave from the Department of Physics. Nanjing Univer-
sitv, Nanjing. People's Republic of China.

2. Sub-steps created by stacking faults

The fault planes in fcc crystals are {111} and
the fault vectors are {112} and 4{111). On the
{111) growth surface, three stacking faults inter-
sect at 70.53°, whose fault planes are (111). (111)
and A:mv. Their possible fault vectors are shown
in table 1.

Table 1
Height of self-perpetuating sieps on the (1114 growth surface
of a crystal

Growth  Fault  Fault vectors. & Height of sub-steps,

surface  planes h=n-b
(11 (1ity = !n2y 0.385¢ 18,
£a112) +[211] 0192a 16,
< 1[111] 0.192a V8,
(111) 11y £ 1211) 0385 18,,,,
+[112] £ [1121] 0.192a 18,
111 0192a 1844,
(11 (111y =+ (113 0.385a 15,
£121) 2 J213] 0192e 18,
+ 5[] 8.192a 18,4,

a is the lattice parameter, & ,,,, is the thickness of an elemen-
tary growth layer on the (111) surface, and a is the unit vecior
normal to the growth surface.

0022-0248 /88 /$03.50 © Elsevier Science Pubiishers B.V.

{North-Holland Physics Publishing Division}
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Narhen Ming er al. 2 Stacking fqults as self-porpetuain g step sources 13

steps originate alternativelv at both sides of a
stacking fault. After a couple of full-steps from
both sides of a stacking fault meet and annihilate
each other, a new terrace appears (fig. 2c). 1t is
worth noting that no spiral pattern appears at the
emergence point of the partial dislocauon (fig. 2d)
and that only a half turn rotation around the
emergence point of a partial dislocation is re-
quired in order to create a terrace with a unit
height, whereas one turn rotation is necessary to
grow one layer in the conventional single screw
dislocation model.

If a self-perpetuating sub-step due 1o a stacking
fault bounded by two partial dislocations emerges
on the {111) growth surface, the resultant surface
morphology is similar to that of a dipole of perfect
screw dislocations (fig. 2e).

4. Atomic configurations of self-perpetuating sub-
steps

The atomic configuration of a self-perpetuating
sub-step with a height of 38,,,,,, corresponding to
the schematic step in fig. la, is shown in fig. 3a,
using a ball model. it is clear that an adsorbed
atom at the site of the sub-step of this type (point
“a” in fig. 3a) has 4 nearest neighbors. Fig. 3b
corresponds to fig. 1b. It can be seen from this
figure that after a row of atoms adsorbed on this
sub-step, a full-step and a sub-step with a height
of 38,;,, appear on the upper and lower sides,
respectively. The point “b” in fig. 3b is the site of
a sub-step with a height of 18,,,,. It is clear that
an atom adsorbed at this site also has 4 nearest
neighbors. The ball model clearly demonsirates
that the numbers of nearest neighbors at the sites
of sub-steps of both types are just the same.
indicauing that there should be no essential dif-
ference between the two with respect to the
growth-promoting properties, although the heighis
are different. From fig. 3b we also see that an
atom adsorbed at point “c” has 5 nearest neigh-
bors. This position just corresponds (o the site at a
full-step on a (111) surface of an fcc crystal.

An isolatedly adsorbed atom at the surface site
of the (111) face of an fcc crystal has 3 nearest
neighbors, whereas the corresponding sites at the

sub-steps of the two types have 4 nearest neigh-
bors. This means that the potential well at a
sub-step 1s lower than that on a regulur surface
site and the difference between the twao potential
energies 1s ¢. the energy of one interatomic bond.
Consequently. the density of adatoms per atomic
site along the sub-step should be exp(¢ /AT ) times
higher than that on a regular surface. For a tvpical
value ¢/kT=4. one gets exp(¢/AT )= 54. Le.
the preferential nucleation at the sub-step should
be very probable.

5. Work of nucleation

It was demonstrated above that the 2D nuclea-
tion at a sub-step is a key stage in the activity of
the sub-step as a source of the full-height growth
steps. To analyze the sub-step activity, let us find
the work needed to create a nucleus at a sub-step,

In the first-neighbor approximation. a nucleus
on a perfect (111) fcc face should be a regular
hexagon. The nuclei of equilibrium shape attached
to the sub-step (SS) in fig. 4 should be stretched
on being compressed along SS. depending on the
relationship between the energy vs of a free sub-
step, the energy v, of a stacking fault and the
energy v of a.free normal step. Let the nucleus
have M atoms at each edge along 58 (fig. 4) and m
atoms at each of the other four free edges. The
number of atoms in such a nucleus is

..

N=M{Zm-1)+(m-1) (1)

The change in edge energy accompanving crea-
tion of the nucleus is

L.rj
il

(M=2)y+4(m—2)y+(M-2)y

+4(3y/2) + 2y +v/2)
M{vy+y')+4my - 3y, (2}

Here, v" = y; — yqs 18 the work (per edge atom)
needed to replace a sub-step by a stacking fault
strip appearing when an atomic row (or nucleus) is
attached to the sub-step. The first term in eq. (2)
comes from the regular (not the corner) atoms
forming the free edge AB (fig. 4). the second term
comes from the regular atoms forming BC. CD.

l&:w..l
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Nai-hen Ming er al . Stacking faudts @y self-perpeiuaing step sources 13

Lagrange factor A and of the conventional condi-
tion of mintmum for £, + AN:

%\m:ql»zv =0, %ﬂgi,i =0.  (3)

Eqgs. (1)-(3) give

M=m+(2m- 1)L (4)
Y+y

where
Ay=y-y' =v+vy—v,

The change G, in the Gibbs potential needed
to create an equilibrium shape nucleus of » atoms
at its free edge may be found by making use of eq.
4):

o=~ NAp+F,
=~ [m(m=1)(Ty—v") + 2y] 2L,
Y+

+m(Ty—y ) -4y +y". (5)

Here, Au is the difference between the chemical
potentials of the ambient phase and the crystal.
The subscripts “het” and “hom™ stand for *“het-
erogeneous” and “homogeneous” nucleation, re-
spectively. .
Maximuzing G, with respect to m(3G, . /dm
= (), one obtains the size m of the critical nucleus:

_x*y
2m= An + 1. (6)
and the work of its formation:
w2 Ty=y)y+y")  Ap 4y )
het 4 Ap 4 2

The nucleation work for a perfect (111) face, ie.,
at yoo=0. v;=y.y =y and Ay=0. is

. 3y* Ap

hom bl?.. - q Amv
Thus,

s _ow o xAY( Ay 4y

hom Q..:n_ - r;—_: AH + L..% + 3 v A@”_

Therefore the heterogeneous nucleation is always
easier if Ay>0, ie, if ¥+ ys>7y,. which is

natural to expect. The lower Ay /vy is. the weaker
1s the growth activity of the sub-step. At low
supersaturations. dp /kT. the role of sub-steps in
providing the growth 1s more important than that
at high supersaturations.

For a rough estimate. we mav use the conclu-
sion obtained above in section 4 and accept v = ¢.
Y = Yo ¥ =0/2. If 9/kT=4.and Ay kT = 2.
one obtains G* = 23.5kT and G}, = 184T.

hom

6. Growth rates

Although the work of nucleation at a sub-step
is less than that on regular surface sites, the latter
are much more numerous on a given face. Thus.
generally speaking, the condition G — G}, >0
is insufficient for the sub-step control of the growth
kinetics. To find more rigorous conditions, we
have 10 compare the growth rates of a given face,
Rg and R, provided by the conventional (R,)
and the sub-step (R ) nucleation.

Suppose that nucleation occurs at the rate
(em™? s~y on the regular surface and /; (cm™!
s ') along the sub-step. respectively. Let us de-
note by § the area ¢of the growth surface. by L the
length of a sub-step and by ¢ the propagation rate
of a step. The nucleation period. ie.. the time
interval for the appearance of each consecutive
nucleus, can be expressed as:

1/1.8
1/1, L

t for homogeneous nucleation.

n

! for heterogeneous nucleation.

n

The sweeping time, i.e.. the time needed for propa-
gation of a step loop from a nucleus over the
entire surface, is
1,=SV /0.

For low supersaturations (low /, and /,} and
small growth surfaces, we have 1 < , or:

3

,W_\N < AC\\va_\..
SV i<p/I L,

for homogeneous nucleation.

for heterogenous nucleation.
(10a)

In this case, there is enough time for propagation
of a step loop from a nucleus over the entire

~93-
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Nat-hen Ming et al. / S1acking taults as self-perpetwanng step sources 17

density of sub-steps. Le.. for a very poor crystal
quality. Taking the same values of y/kT and
Ay /kT, we obtain from (22) that R > R already
at Au/kT <1 if aL/S=5x10"" The latter
quantity is equivalent to L/§ =2 % 107 em ™ Le.
20.000 stacking faults per cm” of the surface.

In the more realistic case of higher supersatura-
tions, R, /R can be expressed from (13)-(18) as:

xﬁ QH_WM H_\o ﬂoa\w ‘ Qﬂmﬂ\\w v L)
A v @i KT - (23)

Ry

In order to make numerical estimates, we need
to know the average interstep distance A provided
by nucleation, and the process of the birth-and-
spread (or repeated or self-consistent) nucleation.
as mentioned above, should be considered. In the
estimates made above, the interstep distance A is
accepted to be equal to the radius of such an
island (the expanding nucleated circular step loop)
at which a next nucleus appears on top of the
previous one. For the conventional homogeneous
2D nucleation,

A=(v/I)7", (24)
and for the 2D nucleation aleng a sub-step,
A=(o/1)7" (25)

In both eq. (24) and (25), the numerical factor
close to unity is omitted, This inaccuracy is unim-
portant, since the key dependences arise anyhow
from the exponents with G . and G,,. Egs. (24)
and (25) are transcendental equations with respect
to A since v, Ig and [/, are functions of A for
conventional and sub-step nucleation.

Supposing that the radius of the background
spreading island is equal to the interstep distance
A. the adatom concentration at an arbitrary dis-
tance r from its center i1s given by:

F(2r/A)

(A, r)= wlﬁw:mtm%MOﬂq

n, T, (26)

where F and F, are the actual impinging molecu-
lar flux and its equilibrium value at the growth
temperature, respectively: 7, is a modified Bessel
function.

A, =aexp(e, - €)/2kT]

is the mean surface diffusion length (e, being the
evaporation energy of an adatom. ¢ = 3¢ on the
(111} surface of an fecc crystal. and € being the
activation energy of surface diffusion). and 7=
1, expl e, /kT) is the adatom lifetime on the surface
(7, being the period of thermal vibration). Let us
accept, further. that nuclei appear in the center of
the previous spreading loop where the super-
saturation reaches its maximum. Thus, the adatom
concentration at r = 0 1s, from (26):
F—-{(F—-F)

:,AV.O.VHaA. A

b3
~1

According to Fick’s first law and eq. (26}, the
step velocity can be obtained as follows:

e —24D dn,
U= a s Qw. .
I(2A/A) ]
=g (F—- F)y-—-—lr sl 28
A NETV/W (=8

where the factor of 2 is based on the supposition
of equal feeding of the step from both its sides
{for a more accurate expression. see the paper by
Burton, Cabrera and Frank [6]).

If F = F,. both the cases A > A_ (lower super-
saturation, Ap/kT) and A <A, (higher Au/kT)
may occur. An analysis of these cases shows that
in many interesting situations the inequality A > A
is realized, although under many MBE conditions,
the opposite is valid.

For A > X,. we obtain from eqs. (27) and (28}

v=a’A F, n = Fr. (29)
Starting from the expression for the Zeldovich

factor Z [8.9]. it may be shown that for a 2D
circular nucleus:

(Ap/kT)?
L=
2z{y/kT)

Substituting eqs. (29) and (30) into eq. (17). we
obtain

A 2172
n-(if] |

and

(30)

A2
L_q (31)

/




I o Y

\OO—. -

suonernjesiadns g3y pue mof e
2A1I09)J2 1S0OW 3q p[noys wsrueydaw dars-qns Y
-oor(d oyel suonedONU (7 [BUONUIAUOCY 3I0J3q
‘K[eanpadsar ‘suoneimesiadns Y3y puw mof opun
uonespnu peatds-pue-yinq pur Iespnu-oucw jo
Jauuew ayi w sdas-gns sy £q paiessuad aq Aew
sdois ymoad jeyl umoys ussq sey 11 ‘sders-gqns
a1 Suofe uoneapPnu snoausforaray pur UCTEIONU
C(IZ [PUOTIUSAUOD JO $3)BXI [ImoJF [RWIOU 31}
pue sadious uoneanse a1 Fuuedwo) ‘§IINOS
dais Sunemadiad-jas se 1w uen (“YE pue
et gum ‘sdais-qns jo sad41 omy are asay) sdors
-qns asayl 18y} parensuowap uzsq sey i (it
pue (Z11,} $1019a 1nej yum synej IFunpers
aq 2seyns yimoad (T11) ¢ uo pareand sdas-gns jo
suoneindjuod JTWOIE JO SISA[EUR Y} UO paseq

uoISNPUOY) ‘9

"A1A19R Jjney 3un{orls 911 01 PIqUIISE 3q
ABUI $30B)INS IS UMOIS JE U0 $123]ap [BAC PI[[ED
-0s 4L [p—1] sda1s yiwmosd Bunemadiad-jos 10)
S22IT0S S8 ANIDE aIr S[EISKID (P QN Jeg PUR S[RISALD
1§ Jo seomyms ([[{) a1 uo pasodxa si[ney Jut
-3oBIS 1B UMOYS A[2anelenb 1sea] 1e sey adoos
-o1omu [eando A Yim SUONEAIISQO NIIS Ul puE
3doasoIdTUI UOIIR]R AU JoPUN SUOIIBAIIS]O WOI
asuspas [eyvawnadxa 1uadar a2yl yFnoyye "Alo
-ay) 31 Yl PIlUOIJUOD AP 2 O1 d|qe[leAk
v1Ep [pluswiadXs ou ale 212yl A[@IRUNLIGHUN]
‘uonginesiadns jo juapuadapur A[jeonoead
St (gg) w Jowe) [enuauodxs-aud 3y 1eyl Juruon
-uall YoM ST 3 saysmumuIp Sy > Ty a1aym d3uel
uvoneimesiadns ay] ‘dn saa0wW 7 aaInd ‘€aswadUl
‘5 /70 10158] 3Y1 31 's)nej FUD[ORIS JO ANSUIP [
-13a0 ) ] suouesmpsiadns jo sSuel Jppru
ut Sy » Ty pue ‘suoneimesiadns y3ry pue wof e
(0 < (Sy/ Tyup 7a) Sy < By 1Byl sajeasuoudp
¢ Sy uwr g pue [ ssaind uzomiag diysuonejs
Y[ '7/P = Ay PuE A =¢ JO SIN[EA SWES 3} puE
._01=S/77 yux () pue (07} ‘sha siuasazdar ¢
“F1 ur 7 3N (¢ =3 puv § = "3 1Y) UIYE) SL 1
o) 0867 = (LY Sedxe ="y pue 7/1 = ASAD
b=/ =L4/4 s (pg) pue (gg) “sba 0y Ful
-plodae panjo[d st aa1nd sty g, ¢ 81y ut | 2AIND Wolj
u23s aq ue» se ‘uoneuniesiadns syl yirw 1919301
saspaldul Sy /Yy ONEI 241 SNUI PUE XJUN uey)
ssa[ A[graonou aq 01 paadxa st A/AF one1ay )

(o) = m +STETISOI - = AEIT

vz ° Sy

(o)== — - =13
(o) =T+ o —9EEEssy'l A,_LE
1uon
-B[nO[ED 3 JO) pasn a1am swerBoxd Bumoqoy ayy (g} pue (07)
‘sba Butsn paenopEs (0)% sop pue (pg) pue (gg) sba Busn
patenapes (o) Jo5 fy/ 1y snsiea (Sy/ Ty ui joold ¢ Hg

8-
8
-
!
;9
i
_,Wn
£
.NI
" |
W i+
9 § ¢ £.2 0
!
B
ey} :
WN
e
A
(0¥} | ¥
T
-9
)
i
g8 H
i ﬂ_.__
“patsues

s1 auc 1saduons ay ‘(qQl) pue (EQI) suonipuos
guoure 16y} 0s YIry Apuaidipjns are uonernjesiadns
syl pue azis aoej Iy JU sqesndde s1 (g¢) by

(vt) .Hm+1|Q.+
Ahvm+hlzqm|um|m
AP AT o+ o o

L}
(g) pue (1) 'sba woly pauTelqo AIPEA 29 UEDd i]

(£€)

S
(s s oo [82), () %
N\* Im\ * 441 1q 3/1 X b

:smofjo) sk (g7) "ba owur (zg) ‘ba Bunminsqns Aq
passaidxa aq ue> Sy /Ty Joj uonenbs sy “Afeur]

oty dois Kuipriadiad-fjas o synnf Suiya01S /(e 12 SUly usg-ioy %1



07 (Ecelt 81

yimolny [EISAID) [ TPUnod ‘WD PUR MY d[ NS L
6C (LL61) TH WIMOID [BISAI]) 'f "AOUISYD YWY

6r—1 dd {£26] WEPINSWY

‘puelOH-izoN) MEPWUEH d PI ‘uondnponu] uy
{IMOA0) [BISAID) (UL TUOnE3INU $NoauaBoWoH "A3Yso] S
(el unieg "138undg) yimorn

s ) Ayderdoeissa) WRPORY AOWRYD VY
‘tasauedef U {11

{gL61) 01 ('54yd MEIS POS) UNSING-TEIOY "BAENOQ 'V
‘§67 11561 (4T UOPUCT 0§ A0y

'suel] [yd ‘fuedd ‘D'd PUE BIIQED N 'UOMNE W m
“19¢ (rRET) 63 YOI [BISAID [ UTUIG "H pue Jasneq 3
LB6T

‘paystjgndun ‘emedRuUng ‘] PUE BWRUQ M OI0WEANS] N

- Q4 -

113
fotl

[6]

#]

(5]
]

ly!

‘(ssaueder ut) £7 (LL61) § YimoIDy
ﬂUm.ﬁuU .Umed.. .—.—NQN—. _. .OQEEM v.(. ﬁﬁw BMEITYSIN [ T]_
"681 (2861} £6 SW] PIOS UM] ‘yunng ‘H pue ssneq '3 (7]
‘10171 (7861} £6 SW PIOS UMyl “unng ‘H pae ssey 'q (1]

SURIIJIY

"AJUEBISISSE [EIIUYOD] JOJ eUWINU() "N
2]y 01 PUB SUOISSNOSIP 3[qen[ea 1O] yaodsuam[g
N 1 O {nyeleldE are am a[qrssod ANSIAIUN
NOYO] Y1 JB ARIS STY APBWI YOTL4: "32URIDE JO UoT
-0W0d 10} A19100% uede[ Y1 WO UAAIE JURIE ©
38papmoulde 01 saysim (Bulpy "g-"N) sn Jo auQ

sjuawWIBpamonyy

&r se04ncs dare Sunomiadiad-fias so sinef Bwoms [/ 10 18 Su gy usgIny



Y0 L. Monwr neass Thermochemische Untersuchungen in gemisehien nacellaren Syslemen

sen cein. I Prozeld 5 sollte die Verdianung micellar gebundenen Alkohols deutlich
pemacht werden. Dieser Teileffekt ist jedoch nicht nachweisbar, da er vom Verdiin-
oungselfekt des Alkohols bei Konstanthaliung der Tensidkonzentration uberdeckt
wird. Der Proseld 6 zeigt die Verdiinnung einer wiiBrig-alkohulischen Tensidiosung.
Gienaun wie hn Prozeld 3 treten auch hier vier bestimmende Lilekte in Lrscheinung,
Jedoch sind nnt profler Wahrscheinlichkeit Mischimicellen vorhanden und demzalolge
welchen die experimentell ermitielten Verdunnungsenthudpickurven bei konstantem Al
Loholgehalt van denen imy ProzeB8 3 ab {(Abb. 5). Die Zerstorung der Mischmicellen
wird von einem endothermen Enthalpiceifekt begleitet.

Lie vorgelepten Untersuchungen sollen einerseits die Komplexitiit des Micellbildungs-
presesses unter | inbezichung eines mittelkettigen Alkohols im Zustandsbereich nor-
ater Micellen verdeutlichen und andererseits die Mikrokalorimelrie als gecigiete
experimentelle Methode zur Aufklarung der energetischen Verhiiltnisse des oben ge-
nannien Prosesses heraussiellen. Die durgestellten Ergebnisse weisen qualitativ auf
dic d:xistenz von Mischmicellen hin, womit die cosolubilisierende Wirkung mittel-

hettiger Atkoholkomponenten in Tensidlésungen bgbrundct ist. Die Untersuchungen
dazu werden furigesetzt.
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Results and Problems in Crystal Growth Studiey’

|
By A. A. Chernon?

With 24 I iguies

|
i

ALl present we continue 1o study, at a new experimental and ﬁllumrc..tu..ll level, the
atomic-molecular phenomena of erystallization and macroscopic processes of heat and
mass transfer. The analysis originated by Guups, Curik, WUL}I. Voumer, Kossier,
Stranskl, Kasnrv, FriNkLL and Zer’novicl was continued in tie post-wiur period
by the discovery of the dislocution mechanism of crystal growth, the stability and in-
stubiliny phenomena in growing interface, mechanisis of impuriu} capture and defect
fornution during crystallization [1]. Of all crysial growth problems tabout 2000 annual
publications) I should like 10 consider here the following:

1. Introduction

- structure of interfaces, including the atomic structure of boundpry layers in liquids,
surlace melting and wetling;

- crystal growth from solutions, including the growth kinclics pravided by elementary
and complex dislocation sources and aew nonlinear effects; !

— dissipative structures including the consequences of conventic il morphologicul
instubility for dislocation structure and the formation of dendritic qlruclutcs

- Ostwald and nonostwald ripening; |

- crystallization under strongly nonequllbnum conditions, mdu ding nucleation of

crystals and molecular beam epitaxy. _ :,
el

2.1. Atomically Smooth and Rough Surfaces: Lattice and Non-
lattice Models of Melts

2. Structure of Surfuces and Adjacent Layers

The analytical theory of thermal fluctuations at the crystal-vapor, crystal-melt, and
crystal-solution interfaces [1] takes its origin more than forty years ago [2-8]. It leads
to the conclusion that faces along which binding energy ¢ between surface atoms or
molecules is much higher than AT cannot be destroyed by lhermujl fluctuations. Such
fuces remain atomically smooth and grow layer-by-layer by building up their atomic
planes, i.e,, by the motion of steps which end thelsc planes [2, 3].

I
' Plenarvorirag, gebalten aul der Hauptjahrestagung im August 1987 der Clemischen Gesellschalt
in der Deutschen Demokratischea Republik. (]
2 ALA. Chrrnoy, Iostitute of Crysl.{llogmphy. USSR Academy of Sciepces, 117 333 Moscow,
Leninsky l’u)sp 59, USSR, |
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942 A_ A, Coranov: Resuits and Problems in Crystal Growth Studies

The sutface with the binding encrgy-to-temperature ratio #/k7 < | are atomically
rough (Tip. 1), Such surfaces during the growth process coincide with the surface where
either temperature or concentration has an equilibrium value.

Fig. 1

Atomically Dat surface with two
steps {a) and the same surface
above the roughening tempera-
ture {(h). Monte Carlo simnla-
tion. (G. M. Gnmer and 1. D).
Werks) | - an atom adsorbed
on a suiface, 2 - at a stcp, 3 -
an alom in the kink

Inergy r can be expressed in terms of (he heat of a phase transition and atomic
structure of the surface. Thus the criterion e/kT < | or kT » [ reduces to the conditions
imposed on entropy of the transformation [5]. In a system with low melling entropy,
c.p.. lor the interface hetween a metal crystal and its melt we have

Asth 51 - 2, . (n
and the surface of any erientation is fough. For a substance with igh transition entropy,
Asjk > 5 (2)

all close-packed crystallographic faces are expected to be atomically smooth, which
wis the fact observed experimentally. In cases intermedinte hetween () and (2), only
the most close-packed faces are atomically smooth, The faces having other orientidions
are rough. These conclusions are confirmed by numerous dita on the Monte-Curlo
simubrtion of surfuces (Fig. 1). Such results are based on the Iattice model of the phase
whiclh surrounds the crystal and, in particular, of the melt. The Litice maodet implies

5] rst obtained by Crror and Wrrks
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Fig. 2. Molecular dynamic simutation of Lemnard-Jones system (J. . Biovciron, AL Brovas-
SENT, EU L Apranam): isothermal liquid between two fee rystalline plites oriented
paralich to (1E1y and (100)

that each alom can he considered either as helonging to the crydtal or to the (lattice)
liquid. Thus roughness appears anly as a result ol averaging eitherjover the area or time.
But modeling of the interface structure by the method of molechilar dynantics [9, 10
yields a different picture --the closer is an atom (o the interface, the [arger is the amplitude
ofits vibrations, In the layers intermediate hetween the crystal and the melt the localized

vibrations change, first partly and then completely, to the delocalried motion - diffusion
(Fig. 2). The complete absence of localization signifies the transition of an atom into
the liquid. Thus we lace the problem of an adequate description of the liguid-cry<tal
interface not invoking the dattice madel. In other words, such a description should in-
clude the real spaciat (and temporal) correlation in the liquid i‘nnd different densily
values for the crystal and the melt. The solution of this problem u{s atsa very important
since the transition from binding cnergy € of surface atoms to the observed transition
entrapies for the crystal-melt and crystat-solution interfaces is 1:
best resulls are oblained by the renormalization-group roughuess! criterion in the form

ther nmbipuous. The

o Tp = 2lnk) o s l H

)

where T is the system temperature, & is the Boltzmana constant. o is the interplanar
distances along the normal to the surface under consideration, o) ts the {ice enerpy of
the surface, and T is the temperature at which the surface becomts rouph.

From (3) it follows that the sima'ler is the interplanar distance, f.c., the Latpsr ore the
Milter indices of the Tace, the lower is (he critical temperature 7 {‘ at which the surtace
hecomes ronph. 1t shonld be especially low Tor vicinal faces (see below, Sect. 2.2),

Concluding this scetion, it is worth noting that the altractive I']tsllj,!]lli(:\‘i problem in
the [attice model gave rise (o 1 mew (heoretical direction within the framework of which
an important problem on the natere of the transition, correlatic & mction of the foei-

[T IS P T TN

Face {HE-T6) and its temneratnre denendenes woe moneidaead
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called Gaussian discrete model was widely used in which a crystal was considered as
buiit of closely packed paralle]l columns ( pencils™) of various lengths z,, where j is
the column number. The potential energy of the surface is then proportional to
Yz, — ;) Le., to the sum of squared “open” side surface of each column. 1 his
I

mode! was shown 1o be equivalent to 2D Coulomb gas ot a system of parallel vorlices,
Consequently, the roughening transition undergone by the surfuce belongs to the same
universality class as the 20 Kosterlitz-Thouless transition and not the Ising model
Lransilion.

Another approach uses the renormahzation-group analysis of the continuous (uot
atomically discrete) interface model which is very similar to the data of the molecular-
dynamics simulation (Fig. 2). The latter approach leads 1o the same conclusion on the
type of the roughening transition - it is of infinite order.

Nonlattice theory ol the erystal-melt interface structure which correctly describes
the atomic structure of the boundary layer between the crystal and the melt can also be
applied to e structure of a liquid in the vicinity of a foreign solid wall (see Sects. 2.4
and 2.5). :

2.2. Roughness of Vicinal Faces

As has alicady been noted in connection with formula (3), the larger are Lhe Miller
indices of the face under consideration, the lower is its temperature of roughening tran-
sition, Tx. A vicinal face slightly deviated from the close-pucked one has, e.g., the
indices of the (1), {1mn), (10a) type where integersm, n » 1L A vicinal is built by steps,
10 steps are ordered, i.e., are equidistant, it is a smooth vicinal. And vice versa, disordered
steps suggest that the vicinal is in the rough slate. The interaction between the steps is
the weaker, the Jarger is the distance between them. Therefore the temperature of the
transition 1o the rough state is the lower, the karger are the Miller indices ol the vicinal.
I he transilion to the rough statz wvas observed on the (11#) Cu (fromi intensity measure-
ments of X-ray grazing reflection) and also on the (11 Ni{17]and (11u} Pb [18). The
evaluation of tlie transition temperalure by eq. (3) for copper (« = 1300 ergfem?, the
melt — vacuum interface) yields Ty = 980 K. The expreriment gives Ty = 600 K. The
time autocorrelation function of the emission current permits one lo measure the seif-
diffusion coetlicient on the faces of the (011) (112) W zone. The peak of the temperaiure
curve of the self-diffusion coefficient (7 = 950 K) can be interpreted as the roughening
transition [21].

2.3 Surface Melting: Problem and Experiment

In the vicinity of a solid walt or free surlace, the structure of a liquid should be dif-
ferent from the bulk one, i.e., should be pastly osdered. Therefore the liquid in the film
with the thichiuess of the order of the bulk correlation leagth may have i chemical poten-
Gl which diliers from that of the bulk liquid, Thus a erystalline layer of such a thickness
adjacent to the interface should mell {(due Lo thermaodynamical rCUAsONs) ai a temperalure
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lower than that for the crystal bulk. It is the so-called surface meltihg. The contributions
(o s effect come from Hoth VAN DER WAALS, i. €. electromagn tic, [22] and acoustic
[23} correlations Lo the free energy of the thin hilm,

The above defined surface melting dillers from surfuce roughening (22, 24]. Indecd,
the crystal-tilm interface may be either atomically smooth or atenjically rough--sinular
16 the case of two states of interfaces between the crystal and the sulk meit. In other
words, the atomically smooth crystal-medium interface (Fig. 3a) wan acquire one of

theee states shown in Fig. 3b, ¢, d. Which of the transformations indicated in big. 3
does really occur with the approach 1o the melting point?
b
ROUGHENING | MEDHUM
# - p
CRYSTAL
a .
SURFACE <
MEDIUM MELTING [MEDIUM
o = b +
CRYSTAL o PRS00 v
" T
CRYSTAL
W . Fig ¥
z(g{rfh% MEDi UM Possible transitiqns ol a crystal-medium
> Wil interface (a): rodghening (b), creation of
ROUGHEN NG aFiL : melt film with the atomically smuooth {c)
TRYS TAL and rough (d) cryfstal-fikm interface

Biphenyl. We studiced ellipsometrically [24-26] the bipheny! baundary which wus in
the optical contact with a glass. It turned out tiiat at temperatute 0.5 K lower than
the melting point, i.e., at a supercooling of AT=T, — T'=x U.t K, the thickness of
the liquid layer reaches = 100 A on Lhe most densely pucked-& 1} basal luce (Fig. 4)
2300 A on the least dense packed (010) face. it is and known from independent ex-
periments that the basal face which is in the contact with the mgil remains atomically
smooth since it grows by deposition of subsequent layers as is ::]mwn in Fig. la. The
(010) face is rough, being in the contact with the melt. Therefore, in this case we seem
1o observe the a — ¢ transition (Fig. 3) for the (001) face and thq a — d transition for
the (010) face. We use here the word “seem” because the crystal-film interface may
shightly differ from the interlace between the crystal and the bulk melt,

Under supercooling AT < 0.5 K, incoherent light scattering by the specimen becomies
stronger: an cllipsometric signal cannot be nulled by any rotations of the analyzer or
polarizer |26} 1f AT = 0.30 K for (001} or AT = 045K for (()10)i the intensity of such
scattering reaches its maximum (up to 40 times higher than the background value)
(IFig. 5). With the further approach to the melting poiat, i.e. for 37" 0 (the accurucy
of 7 and A7 measurements was better than [0-2 K) scattering beco mes weaker and drops
down to the values corresponding to large supercooling, as is sjen from Fig. 5. This
fmeans that the surface nielt film experiences a certain transition. "This is also confirmed

00 % phy< U hemie, M. 260,175

-

"

"
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% toH| 1.8

LY

0o

»,0 (0011
4,4 (010}

-4

Fig. 4. Thickness H of the melt film appearing on the (00{) and the (010) biphenyl faces
contacting with the glass at a supercooling AT helow the meling point, The smne data
are plotted in In ¥ vs AT and H va AT coordinates demanstrating that (AT} depend-
ence changes from /I ~ In AT to M ~ (AT)/™ a1 AT = AT,

a0

50

67 68 691,

Fip. 5. Intensity J tarbitrary units) of light scattered by the surface film on the (0103 biphenyl
face The peak carresponds (o the supcrcooling AT, at which the H{AT) dependence

changes tsee Tig. 4)

A, A Currnov: Resolts and Problems in Crys!ai Growth Studies

by the changes in the law of the thickness increase for large sup
AT 2 03 and AT = 0.45 we have

Hon (A) =73 — 2810 AT'(K)

Hon(AY = 220 — 651In AT(K)
and for AT £ 0.3 K or 0.45 K (Fig. 4) we have

i = 1)(AT)'" 25 <n < 35,

Therelore we suppest that for AT > 0.3 or > 045K the films
partly ordered liquid-crystalline structure. In the close vicinity
where the film is rather thick, it has, in its [argest part, a disot
bulk liguid [26]. It is important that the biphenyl melt and thin
have, according to our and the literature data, no liquid-crystali
they consist of clongated molecules which include two benzeng
parallel to one another in the crystal and form an angle of 23" in
ing is due to the crystal surface.
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ercoohing. Namely, for

Gy

(5)
at both interfaces have
of the melting*point,
dered structure of the
biphcenyt films on plass
nc structure, although
rings (the latter being
the melt). Thus order-

Lead (27, 2R). The asymmetric shape of molecules cannot be nesponsible for the sub-

surface order in lead where surlace disorder was qualilatively ubs
of structure reflections on high-eicrgy electron diffraction patter,
talively by the intensities of back scattered protons (Fig, 7).

REIT
surla

Fig. b

crved by the extinction
ns (1ig. 6) and quami-

1) patiern fram (100) T'h

it E

0 2+
d: 832 K, e: S84 K, I: SSR K,
pS6S K, heojust below T,

ceal different temperatures:
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Other Materials. The first studics of surface melting were performed as far back as
1859 by M. FARADAY who observed under a microscope the wuler meniscus in ice at
temperatures below 0°C. The same effect was observed later on ice [30], and a filin
was shol. There are known numerous investigations of surface melting ol ice made by
other methods [31-36]. The liquid phase was observed in the form of dcoplets on the
surface of p-loluidine crystals grown from vapor. If the temperature of tryaluis growing
trom vapor approaches the melting temperature, the growth rale becomes zero despile
the fact that there s a finite not too low vapor supersaturation with respect to the crystal
[37, 22|. Therefore it may be concluded that the crystal (or, more precisely, steps on is
surlace) grows ot directly from vapor but from a thin melt film the chemical polential
of which approaches the potential of the crystal W 77— T,,. The ellect of sutlice meiting
and the lowering of the melting point of thin (£ 100 A) films were observed (by different
methods) alse on gallium [38), sodium [39], lead (27, 28, 40, 41}, copper [42, 43}, gold
[44], aggon [45], neon [46), and oxygen [47].
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Fig. 7

Number of molten layers on the
(100} Pb surface depending on
temperature below the melling
point T, = 60 K (VAN DIR
VEEN and J, FRENKEN)
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More than 100 K below the melting point of germanium (1210 K), the (111) Ge fuce
scems to be covered with a liquid film which is indicated by the disappearance of the (00)
and (01) reflections on LEED patterns [48]

The references to other investigations can be found in [{, 49] and the above cited
articles. '

Modeling. Disordering of one-three surface layers was also revealed in numerous
computational experiments carried out by the methods of molecular dynamics {50-53).

2.4, Structure of Layers Adjacent to Surface in Simple Dense
Liquids (Theory)
Consider a dense liguid built by spheres and contacting a structureless wall. Theu the
first Yayer of spheres is ordered in the plane parallel to the wall just becausc it is in the

1
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I
i
I
contact with this wall. The second layer partly inherits the L)Id%f ol the tirst vne, the

third layer inherits that of the second, etc. Let the fraction uf
proportional (o the ratio of spacing d in the lattice of spheres

949

an inherited order be
y & certain correlation

length £ The #the density #(2) of the liquid, averaged along the plane parallel to the wall

and being at a distance of z from it, experiences allenuating osci
constant value of #y in the melt bulk
o=y 4 U - ng)exp [—(z — df2)/¢]
where ar, is the spatial density of the sphere centers in the first
surlace.
The ubove described “relay race™ mechanism of order success

ltions and tends w a

(0)

layer adjacent to the

on in the deptl of the

melt is, of course, heuristic. The consistent analysis can be carricil out [15] by studying
the free energy of # liquid represented as a functional of the deakity deviation An from

its mean value ny: An{r) = n(r) — ng. lf can be shown that the Ir
reachics the minimum if An(r) is the superposition of the density

oy T
1

n(z) = Y nogexp (ik, r — 2/E)). 1&
7 "

Fiere the wave vector &, is such that its module & is an abscissa ¢
the structure amplitude of the liguid, (k) (f = 1,2, ...}, readi!
experiment. Constants ng, turned out to be (sce below) close 1o 1h
which provides the importance of the elTects under consideration

The twe-dimensional structure of the crystal surface (bul not «f
wall) is delermined by the set g of the reciprocal laltice vectors
fave, Therefore the surface excites in the liquid the density waves
tions of their wave vectors k; onto the surface plane coincide wit

3

fe energy of the fiquid

vaves of the type

b (7)

b the jith maximum of
v obtainable rom the
t densily of the liquid,

i smooth structureless
-ojected onto this sur-
such that the projec-
1 one of projections g

(Fig. 82). Thus from the whole diversity of the density waves whose superposition mikes
the bulk liquid, the surfaces ‘*selects™ only those which are synmjmetrically compatible

with it. The layers whose density amplitudes weakly altenuvate wi

h z are smectic layers

corresponding to the main maximum of the structure amplitudg at & = k, which ar¢

oriented paratlel Lo the surface, ie., k|| zand g = O(Fig. 8b). Lo

such layersé = .5 a,

which seems to imply that the ordercd layer is very thin. However the estimate of the

Fig. 8a b
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wave amplitude with the use of the Ornshicin-Zernike equations and the Perkus-Yevik
solid rigid sphere approximation yields the conclusion that the amplitude of waves near
the surface is rather large, x=0.8n, [55]. The diffusion coefficients in the crystal and in
the melt differ by five-seven orders of magnitude. Therefore il the ordering amptitude
at the surlace is larpe (~ 1), the absolute value of the kinetic parameters of ihe liquid
mity notably dilfer from the bulk values for layers far from the surface, nol to mention
the first layers adjacent to the surface. Therefore, ordering may essentially chanpe the
kinctic properties of the interface. In particular, the delocalization of the crystal-mell
interface can increase its kinetic coelficient in crystallization similar to the case where
delocalization of the dislocation core results in a decrease of the Peicrls polential barrier
for its motion, thus increasing the dislocation mobility.

-2.5. Elements of the Theory of Surface Melting

The violation of the translation symnetry of a crystal at its boundary, the toosening
of a surface bonding of atoms and an enhancement of their thermal vibrations result in
disorder of the layer adjacent to the surface and therefore in higher entropy and lower
chemical potential of this layer. The analysis of these phenomena was performed [25, 26]
with the use of {the Ginzburg-Landau functional for the free enerpy, the density of
which includes a function of the order parameler n and the squared gradient (dy/dz)?
along the surface nornmal z. This tocal form of the functional can be oblained from the
peneral (nonfocal) density functinnal by introducing complex order parameters having
the sense of amplitudes of the density waves propagating in diflerent directions {(CHER-
Nov and Miknrey, in print) which take account of the atomic structure.

The simplest order parameters are trapsverse 7, and longitudinal %, ones: they
describe the density waves along the surface normal (3 Jand along x and y in the surlice
tself (i7,). The pictorial representation of 5 andy is given in Fig. 8c. Below, the para-
melers g7 are equal to the amplitudes of the corresponding density waves. Generally
speaking, i, consists of a set of parameters %g, where the wave vector of the density
wave Gy = g,oand &7 — g7 is related to the jth maximum of the structure amplitude
of the liguid and the kth vector g, of the plane reciprocal lattice. For highly symmelric
densely packed plune faces itis possible to restrict oneselfl to only one set of veclors + £
Thus for the (111 face of a fec erystal it is the {111} Family. The expansion of the free
encrpy U ol the crystal in the order parameters should be translationally invariant and,
hence, contain only the combinations of 9 - such that ¥’ G, = 0. Therefore in the case
of the (111 face of fcc crystals, the linear terms of the free energy expansion are absent,
ic.

U= Ualn) + Uy, + Usly gy + ... (8

The latter expression has the form of the Landau expansion from the theory of phase
transitions, the role of temperature being played by the Iransverse order parameter 7,
Coefficients U,, U,, and U, may be expressed in ferms of the parameters of S(k)
maxima. If one moves from the crystal bulk to its surface, a decrense in 1, provides
the minimum of free encrpy (in the form of the gradient-quadratic finctional). tn tarn,
the decrease in g results in a sudden disappearance af il 4, aresuch that U0y ) = 0.
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The disappearance of the longitudinal order in the layer of a fi
the retaining of a certain degree of ihe layer order along the f:
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hite thickness, F, and

fce normal marks the

appearance of a liquid crystalling phase. Such surface melting n

ay readily be under-

stood. Indecd, i, describes the order within the atomic planes in the directions x and
Fonormal to 2. It arises because a notable fraction of atems led ve the lattice planes
The atoms which have obtained much more freedom of motion along the planes start
disordering in the {v. 1} planes upon reaching a certain degree of order y Y =y,
The estimation of the thickness f of the melt film as a Tunctioh of supercooling AT
is based on the correction to the chemical potential of the film compared to the polential
of the bulk mclt. The Van der Waals altraction forces between the tiquid and ¢rystal
yicld
App = — AJIH)? )

where A = 10" ergem?, @ is the atomic (molecular) volume |of the liquid. If the
crystal-film system is supercooled below the melting (triple) poift by AT, then As AT
= Mge. Therelore the equilibrium F'm thick ness {22] s ¥

Hid = (A]As AT, (10)

Acoustic repulsion [23] gives also universal Age analogous to (9) with 4 of the opposite
sign. Both estimates do not take into account the order of the ligpid discussed earlier,
The simplest allowance for ordering consists in the minimizatibn of the free enerpy
functional in which only one order parameter 7 is used which indicates. e.g., the mean
orientation of nonspherical molecules, which s of greal importande [or the experiments
with biphenyl. The limitation 1o the frec energy expansion in 7t and (Oninz)? results in
the exponeatial dependence of the size-dependent correction (o the chemical potential

At~ exp(— HE), )
T hesefore

H~ ~%InAT (12)

where & is the correlation length which depends on the coefficients before n” and (dyfd-)?
in the free encrpy functional. These coefficients may he estimated in terms of the tem-
perature and surface energy [25]. Recently, an attempt has been macde to analyze micro-
scopically and more consistently these cocfficients with due repard for the renormaliza -

tfion of the correlation lengths £ and the fluctuations (capillary waves) at a free bownl-
ary [57].

3. Crystal Growth from Solutions

|

The microscopic aspeet of these phenomena includes the molechlarionic structure of
solutions, their stability to supercooling, the structure of inferfade lavers of solutions
and the effect of thermodynamic variables onto these quantities. The atomic structure
of selutions and interface layers determines the kinetics of crystallization proces.es on
steps. The Tatter topether with the processes of Lthe step generatioh by dislocations and
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nuclei {which are also dependent on the atomic structure) determine the crystallization
rate and crystal composition,

If to take into account the hydrodynamic processes at the prowing surface and the
phenomena of the morphological stability (the appearance of the so-called dissipative
structures), we arrive at the complete set of factors determining the defect structure off
the crystal. ‘

Below we consider only the kinctics of the layer growth, the dissipative structures,
and also the phenomenciogy of coarsening processes in the multicrystal systems,

1. Kinetics of Layer Growth

311, Dislocation Activity

If a dislocation crossing the surface has a nonzero Burgers vector component normal
to this surfice, ie., b £ 0, then it generates on this surface a step which is terminated
L the dislocation outcrop. If the solution on the surface is supersaturated, then the stcp
starls moving and 1wisting into a spiral around the dislocation oulcrop [3]. Recently
it was noted [58, 59] that the growth layers (i.e. the steps) are generaled not only by
screw but also by edge dislocations, or, more exactly, by dislocations with & = 0.
indeed, NuCl deposition from molecutar beams under large supersaturations has shown
that upon some time the spiral growth steps on the surface are replaced by concentric
ones [90] {Fig. 9). A series of indirect data indicate that nucleation of such concentric
centers occurs at points where edge distocations cross the crystal surface [58]). In ionic
crystals nucication seems to be facilitated by electric charges at dislocations [61]. How-
ever such an explanation is hardly applicable to GaAs crystals growing {rom theif solu-
tion in molien gallium. Nevertheless, using the decoration and X-ray topography, it is
possible to observe growth hillocks on the (111) GaAs produced by dislocations with
b =0 [59].

We carricd out experiments on NI, H,PO, (ADP) crystals growing [rom aqueous
solutions with the simultaneous in-situ X-ray topographic check ups [62]. Thus we
managed to observe both crystal growth and the defect formation in their lattices.
1:dge dislocations turned out to be inactive—the bipyramidal face crossed by such dis-
locations in the supersaturated solution (¢ = 2-3%)' did not grow (at least with aa
observable rate R > 10-7 cm/s). To the contrary, screw dislocations provided notable
growth rate. The disapperance of screw dislocations from the face hajted face growth.

One more interesting phenomenon should be mentioned. Let dislocation D, (Fig. 10a}
outerop 1o the bipyramidal (011) face growing notably faster than the (001) prismatic
face. Upon some time, it will reach edge E. This occurs simply due to the displacement
of the {011) face since the dislocation is immobile with respect to the crystal lattice.
If D, is the only dislocation providing growth of the {011} face, then the autcome of

S

1 We mean here retative supersaturation, 0 = (C — C)C,, where C and C, are the irue and equiki-

brium concentrations of the solution, respectively.
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Fig. 9. Concentric growth steps appeared on the (100) NaC'l suflace during its growth from
~“MNaCl molecular beam -

~
-~

Fig. 10. Effect of distocations on growth of neighbouring faces:|a: the (011) face is growing
il the screw dislocation D, provides layers on il, i.e. till gie moment when D) reaches
the edge E between the (011) and (001) faces; later, thd face (OF1) can grow only il
the Tace (001) moves due to another dislocation Dy, thF dislocation [}y remuins on
the edge E. b: the dislocation D, crossing an edge duci'. not generate a step on the

[ace :

D, to edge E should stop the face growth. Indeed, a dislocalior coming out 1o the edge
does not gencrate any step unlike a dislocation outcoming ;1o the face (Fig. 10b).
If nevertheless the (001} prismatic face (Fig. 10a) continue to grow (e.g., because of the
activity of another dislocation, D,) then the (011) face also glows at a rate such that
the dislocalion D, will remain at the edge £; Thus the growthjrate of the bipyramidal
fuce is entirely determined by the giowth rat= of the neighbgring prismatic face, the
angle between these faces and the orientation of the * '
Such a growth explains the mutual dependence of the growt} rates observed for the
neighboring faces.

‘conngcting” dislocation Dy,

ry

"y

oy

"y
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The Burgers vector of a dislocation equal to one lattice parameler is rarcly observed.
More often we encounter larger values and X-ray topographs show cither only one or
several dislocation lines. Different power ol dislocation sources generating steps is
clearly seen if we compare the curves which describe the growth rates R of prismatic
fm.-cs as functions of relative supersaturation a (Fig. 11, Fig. 12) [63]. Both siudied
prismatic faces grew from one solution, the temperalure, accidity, and supersaturation
being equal as well, Nevertheless, for o = 1%, the normal growth rate R of one prismatic
f::f'c {Fig. 12) turned out to be four times higher than that of the other face (Fig. 11).
FFigures 11 and 12 also show the curves of the tangential growth rates rr) of the steps
on these faces and slopes pa) of the vicinal spiral growth hillocks formed around the
dislocation on this face as functions of supersaturation. It is just this growth hillock
which provides the face growth at the rate R,

-3
P10
16

R

Fig. 11

Average step velncity v, dislocation hillock
slope p and normal growth rate R provided
by this dislocation hillock as functions of
relative supersaturation o. The hillock is
formed around elementiary screw dislocation

S S
2 3 Guw?
s T E T 3 T
Figure 11 illusteates the growth kinetics on a dislocation with the unit Burgers vector.
According to the theory [3], for such a distocation we have

r = hk TU“Q(H(I (13)

where /t is the step height (corresponding to the lattice parameter) T is the temperature,
15 the specific molecular volume of the crystal, and « is the specific surface free enerpy
of a step riser. The comparison of p calculated by (13) and the expetimental pla) depend-
ence shown in Fig. 12 permits one to obtain the value of n ~ 20 ergfem? (we do not go
here into a finer effect of anisotropy in «).

The total normal component b = mfy of the Burgers vector for a nonelementary dis-
focation is larger than the lattice parameter / (the integer m > 1). The core perimeter
of such a dislocation may be 21, which larpely exceeds the interatomic distance. Thus
the stope of the growth hillock formed around such a distocation is

P = mhkTaf(1amn + 20Kk T}, (14)
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Fig. 12. Average step velocity v, dislocation hiltock sfope p and n
vided by this complex dislocation step sources, denoted
right tnsert presenting Micnarison interference fringes
Rurgers vectors, m. and m,, and another parameters of
The upper left insert presents the same data in the p ® vs

Itis secn from (14) that p-! linearly depends on o', which was i
mentally (see the insert in Fig. 12). Two straight lines on this in
distocation growth hillocks marked with a cross and a circld

tions and slopes of these two straight lines yield the valye
Lo =092pm, L, = 0.31 pm. Thus not only the presence of A
small as ~ | pm in diameter but also its struclure may effect the g
scopic face of the crystal changing it by a considerable factor,

3.L.2. What Does Limit Growth Rate?

Figures 11 and 12 help one to solve one more problem alrea
years - how important is surface diffusion in crystal growth [rory

In crystal growth from vapor, molecular beams, and, to a l(‘w
phase with the participation of chemical reactions, surface diftd
part. The point is that the density of a crystallizing substance in
lower (up to a factor of 10%) than the density of the same sub
atomically smoath terraces between the steps. 1T the temperaty

i
-

A ;
Fpm

.
ormal growth rate R pro-
by - and + on the wpper
of the growing lace. The
the souzces are indicated.
! coordinates

fact confirmed experi-
ert are related to two
in Fig, 12, The posi-
s: g = k2, m, =6,
dislocation source as
rowth rate of a macro-

ty discnssed for many
solutions.

bt degree, from the gas
St plays dae nngoo:st
‘the gas phase is much
ttance adsorbed at the
£ 15 not too low, then

admolecules (adatoms)y may diffuse over the surface. In this casd, they provide a kwrpger

itflow of the crystallizing substance to a step than the atoms ar

rived directly from the

gas phase.
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Fig. 13, Above - electron microphotographs of Ca oxalate crystals in human urine of an ill
person. For healthy persons, the crystals are tens of pereent smaller and possess the
same shape. Below — the size distribution of crystals in human urine: | ~ total histo-
gram reflecting data of all patients, 2, 3 ~ typical histogram for ill persons. Solid line
gives size distribulion expected lor Qsiwald ripening, 1t daes not fit the data demon-
strating that the size distribution is controlied by growth kinetics and inhibition 1914

At temperitures exceeding a surface encrgy per atomic site each step strongly fluctuate,
ie, it has a ol of kinks (Fig. 1a). Therefore its velocity ¢ shouhd lineurly increase with
the supersaturation attained in the immediale proxiniity of the step, At the same time,
each step is the linear sink for a crystallizing substitnce and therefore is surrounded with
a diffusion tield. If the decisive role in step feeding is played by diffusion in the bulk
solution, then the symmeltry of the concentration diffusion cloud around (he step should
be cylindrical. If diffusion proceeds onfy on the terraces between (he rectangular steps,
then the ditfusion field is one-dimensional and depends only on (he coordinate perpen-
dicular to the step normal. The overlap of the difTusion lields of neighboring (and more
distant) steps is the measure of “competition” for the crystallizing substance. The
stronger the diffusion field overlap, the lower the supersaturation in the immediate
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vicinily of each step and the lower is its velocily v, the supersal
bulk being the same. 1n the experiments illustrated by Figs, 1}
supersaturation results in steeper dislocation hills or in an apjq
another. Therelore if the dilTusion fields of the steps overlap, tf
steps forming the vicinal hitlock should increase with o at a lower
by the linear law. [n fact, Figs. 11 and 12 show that p(u) is a
the steps do not “compete” for their feeding by ovcr]npping‘tg
the supersaturation at each step equals to that in the solution
served step velocity and therelore the growth rate of the face are
by the process of ion building into the lattice directly on the stej
growth rate strongly depends also on the rate of step generatio
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wation in the solution
and 12 an increase in
roach of sieps Lo vne
en the velocily v of a
rate than it 15 required
incar (unction. Hence

'il diffusion fields, and

vl Thercfoie, Lo

cumpletely determined
s (OF course, the fuce
h). The process of ion

building into the steps is characterized by the kinctic cocl'licicu1l:. /1, refating the step

veloeily » and supersaturation @ on it:
v = wCf,.

The kinetic coeflicient f, is anisotropic. For the prismatic face
the optical axis is f; =~ 4 x 10 ¥ cm/s [63], whereas in the norn

(15)

this coefficient along
al direction it is by a

Factor of 1.5 smaller. On the bipyramidal face the value of 8, is much higher, for thiee

different siep ortentations on this face it is 8, 2 0.8, 0.6, and 0.4
The linear cnergies of steps for the prismatic and bipyramidal [
cxperiments were almost the same, Being recalculated into the st

rafs, respectively [64).
c2s determined in our
ttace encrgy of a step

riser, it is 20 ergfem?. Thus the large difference observed in the growth rates of prismatic

and bipyramidal faces under low supersaturations is determined
step motion alone. .
1L is worth noting that the kinctic coefficients of fuce growtl
temiperature solutions determined by another technique are 3 x (i
The kinetics of the ion (molecule) incorporation into the Jatt

by the kinetics ol the

for parnets in high-
) 3 — 10-%) em)s [65].
ce at the steps deter-

mines not only the growth rate of the face and its morphology Hut also the caplure of

impurities, the density of point defects in crystals, morphologicT stability of the face,

3.1.3. impurities and Strongly Nonlinear Growth Kinetics

The types of [unctions p(7), v(e), and R{e) shown in Figs. 1

‘ and 12 are in pood

ay L

agreement with the classical theory of growth on dislocations. This, however, is nol true
for the functions shown in Fig. 14 [66, 67). Herc the kinetic coeflizient of layer propa-
gation sharply increases if the supersaturation vaveeds a cortain critical value g = T,
= 3-457. The variation in the slope of the dislocation growth b Hock p(¢) turns out
to be nonmonotonic: with the rise in supersaturation p(e) first idvreases (for small o),
then decreases (for moderate o), and finally increases again (for|large ¢). For o > o,
the growth processes on the face proceed at a much higher rate.

The strongly nonlincar dependence v(o) seems to be due to impurities adsorbed on
the growing face but hardly entering the crystal. The moleculeq (ions, complexes) of
such impurities together with their solvate shells thus become stoppers for step motion.
If the distance between such stoppers, (C,)™""2, is smaller than |the diameter wo/k Ty

gy W
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i Fig. 14
Average step velocily o non-linearly de-
pends en supersaturation o due to impu-
2 2 rities providing the non-monotonous vari-
? ation of the hiltock slope, p, and about 10
times increase in kinetic coefficient for the
face growth rale, R. The impuritics are
J believed to hinder the step propagation at
B aor ———O-r——.o"*r_ﬁ““—oloa '? a7 <o, = 3—:1"'/, and do not i_nﬂrrcm:c the
- . e kinctics at higher supersaturations
322 29 27 1¢

of a two-dimensional critical nuclcus for the given supersaturation, then steps cannot
overcome the impurity *fence™ and their motion is halted (N. Caprera and D, Vinri-
1 VEA). Here v is the specific molecular volume of {he crystal, and C,, is the surface
stopper concentration related to bulk impurity concentration by one of the conventinal

adsorption formulae, Thus cach surfuce impurity concentration C,; determines the

threshold supcrsaturation o, = wa \/C,,fkT below which the steps and therefore the
face stop growing. Qur t{e) and R(o) curves {Fig. 14) are similar to such threshold
functions. The important difference however lies in that no complele halt of growth
for a < 7, occurs. We believe that stoppers in the adsorbed state live for a finite time.
Reing desorbed, they provide step motion even under low supersaturations. The velo-
city of such a motion is determined by both supersaturation and stopper lifetime. This
situation is analogous to dislocation motion in crystals with impurities. 'Fhe analyvtical
selution of such problems has not been known as yet.

If the step velocity varies nonlinearly with supersaturation, then the classical theory
ol the liver-spiral growth is not applicable, since i is based on the linear relttionship
{15). The adequate analytical theory for the piecewise linear dependence r{7} which
describes approximately the nonlinear t(7) curve in Fig. 14, was recently developed in
[66]. In 167). numerical calculations for an arbitrary (=) have been performed. The
main ¢fect of nonmonotonic p(o) dependence js explained, within the ideology develop-
ed in {66], as follows. Consider a step which ends at point 1 of the screw dislocation
cuterop g, [5). Since the step center 22 is immobile. the curvature radius of the step
at D should be cqual to the curvature radivs of a two-dimensional critical nucleus.
Indeed, the supersaturation with respect to such a curved step is zero and ¢ - 0. The
farer from the center D is a point on the step under consideration, the smaller is the step
curviture at this point. Thus the closer tn «# in the bulk the supersiturafion which

.

k

-
[
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Fig. 15. Qrowth sprial aroumd point D where an elementary screw dislocation crosses the
interface. Within (he central part DC of the spiral aft effective supersaturation
(Gibbs-Thomson effect included) o < o, = 3-47% (see Fig. 14). At larger distance
from D, i.e. beyond ., the acting supersaturation equals fhe one in solution. There-
fore the intersiep distance within DC is much less than|beyon! ¢ f

really “moves”™ the step (with due repard for its curvature). Thercfore there should
exist a segment DC of the step close to its center D where the “driving ™" supersaturation
is lower than the thereshold value, 0 < a,. The step growth here is determined by the
slow kinetics. At a distance from the center exéceding DC, the mption and the shape of
the step are determined by the fast kinetics (1 > oy, Fig. 14). In|the steady-state mode
the step flow po and therefore the rate R of the face growth arg the same at any face
point, ie., R = pv = const. Al the step periphery the kinetic coefficient #, and therefore
the velocity » are by an order of magnitude larger than at the Jpiral center where the
“driving™ supersaturation is lower than the threshold value a,.| Therefore the slope p
at the step periphery is smaller (by the same factor) as that in thelcenter D, IT the super-
saturation in the solution bulk is lower than the threshold value, d < a,, then the whole
spiral (from its center to the periphery} is characterized by the slow, or, roughly spealk:-
ing, linear kinetics (Figs, 11, 12). For the lincar kinetics, the slope p is governed by cx-
pressions (13} or (14), being independent of the Linctic ctep r'ncﬁ'rcicnt. Thus, if super-
saturation increases up to values exceeding o, the slope of the ohserved peripheral
part decreases by the same factor as the kinetie coeflicient of| the fast kinetics (for
@ > o, in Fig. 14) exceds the coefficient of the slow kinetics (o <o, in Fig. 14). With »
further increase of supersaturation, the stowly growing centrnl parft of the spiral becomes
smaller, whercas the slope of the hillock reapproaches the value determined by ex-
pression (14).

The normal growth rate R = pr in the model under consideratjon is described by the
experimental curve in Fig, 14, 1t is clear from the above said thiit the steep linear rise
of R{m) tor o > w, has nothing to do with the normal prowth and high step density

on the surfuce and the threshold supersaturation has nothing to do with the crifica!
value for the formation of (wo-dimensional nuclei. Both featuresiare thus explained by
the presence of impurities.

4. Dissipative Structures

4.1. Marphological Instability in Normal Growth and
Dislocation Structures

I a face is atomically rough (Fig. 10), then new particles mav belattached to the crystal

almost at any point. 1t is the so-cafled normal fare arnswth fean el 200 12 a0
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from layer prowth, normat growth is characterized by high rates of face motion, since in
this case there is no problem of step generation. Moreover, normal growth is almost isotro-
pic whereas singular fuces give rise 1o the corresponding sharp minima on the depend-
ence of the suiface growth rate on surface orientation. Therelore in solutions (and melts
with high impurity concentration) macroscopic wavy perturbalions on the crystallization
front do not disappear, on the contrary they become even more pronounced. As a result
the planar growing surface becomes corrugated, the so-called morphotogical instability
[1]. Its development makes the growth fiont cetlular or pavement-like (Fig. 16). Idome-
ike cells of the front are connected by grooves whose tracks in the crystal bulk form
he boundarics of the so-called pencil structure {1).

Fig. 16. Basal inlerface of quartz crystal, as grown m hydrothermal solution, revealing cellular
(" cobble™) structure. The small pits have appeared as a result of point-growth e¢t-
ching and mark outcrop puints of dislocations, The pits are preferentially localed
in the boundaries between cells

A typical example of the cellular structure oblained in growth from solutions is the
pinacoidal lace of quartz {Fig. 16). 1t results either from normal grow(h ar lecbly marked
Li, ~r prowth,

Here the question may arise how do dislocations behave if they outcome 1o the cellular
growth front.

1t should be reminded that a dislocution oulcoming to the planar growth [roat
orients in such a way that the dislocation energy is minimal. The specific linear energy
of a dislocation is anisotropic and therefore the most favorable orientalion not neces-
sarily coincides with the surface normal [1]. The cellular surlace whose profiles at
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sequential instants of time 1, 2, 3, 4 are shown in Fig. 17, has t
denoted by letter E in Fig. 17. As a rule, inclusions appear on thq
form, upon closure, dislocations. With the growth front displac|
point of each dislocation moves along the surface and sooner or I

964

e wedpe-like grooves
seed sutface S which
riment, the emergence
tar reaches the groove

bottom. It has been established {DimiTROY and CHERNOV) that thy: position of the out-

crop point is stable for a certain range of spatial orientations
Burgers vectors, and the oricntations of the groove traces in thg
the cell boundaries. As a result, dislocations are trupped by gro
growth of the crystal they appear within the groove traces in the ¢
dislocations form pifes at cell boundaries; such dislocations a
another. Being elongated during the surface growth displaceme
anuther, which results either in dislocation annihilation or, vice

of dislocations, their
srystat bulk, ie., for
bves and with further
vstal bulk. Gradually
¢ not parallel to one
ht, they intersect one
srsa, their piling and

formation of cracks. About 75%, of the dislocation etch pits in Fig 16 are located along

the grooves, thus confirming our conclusion about trapping o

dislocations by the

Fig. 17. Subsequent positions (4, 2; 1 of the growing interface possessing celfular structure.
The dislocations—the dashed lines— are trapped by the edges E of the cellular

growing interface

Fig. 18. Quartz plate culled parallel to the basal plane (sce Fig. 17) apd eiched. Accumulation

aof eich pits in the boundaries between neighbouring cells
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grooves. The same phenomenon is also seen on the photograph of 2 plate cut out from
the crystal bulk in the orientation parallel to the same pinacoidal face and then etched
(Fig. 18). Preferential etching occurs along the cell boundaries.

4.2, Hydrodynamic-Kinetic Instability [68}

The above described morphological instability (Fig. 16) is due to the existence of
the diffusion field over the normally growing face. In layer growth, instabifity manifests
Mself in the formation of the macrosteps from clementary ones on vicinal faces, e.g.,
at the slope of a growth hillock. The risers of such macrosteps may also loose stability.
As a result, the mother liquid may be included into the crystal bulk, which may be very
dangerous, e.g., in crystals used for doubling the frequency of strong laser radialion
since it cawses crystal cracking beginning at inclusions. The stresses due lo nicro-
inclusions or inhomogeneous distribution of captured impurities seem to he responsible
for anomalous hirefrigence. Therelore the formation of macrosteps should be eliminated
by refinement of the solution, by its thorough mixing or by any other method.,

Studying growth of ADP (NH H,PO,) crystals from aqueous sofution we ohserved

a new type ol instability giving rise to the Formation of macrosteps, Figure 19 shows the

morphology of the growth hillock around a distocation whose oulcrop is indicated by
ffed arrows. Open arrows indicate the direction of the mother liquid flow along the
Iace, 1 is seen that the surface wrinkles up. i.e., macrosieps are aiways formed at the
hillock slope where the direction of the elememary step motion during growth coicides
with that of the mother liquid. Macrostep smoothening at one slope of the hillock
and thetr formation at the apposite slope upen the change of the direction of the soly-
tion flow (this corresponds to the passage from Fig. 19a to Iig. 19b) takes one-two
minwtes. The above described instability is observed in the purely kinetic growth mode,
when the velocity of solution flow (= 25 cmyfs) is so high that its further increase does
not intensify the growth any more.

Fig. 19. Creatinn of macrosieps hydrodynamic-dissipative structures  on the vicinal sfopes
of growth hillock formed around the dislocalion indicated by black arrow. The white
arrow indicates the solution flow direction
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C

I, 20. To an explanation of dissipative slep structure. a: perfodically perturbed vicinal
stepped surface, b kinetic coelficient f,, p of the pertar bed surface, c: supersaturation
a, immediately abave the growing surface at dilferent soldtion Now rates u

The cause of the phenomenon may be understood from Fig. PO, showing a stepped
profite of a corrugated surfuce with the periodically varying stdp density. Figure 20b
represents the plot of the product of the step density p and the conbiant kinetic coelicient
of steps, f,. In the vicinity of the surface regions 1, 5, etc. th:s’op density (and henc
the absorption power of the surface with respect to erystallizing istance; wic i,
Regions 2,6 ile at the deepest position in the supersatorated sohftion and therefore are
best fed. Therelore the supersaluration at the surface is maximpl at 1 2 and 5.6 sep-
ments indicated by arrows in Fig. 20a. Tn the immobile solution such a distribirtion
gives rise to an even higher amplitude of a gofier, i.e., 1o instability.

The solution moving to the right in Fig. 20 is transferred fram the regions of high
supersaturation towards the bulpes 2,6 on the goffered surfacd. Thus the bulges ure
better fed, their growth rate increases, and instability becomes mbre pronounced. If the
solution flows to the left, i.e., in the direction reversed to that of slep motion, the en-
riched solution is transferred to valleys indicated by 4 (Fig. 20a}. [The valleys grow faster
and under sufficiently strong removal of the substance they afe healed, or, in other

words, the plane surface becomes stable,

4.3, Dendrites

The well known dendritic and entectic structures forming during st solidification
of one-, two-, and muticomponent melts are studied both theoretically and experiment-
ally [69.79] as representatives of self-organizing synergetic sysfems. [he essence and
the difficulty of the problem consist in the following. A deadrititic crystal or a erystal
ol a more simple almost parabolic shape grows in the thermal {andjor concentration)
ficld created by the crystal itsell. The erystal shape is then escribdd by an cigen Munction
of the nonlinear problem of heat conduction (and diffusion). The analysis of such a
problem for a onc-component system has shown that, Grstly, 4 dendrite of a certain
shape and symmetry and not fractal struciuse can grow only iflthere ic at least feebly
marked anisotropy of the surface enerpy or, as has been recently shown by Bringr,
Mz’ Nikov and TeskN, nonzero kinetie cocllicient. This statemient i< alen trine for the
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initial stage of the transformation of a spherical crystal into a skeletal one via, first,
the development of bulges on this sphere and then intense growth of one ol these bulges,
the top of which can be approximated by a slightly distorted paraboluid. [n the latter
case, the solution of the simplest thermal problem provides only the condition which
should be imposed onto the product of the paraboloid top velocity by the radius of its
cutvature. In order to determine these quantitics one more condition is necessary which
can be obtained frum the stability conditions in the neighburhwod of the top. It yields
the whole spectrum of eigen values for the paraboloid velocity and radivs,

In the culectic structure the platelets of the alloys of dillerent compositions may
alternate. Then the problemn reduces to the establishment ol the relation beiween the
platelet size and the repetition peried of the structure as a function of the sulidification
rate. Recently fresh atlention was focussed on this direction.

5, Ostwald and Non-Ostwald Ripening

A multitude of small (5 1 um) crystals which exist in the solution at the constant
equilibrium temperature are, in fact, not in the complete equlibrium. Smaller crystals
are being dissolved, whercas the large ones are growing at their expense [1). Such
Ostwald ripening occurs since the system sirives Lo lower its surface energy. It is well
known that growth of large particles at the expense of small ones proceeds also in the
systems of particles vp to several millimeters in size [1, 80, BE]. The observed growth
rates are by several orders of magnitudes larger than those which could be expected,
if the driving force of ripening in such coarse disperse systems is the obersved decrease
in the surlace energy. Such non-Ostwald ripening is explained by the kinetics—the
“asymmelry” between growth and dissolution under the conditions of oscillating
temperature. ‘

Namely, casier generation of dissolution steps by crystal edge and defects of its
structure in comparison with growth steps results in the fact that the dissolution rate
is usually several times higher than the growth rate. If the amplitude and the osciliation
petiod about the equilibrium concentration of the solution (or, generally speaking,
about vapor pressure or the melt temperature) are chosen appropriately, then the atomic
layers on the faces of sufficiently small crystals have enough time to dissolve completely
during the dissolution half-periods. To the contrary, most layers on large crystal faces,
which are dissolved layer-by-layer, are preserved. During growth half-periods such Jayers
are built up whereas the generation of new layers proceeds at lower rates. Indeed, ex-
perimentally detertmined growth rates in systems of large (> 100 pm) particles are de-
pendent on the period and the amplitude of temperature oscillations. Such a process
may be called **kinetic ripening"”.

6. Crystallization Under Strongly Noncquilibrium Conditions

6.1. Nucleation and the Ostwald Rule

It is an important independent topic. 1 should like to mention bere only one its
aspect—the atomic structure of nuclei seems to be strongly different from that of ihe
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#ny number of atoms
;um. This closed the
diameler) consisting

bulk phase. In particular, in recent years the clusters containing
(from one up to 5000 and more [94]) have been obtained in va
gap between molecular beams and microparticles (up to 100 A
of 1ens of thousands of atoms. Clusters are obtained either by T e evaporation of the
substance under question in the atmosphere of cold helium (10 mbar) or by adiubatic
cooling of gus entering vacuum from a nozzle under high pressure; 1he experiments with
lead and xenon have shown that there exist vicaily pronouncgd “magic numbers”,
N, =7,10,13, 17,19, ... of atoms in clusters. The fraction of| clusters consisting of
such magic number of atems is maximal in comparison with the fraction of clusler
consisting of N,, £ [ atoms. Some of magic numbers (7. 13, 19) coprespond lo completed
coordination spheres of the penlagonal packing of spheres forbidden for stable macro-
scopic crystals.

Gatlium droplets several 1m in diameter may be supercooled down 1o 150 K, half
the value of the melting point. Being crystallized, they show, in a Idition 1o stable tctra-
gonal phase, also four modifications melastable al room tempera ure.

Finally, nuclei having the metastable structure were also observed during devitrfiica-
tion in a high-resolution electron microscope.

It has not been clear as yet whether nuclei with the structure not observed in macro-
phases are stable under the conditions of their formation. Nevertheless it is obvious that
all the above mentioned phenomena confirm once again the v lidity of the Ostwald
rule.

6.2. Molecular-Beam Epitaxy

Moleculat-beam epitaxy (MBE) is being studied at least at 30 world known labora-
tories. Impressive advances in this technique have been demonstra jed at the International
Conference on molecular beam epitaxy {82]).

MBE requires high supcrsaturalions——_lhc'vapor pressure in the jource of the molecular
beam exceeds the equilibrium pressurc over the growing film by a factor of 10*-10%,
And yet, the MBE technique yields single crystalline films of pigh perfection, since
atoms incident onto the growing surface (c.g. Si atoms in the case of silicon film growth)
do not enter the lattice immediately—they first form a movable afsorption layer. When
atoms start “showering™ the surface, the supersaturation in this layer drastically in-
creases and, upon the attainment of the cirtical value of the surfuge concentration, 1wo-
dimensional nuclei of new lattice planes are formed and grow. A si¢p ending each nucleus
is o linear sink for atoms diffusing along the surface. Therefore the appearance of nuclei
decreases the supersaturation in the adlayer. As a result, the sppersaturation at any
surface point may only slightly exceed the critical value. Such If-regulation provides
relatively “tender” conditions for atoms which are built into the Jattice at the steps.

And what about dislocations? The experiments with NaCl depopition [60] have shown
that at the very beginning of growth, dislocations work hard a the surface is being
covered with spiral steps. But soon afterwards they are replaced.by the systems of con-
centric steps one interplanar distance high {2.82 A for (100) NaQW (FFig. 9) o1 by isiuito.
randomly scattered over the surface (Fig. 21). Indeed, as is knowp, the growth rate due

v
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to layer generation by dislocations (Fig. 22, curve D) is much higher than the growth
rate due to two-dimensional nulceation (Fig. 22, curve N) if the system slightly deviates
from the equilibrium (Ap/kT <€ 1). To the contrary, two-dimensional nuclei provide a
high rate of normal growth of the face. The threshold value of AufkT at which the cross-

over occurs is strongly dependent on the specilic energy of steps and surface imperfec-
tions.

Fig. 21

Concentric steps on the (10MNacl
face randomly nucleated and spread
during molecular beam expitary, like
the one in Fig. 9. (11 ). Mryir and
B.J. S1aN)

———

Tig. 22 Fig. 23

Fig. 22 Face growth tate B provided by 2D-nucleation (&) and by disiocations (£))—as
functions of ¢rystallization driving force, AplkT

Fig. 23. Subsequent stages of molecular heam cpitaxy by 2D-nucleation - 1: initial atomically
Nat surface, 2: steps have appeared. grow and annihilate, 3: all the steps have anni-
hilated and the new atomic plane is completed
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Now consider an atomically smooth surface (Fig. 23a) hon
supersaturated molecular beam. On such a surlace twcxu-dimensi(J
grow. Their size increases (Fig. 23b), the steps of opposite signg
(Fig. 23) and finally disappear, thus completing the formation of
the lattice. Then the process restarts. The total perimeter of ste
periodically varying from zero up to a certain maximum vahte. Th
molecules by the surface also varies perindically. Hence, {he frad
cules which leave the surface should oscillate. Several (three-Toy
the intensity of the beam of molecules leaving the surface were r
In this case it is possible to observe not islands of new planes hut 1
existing planes. Oscillations in the intensity of the reflected mol
observed for growth of (100) KCI [83-85].

Now let a beam of high-energy electrons be incident on the
grazing angle. ‘The larger is the step density, the larger the fraqg
which are scattered incoherently thus decreasing the intensity of
beam. Therefore the step density oscillations_ in the procees illu
he reflected in the oscillation intensities of RUEED spots. This
observed in the molecular-beam epitaxy on the (100) GaAs [R6]. La

967

barded with a highly
nal nuclei appear and
encounter, annihilate
a new atomic plane of
ps (per unit surface) is
absorption of incident
tion of incident mole-
r) such oscillations of
dorded for (100) KO,
t‘:c holes in the already
ccular beam were ako

growing surface at a
tion of such elcctrons
he elastically reflected
slraled by Fig. 23 will
phenomenon was first
er on the phenomenon

was repeatedly conlirmed by observations on AlGaAs, IntiaAs

Gie, Si, and ZnSs [R2,

BRI A decrense of the oscillation amplitade with time was different in different experi-
ments. The maximum nuinber of recorded oscitlaiions c.zocts 4 [?0]. The oscillation
attenuation is associaled with the fact that the events of the huclcm formation are
random, Therefore at different points of the surface “showered™ with electrons the

moments of new liyer nucleation and the moments of the dishppearance of already

existing ones do not coicide. Such “desynchronization” results
density showing no oscillations,

o
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1 also turned out that the oscillation amplitude of the RHEED signal decreases with
the temperature rise. For vicimals related to the (100) GaAs oscillations disappear at a
substrate temperature exceeding 590°C, when surface diffusivily becomes so high that all
the admolecules manage to join the atready existing steps [82]. '

The phenomenon of periodic aucleation and annihilation of steps finds practical
application in the MBE technique. Namely, the RHEED signal is used to control the
shuts of molecular guns, in particular, of various dopants |89}. Terminating the process
at the stage of the minimum step perimeter, one may attain very sharp transitions and
boundarics of the modulated structures.

7. Conclusion

The sixties and scventies saw the greai interest lo the phenomenological study ol
crystal growth. In the ejghlies, we wilness the application of sophisticated techniques
opening new vislas for investigating growth phenomena at almost atomic level. These
are nuclei of several aloms, interatomic layers and individual distocations, High-resolu-
tion electron microscopy studies of the profiles of moving columns consisting of four-
five atloms and clusters on substrates will provide direct observation of atomic processes
and the measurement of their quantitative characteristics. Crystal growth and physical
chemistry of surfaces enrich one another.

On the other hand, with the development of synergetics, an interest is renewed 1o the
problems of morphological stability of the growth forms of crystals and to hydro-
dynamics and heal- and mass-transfer in melts.

The efforts made by scientists studying micro- and macroscopic aspects of the above
phenomena have already found their practical application in the development of new
technologies and creation of new malerials.
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The Application of Digital Simulation fo the Study of S‘ipatial
Distribution of the Oxidized and Reduced F(T*mw of a System
Excited by Alternate Current !

Ry P. € anas, R. Duo, M. €. Taronza and A. Aldaz'

With 3 Iigures (Revcived T4l November 1986)

Absiract

A study of the spatial distribution of the concemtrations of the oxidired 4nd reduced forms of a simple
electrochemical system excited by an a.c. perturbation has been done. This system has heen mmlyfml
by digital simulation using the explicit methed. Tt is important to point owf that no 1ype of linearization
of the system has been carried oul,

Intraduction

The methods of digital simulation have been applied (o mapy electrochemical proh-
lems, even thougl these methods have only recently been uged in studies of systems

excited by an alternate current [1, 2).
In this work, the distribution of the oxidized and reducgd forms ol an electro-

chemical system submitted to an a.c. perturbation has been anhlyzed [3].
Itis important to point out that in this study, no type of linearization of the sysicm
has been carricd out, thus differing from the theoretical studies that have been done

to date,

Theory

The simple electrodic process O + e == R has been :\nn‘y?cnl, Taking into con-
sideration semi-infinite plane geometry, the equations that rt&lc over this process are
the following:
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