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Kinetics of nucleation in surfactant-mediated epitaxy
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The theory of atomistic nucleation is developed to account for the presence of surface active species
(surfactants on the crystal surface. A cluster consisting of surfactant atoms is formed on top of the crystal
nucleus owing to segregation of the surfactant on the crystal surface. In effect, two factors account for the
presence of the surfactant. The first is the decrease of the edge energy of the nucleus owing to the saturation
of the dangling bonds at the nucleus periphery by the atoms of the surfactant. The second is the edge energy
of the cluster consisting of surfactant atoms. The two factors influence inversely the process of nucleation. The
decrease of the nucleus edge energy requires less work for nucleus formation and a smaller number of atoms
in the critical nucleus. The edge energy of the surfactant cluster leads to larger work of nucleus formation and
a greater number of atoms in the critical nucleus. Thus the presence or absence of a surfactant may result in a
different number of atoms in the critical nucleus at one and the same supersaturation. An expression for the
nucleation rate is derived and the saturation nucleus density is calculated on the assumption that the latter is
determined by overlapping of nucleation exclusi@iepleted zones around the growing nuclei. The work
needed for formation of kinks at the steps edges is calculated. It is shown that the latter, as well as the step free
energy and the roughening temperature are determined by the surfactant efficiency. That efficiency is defined
as the relative difference of the interfacial energy per bond and the energy of the dangling bonds and can be
evaluated directly from the slope of an Arrhenius plot of the kink density.

I. INTRODUCTION is strongly influenced by the presence of a third, surface
active elemenisurfactant The latter alters the wetting of
Fabrication of devices based on heterojunctions betweethe substrate by the film and thus suppresses islarfdthg.
single-crystal substrates and epitaxial films requires the epiCopel et al.” established that predeposition of 1 monolayer
taxial interface to be as smooth as possible. Epitaxial films(ML) of As suppressed islanding in Stranski-Krastanov
however, often grow with formation and growth of isolated growth of Ge on S001). van der Vegtet al1° found later
three-dimensiona(3D) islands either from the very begin- that 1 ML of Sb deposited on A11) caused strong oscilla-
ning of the depositioriisland or Volmer-Weber growlhor  tions of the x-ray reflection to appear. This showed that Sb
after the deposition of severéne, two, or threemonolay- changed the growth mode from multilayer growth that is
ers in a layer-by-layer modéStranski-Krastanov mecha- characteristic of homoepitaxial growth to layer-by-layer
nism). The reason for islanding in the first case is the incom-growth. Rosenfelcet al! carried out a model study of the
plete wetting of the substrate by the film material. It wasAg/Ag(111) system. They deposited an anomalously high
expressed by Baukin terms of interrelationrs<o+o; of  density of nuclei in the absence of a surfactant and showed
the specific surface energies of the substratg, over- that the greater the island density the stronger the tendency
growth, o, and the interfacey; , respectively. In the second for layer-by-layer growth was. \Voigttaler et al2*3 carried
case islanding is caused by the nonzero lattice mismatch afut detailed scanning tunneling microscq® M) studies of
both materials in addition to the complete wetting, 2D nucleation of Si on a clean @11 surface, and in the
oo+ 01781t was established long ago that the mode ofpresence of Ga, In, As, and Sb as surfactants. They found,
growth of thin epitaxial films is also strongly affected by the first, that the saturation island density steeply increased when
substrate temperature and the deposition (ftea review  group-V elements As and especially Sb were used as surfac-
see Ref. B Islanding is observed in the case of Volmer- tants. On the contrary, In decreased the number density of the
Weber or Stranski-Krastanov growth at high temperaturesslands. Second, the nucleation exclusigiepleted zones
(near-equilibrium conditionswhereas below a certain criti- around the growing islands and the steps decreased in width
cal temperature the growth proceeds by consecutive forman the presence of As and Sb, and strongly increased in the
tion of monolayers(layer-by-layer growth or by simulta- case of In. Third, the islands shape and the form of the steps
neous growth of several monolaydraultilayer growth. In  were irregular compared to the triangular shape and straight
other words, a 2D or planar growth is observed in both casesteps under clean conditions.
However, the as-grown films are unstable and aggregate into It follows from the above that the nucleation plays a
3D islands upon annealing at higher temperatures. Filmprominent role in the kinetics of surfactant-mediated epitaxy.
grown at low temperatures are often of poor quality. TheyAs is well known from the classical theory of nucleation, the
contain many defects and even could be amorphous. That &lsorption of surface active species decreases the surface
why using the temperature as a tool to avoid islanding is noenergy of the 3D nuclefor the edge energy of the 2D nu-
a solution to the problem in a series of cases. clei). This leads to smaller nuclei, less work for nucleus for-
According to recent findings the mode of epitaxial growthmation, and higher nucleation rdte.However, far from
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. FIG. 1. The_ (_:alculatlon of Gibbs fr(_ee energy for nucleus forma- FIG. 2. The change of Gibbs free energy for cluster formation
t|on: (@ T_he initial surface covered with surfactant atoms denme‘#elative to the work needed to disjoin two crystal atoms,
by filled glrples;(b) the sur_factant atoms are evaporated and a Clus'AGs(i)ll//cc, vs the number of atoms on ti&11) surface of a fcc
ter consisting ofi atoms is created(c) the surfactant atoms are crystal. The values of the surfactant efficiensyare denoted by
condensed back. figures at each curve. The structure of the nucleus is given by the
o . L _ filled circles. The empty circles denote the atoms that turn the criti-
equilibrium the cla!ssmall theory of nucleation is not appli- .5 nuclei into stable clusters. The supersaturatign= 1.1y, for
cable as the nuclei consist of a very small number of atomsy)| curves. As it could be seen the increase of efficiency of the
Then such macroscopic thermodynamic quantities as specifigirfactant leads to a decrease of the critical nucleus size and the
surface(or edge energies cannot be applied to describe thework needed for its formation. The only exception is at small values
process of nucleation. The aim of this paper is to develop thef s at which the edge energy of the surfactant clustey, over-
atomistic theory of nucleation, which deals with small clus-compensates for the decrease of the edge energy of the crystalline
ters of atom&1%in the case of surfactant-mediated epitaxy.cluster. In this casé* and AG(i*) are larger than in the clean
The paper is organized as follows. The work needed forcase.
nucleus formation is derived in Sec. Il. An expression for the
nucleation rate is derived in Sec. lll. The saturation nucleusbP can be expressed in terms of surface, edge, and apex en-
density is considered in Sec. IV assuming that it is deterergies. For a cluster of any size and particularly for small
mined by overlapping of depleted zones as observed by Voielusters the surface energy is expressed in terms of the en-
gtlander and Zinnet? The calculations are carried out for ergy of unsaturated dangling bonds in the (s
close-packed crystals with central interatomic forces. The
work of formation of kinks along the steps in the presence of b =iE—U(i), 2

a surfactant is calculated in Sec. V. It is shown that measure- ) .
ments of the kink density can be used to determine the valudNereEy is the energy needed to detach an atom from a kink

. 7
of the energetic parameter, which defines quantitatively th&°r & half-crystal positiort” (the bulk energy per atom of the

efficiency of the surfactant. The results are discussed in Se€YSta) andU(i) is the energy of dissociation of the cluster
VI into single atoms, including also the bonds with the sub-

strate. In fact® gives the number of dangling bonds multi-
plied by the energyy../2, of one dangling bonfly, is the
Il. WORK FOR NUCLEUS FORMATION work needed to disjoin two crystalC) atomd. As written

The Gibbs free energy for nucleus formation can be easilygbove,® is equally valid for any 3D or 2D clusters with
evaluated by using the following imaginable procésse arbitrary shape and size. In case of 2D clustbrgives the
Fig. 1). The initial state is a surface covered by 1 ML of energy of the dangling bonds at the periphery of the cluster,
surfactant §) atoms[Fig. 1(a)]. First we evaporate all sur- Or in other words, the edge energy. It is worth noting that
factant atoms reversibly and isothermally. Then on the cleaffk @nd, in turn, the chemical potential of the infinitely large
surface we produce a cluster consistingioftoms[Fig.  crystal do not depend on the presence of a surfactant on its
2(b)]. The Gibbs free energy needed to form a cluster of arsurface!®

arbitrary shape on the clean surface reéids a review see Finally we condense back all the surfactant atdifig.
Ref. 16 1(c)] and for the work of formation of a cluster consisting of

i atoms we obtain
AGy(i)=—iAu+®, (1)
AG(i)=—iAu+[iE,—U(i)](1-s)+ D, (3
where Au is the supersaturatiorithe difference of the
chemical potentials of the infinitely large ambient and newwhere
phases and® is the excess surfacer edge energy. In case ) _
of small supersaturations, when the cluster is large enough, O =[iEx—U(i)]as (4)
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is the edge energy of the cluster consisting ©fatoms ergy of the cluster due to saturation of the dangling bonds by
formed on top of the crystalline clustgFfig. 1(c)] assuming the surfactant atoms. The energy,, of the dangling bonds
that the surfactant cluster has the same size and shape as tfehe periphery of the cluster, consisting of surfactant atoms,

crystalline cluster, which is unavoidablyformed on top of the nucleus due to
segregation of the mediate, increases the work of cluster for-
as= Yssl Pec, mation. It is important to note that the parameterand a
¥ being the work needed to separate t&atoms, and are ilj_ciept_andent of each other, although bof[h equal zero by
definition in the absence of a surfactant. This means that at
s=1—wlwg (5) nearly complete inefficiency of the surfactases 0, ag has a

finite value and the work for nucleus formation and the rate

accounts for the presence of the surfactant where of nucleation change discontinuously.

_1 _ Figure 2 shows the dependenceAdB (i) relative to the
0=2(ect s~ Psc © crystal bond strengthy... on cluster sizé for the (111) sur-
and face of fcc metals witheg=0.2, different values of the sur-
factant efficiency,s, and at a constant supersaturation
wo= Pecl2 (1) Ap=1.1p... s is denoted by figures at each curve. As it

gould be seemAG¢(i) represents a broken lias should be
expected for a small number of atondisplaying a maxi-
mum ati=i*. The latter represents the size of the critical
nucleus. Under clean conditions=0) the critical nucleus
consists of 2 atoms. Whemapproaches zerp= 0.09, the
number of atoms in the critical nucleus equals 6 due to the

occupied by one atom. It turns out that the parameser contribution of the edge energy of the surfactant cluster,

represents the interfacial energy per atom. In other words; s- The work Of_ formation of the_ pritical nucleus also in-

the energywo= /2, of the dangling bonds at the cluster creases. Increasing surfactant efficiency to 0.3 leads to a de-
ccl e . . .

periphery under clean conditions is replaced by the smallefr€@se of the nucleatllon V;]?rl_( aid again belcom_es quaLto

interfacial energy per bona. The energy-2w is also the 2. At some greater va ue (=0.7)i equals unity and the

energy per bond gained when an adatom joins the cIusteY"ork of nucleus formation decreases drastically. In the case

Note also that in fack is the energetic parameter that deter-©f 2D nucleation and close-packed lattices

mines the enthalpy of mixing the two speci€sand S. It . . ix

must be positive in order to allow the growth of the crystal U(i*)=E" +i"Eges, ®)

and the segregation of the mediate. As will be shown below . o .
>0 is the necessary condition for layer growth of the crys-Where Edes is the act|y ation energy fo.r desorpyon f.r om the
clean surface an&t* is the work required to dissociate the

tal. At w<0 the crystal surface will be thermodynamically luster into sinale at thout tina for the bond
rough and will grow by direct incorporation of atoms to kink cluster into single atoms without accounting for the bonds
with the underlying crystal plane.

sites from the vapd®?° Moreover, the mediate will tend to ) .

mix with the crystal. Therefore, we consider the nucleation The work of formation of the critical nucleus then reads

process as taking place in a two-dimensional solution on the ey .

crystal surface in which the surfactant plays the role of a ACGs(i*)=—1"Au+(1=8)(Ex—Eged ~(1-S)E* + Ds.

solvent. ©)
In the absence of a surfactafit;= /.= 0, = i):/2, and

s=0. At the other extreme of complete efficiency of the We will use this expression to derive the rate of nucle-
surfa;ctant Goct hed/2= .. and s=1. In general ation, bearing in mind that the supersaturation does not de-
cc S SC ' ’

(oot o012 could be smaller thanj,,, which leads to pend on the presence of a surfactant on the crystal surface.
cc S SC»

s>1. However, this means a negative valuewobr a nega- Figure 3 shows the work needed to form the critical
tive enthalpy o1f mixing. Thus the parameteraries from 0 nUCIG.U*SAGS('*) relative to t.h_e work for nucl_eus formation,
at complete inefficiency to 1 at complete efficiency and isAGO(' ), under clean conditions as a function of surfactant

always positive. We call the parameter a surfactant efficienc_y, S, at two differe_nt values ofs. A glecreasing
efficiency It could be calculated on the basis of thermody-bmk_enlIIne 'Sl seen,{swhlch f duAe to _tt:e (_:hange*oétds_ome
namic data but, as will be shown below, can be also experiparticular values ob. At s=0 AG(i*) increases discon-

Ty :
mentally measured as it determines the equilibrium structurnuously and becomes larger tharGo(i*) owing to the
of the steps in the presence of a surfactant. edge energy®d,, of the surfactant cluster. The larger the

is the energy of a dangling bond. In the above equation
s IS the work needed to disjoin & atom from aC atom.

In fact Eq. (6) represents the relation of Dupte
o,=0+o0s— v, with the specific surface energies, o,
a;, and the specific adhesion energy,taken per atom. This
can be easily verified if we multiply Eq6) by the area

Substituting Eq(1) in Eq. (3) gives value of @, the stronger this effect. At small values @f
(small ®,) the plot of AG¢(i*) on s tends to cross zero at
AGg(i)=AGq(i)—S[iEx—U(i)]+ Ps. some value of close to unity. This means that at low edge

energy of the surfactant cluster the supersaturation overcom-

It immediately becomes obvious that in the case ofpensates the former at the very beginning of nucleus forma-
surfactant-mediated growth the Gibbs free energy fottion. It follows that at very high efficiencies of the surfac-
nucleus formation contains two more terms that have oppotants the crystallization will take place without any need to

site signs and thus compete with each other. Thevercome a barrier for nucleus formation. On the contrary, at

s-containing term accounts for the decrease of the edge emngh values ofxg the supersaturation cannot overcompensate
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FIG. 3. Variations of the Gibbs free energy with the surfactant
efficiency of formation of a critical nucleus relative to the same ~FIG. 4. Dependence of the nucleation ralg, relative to the
quantity under clean conditions at two different valuesxgf The ~ rate, Jo, under clean conditions on the surfactant efficiency. The
jump ats=0 is due to the finite value ob.. The singular points broken line reflects thes variation of the Gibbs free energy.
divide regions with a different number of atoms in the critical #= 1.1 for both curvesng is determined fromAu by Egs.
nucleus denoted by the figures at each pag.= 1.1y, for both (12 and(13).
curves.

AEgq and AU is to write AEgq=SAE2, and AU=sAU°

the edge energy of the surfactant cluster and the work fowhere AEJ; and AU® are some maximum values d&fE¢y

nucleus formation has a finite value eversatl. andAU ats=1. One can assume thAE2, and AU° could
have values even greater than thatf.
Iil. NUCLEATION RATE Combining Eqs(9), (10), and(11) gives
In order to calculate the nucleation rate we follow the ng|'"+1
usual procedur& The nucleation rate is given by Js:aNoVF<N—) exp[i* (Ex—Egeds+(1—S)E* —dg
0

Js= B Nol exp =AG(i*)/kT], (10 ~ (Eqq= SAE) —SAUCJ/KT}. (12)
where 8* is the flux of atoms joining the critical nucleus, .
N, is the density of adsorption sites on the crystal surface, " deriving Eq.(12) we used the fact that the supersatu-
andT’ (= 0.1) is the nonequilibrium Zeldovich factor. The ration is given by
flux of atomsB* is given by

Ap=KT In(ng/nge), (13
g+ :av(N_s> ext — (Eqt AEog+ AU)/KT].  (11) where the equilibrium adatom concentratiog,, read$
0
Nse= NoeX{ — (Ex— Eged/KT]. (14

In the above equatior is the number of ways by which
an adatom can join the critical nucletfsy is the vibrational It immediately becomes obvious that in the absence of a
frequency of the adatoms is the adatom concentration, surfactants=0, ®;=0, Eq.(12) takes the familiar forrtf
AU is the kinetic barrier an adatom should overcome to dis-
place a surfactant atom in order to join the critical nucleus,
E.4 is the activation energy for surface diffusion on a clean
surface in the absence of a mediate, &t is the addi-
tional energy an atom has to overcome when diffusing on a Comparing Eqs(12) and(15) shows that the presence of
surface covered by a monolayer of surfactant atoms. Thehe surfactant leads above all to a sharp decrease by orders of
plus sign refers to the case of inhibited diffusi@iffusion =~ magnitude of the nucleation rate owing to the edge energy,
in-between the surfactant atomshereas the minus sign re- @, of the surfactant clusteiFig. 4). After that the nucle-
fers to the case of surfactant-facilitated diffusi@iffusion  ation rate increases with) which stems from the decrease of
on top of the energetically smoother surfactant layer the edge energy as in the classical theory of nucleation. The
It seems reasonable to argue that the eneryies; and  dependence is represented again by a broken line, which re-
AU depend on the interrelation of the works needed to breaKects the discontinuous decrease of the number of atoms in
C-C, S-S, andS-C bonds, or in other words, on the value of the critical nucleus.
s. The greater the value &f the more difficult the displace- Note that in Egs(12) and (15) the nucleation rate is ex-
ment processes and the larger the valueaBfy and AU pressed as a function of the adatom concentratignjn the
should be. The simplest way to express stdependences of case of incomplete condensatiofadsorption-desorption

i*+1

Os exd (E* —Egg)/KT]. (15

No

Jo= avNOF(
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equilibrium) the latter is given byng=R7s where 75 is the 4.0
mean residence time before desorption of the adatoms on the
crystal surface an® (cm~2 s~ 1) is the atom arrival rate. At
the other extreme of complete condensatiabsence of re- /
evaporationp the adatom concentration increases linearly
with time, ng=Rt, or is given byns=Rr where 7 is the
mean free time of the adatoms before incorporation into is- 6 / 2 AE y =t SAEg
lands or steps. As given above the equations for the nucle-
ation rate are suitable for any particular case mentioned
above. 0.0
6 AE 4 =|- sAEgd
Once the supersaturation is “switched on” the adatom —1 2

concentration increases linearly with time. At sufficiently -2.0 ' ' ' ' '
high temperature a dynamic adsorption-desorption equilib- 60 02 04 06 08 10
rium is gradually reached amd= R so that the nucleation SURFACTANT EFFICIENCY
process takes place at a constant supersaturation. At low tem-
peraturegwhich is usually the cagehe adatom concentra- FIG. 5. Variations of the saturation island densN, relative
tion increases with time during the nucleation process. If theo the same quantitgy®, under clean conditions at a different im-
surface diffusion is still fast enough, depleted zones appegsact of the surfactant on the rate of surface diffusion. The number
around the growing islands and in the near vicinity of theof atoms in the critical nucleus is denoted by figures at each section
steps. The system in them is undersaturated and the nuclef the curve. The number of atoms in the critical nucleus in the
ation process is arrested. After some time the depleted zonessence of a surfactant g =2. Eg;=AEJ=AU°=0.4 eV,
overlap and cover the surface completely. This results in/.=0.44 eV, R=2x10" cm™?sec’, Ny=1x10" cm?,
saturation of the number density of the nuéelf the sur-  »=1Xx10°sec*, a;=0.5.
face diffusion is slow, a large number of islands are formed .
at the start of the process and they begin to coalesce in ahereq is nearly a constant and has a value of about 0.1.
early stage of deposition. The saturation nucleus density is Under clean conditionss(= 0) Eq. (17) becomes
then determined by coalescence of the isl&id3 Adatom
concentration is again constami,=R7, and is determined 0_ —(i*—l)/(i*+3)( R

.. L NS—QNO -0
by the balance of atoms arriving from the vapor and joining D
the islands and/or the steps on the crystal surfémea re- .
view see Ref. 2B We consider here the saturation of the X exg E*/(i* +3)kT]. (18

island density, which is due to the overlapping of depleted

. . X Note that in the absence of a surfactant the surface diffu-
(nucleation exclusionzones. There are two reasons for this. ion coefficientD? differs from that in a surfactant mediated
First, it has been shown in numerous papers that surfac® s

0
diffusion has a considerable rate at extremely low temperadr@Wth Ds, by a factor of expt sAE/kT).

tures(for example, see Ref. 24Second, the overlapping of ~ Eguations(17) and (18) are compared in Fig. 5. As it

the depleted zones always precedes the coalescence proc8uld be seen the increasesofip to 0.8 leads to an increase
in time. of Ng by about three orders of magnitude in cases when

We assume that there is no reevaporation: i.e., we corsurface diffusion is inhibited by the presence of the surfac-

sider the case of complete condensation and follow the prd@nt- In the opposite case the nucleus density remains of the

cedure developed by StowdH.A depleted zone is formed Same order of magnitude. The change of the number of at-
around each growing nucleus with a radius following theOMSs in the critical nucleus leads to some characteristic dis-

time law r=(D¢)Y2 where D, is the surface diffusion continuities. Figure 6 represents Arrhenius plots of the

coefficient?® Outside the depleted zones the adatom concerﬂl(’)deuS density under clean conditioftise line denoted by
tration increases linearly with time=Rt. Nuclei are pro- Ng) and mediated by surfactants that either facilitate or in-

gressively formed outside the depleted zones at aJéte hibit the surface diffusion. The intervals of the temperature
«t" *1 The saturation nucleus density is giverfby’ are chosen so that = 2 for all curves.

=T

2.0

)

o
s

log(Ng/N

IV. SATURATION NUCLEUS DENSITY

)(i*+1)/(i*+3)

S

o t V. WORK FOR KINK FORMATION
NSZJ’ J(t)exp{—ﬂ'f J(T)[r(t—T)]sz]dt. (16)
0 0

The work for kink formation determines the roughness of
the steps and in turn the state of the crystal surfaces and the
Substituting Eq(12) into (16) and making the integration mechanism of growt{ (for a review see Ref. 29Modern
gives techniques for surface analysis like STM allow direct obser-
vation of steps and measurement of step roughness. Burton
it R (% + D" +3) L, and Cabrer® were the first to define and calculate the work
Ns=0qNg R exp{[i* (Ex—EgedS  for kink formation by thermal excitation in the case of
s growth in vapors. They considered a straight step and re-
+(1—S)E* —d—sAU°J/(i* + 3)kT}, a7 moved consecutively two adjacent atoms embedded in the
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12 — + 7
Gst: - (kT/a)In ﬂm) y (20)
114 where 7= (a/2)p=exp(— w/kT).
What follows is that the surfactant efficiency must be al-
10 ways positive(positive enthalpy of mixingw>0). If s=1
> the work for kink formation and in turn the free energy of the
2 step will equal zero. The steps will disappear and the crystal
= 94 surface will become rough. Then the crystal surface will
grow by direct incorporation of atoms from the vapor phase
without any need to form 2D nucléf:?°
8 -]
VI. DISCUSSION
7 L L As shown above the formation of a 2D nucleus in a sur-
10 15 20 25 30 35 factant medium leads unavoidably to the formation of a clus-

1000/T ter consisting of surfactant atoms due to the segregation of
the latter. As a result the work for nucleus formation contains
FIG. 6. Arrhenius plots of the saturation nucleus density, at  in addition the edge energyp, of the surfactant cluster.
a different influence of the surfactant on the rate of surface diffu-The work for nucleus formation decreases as a result of the
sion. N? denotes the curve obtained under clean conditions. Théower “edge energy” but increases as a result of the surfac-
values of the quantities are the same as in Fig. 5. tant cluster formation. The latter increases the nuniberf
atoms in the critical nucleus at lower values of surfactant
step and placed them at the step edge thus producing foefficiency. Thus at one and the same temperaittirean be
kinks. The spent work wasiz.. and the workwg, for kink  larger or smaller in the presence of surfactant in comparison
formation was equal to half the work needed to break awith the clean case depending on the interrelatios ahd
nearest-neighbor bond, @,=i./2. A generalization was «,. The greater the value af,, the greater the possibility
later given for the case in which the crystal surface was irthati* will be larger in surfactant-mediated epitaxy and vice
contact with its own meli(for a review see Ref. 39The  versa. It is important to note that the paramebgwill equal
latter can be directly used for the case of surfactant-mediategero if the concentration of the surfactant is much less than
growth. As it can be seen from Fig. 7 simple calculationsone monolayer. If this is the case the surfactant atoms will
based on the principle of conservation of bonds and the latprefer to join kink sites at the island edges where the bonding
tice model of the surfactant layer show that the work of kinkis stronger than at other sit&%.
formation is given precisely by the parameter Following The value ofag can be evaluated qualitatively as a ratio
Burton, Cabrera, and FrafRwe can write an approximate of the energies of the dangling bonds of theandS crystals
expression for the density of kinks in the presence of a
surfactant (ov

A= 3,
S (ov)¢

2/3)
S

p=(2/a)exp( — w/KT) calculated from the respective specific surface energies,

=(2/a)exd — wo(1—-s)/kT], (19 and molar volumesyp. Thus in the case of Sbh-mediated
growth of Ag111) with osp=395 erg/cnt and opy= 1140

wherea is the interatomic distance. erg/cn? one obtainsa=0.5. In the case of Sb-mediated
Neglecting the kink-kink interaction the Gibbs free energygrowth of S{111) (o5=1240 erg/cmi)® a,=0.42. These
of the step read8 values are large enougBee Fig. 3 and the contribution of

®s should not be overlooked when comparing the experi-
mental data with the theory even at very low temperatures.
However, one should bear in mind how unreliable the mea-
a surements of the surface energies are and should consider the
above values as approximate. In any case, they should be of
the order of 0.5.
One very important consequence of the decrease of the
. work for kink formation due to the presence of a surfactant is
b the change of shape of the growing islands. Steps that are
1 11 straight under clean conditions will become rough in
surfactant-mediated growth. As a result the well polygonized
FIG. 7. To the calculation of the work needed for kink forma- iSlands under clean conditions will be rounded in the pres-
tion. (a) A straight step without kinkstb) a step with four kinks. ~€nce of a surfactant. The above prediction is in agreement
The crystal and surfactant atoms are denoted by empty squares aWth the observations of Voigttaler and Zinnéf on the
filled circles, respectively. The energetic difference between bottgrowth of S{111). The shape of the islands and the form of
configurations yields the work, d= 2.+ 24— 4, required  the steps are irregular in Sb-mediated growth compared to
to create four kinks. the triangular island shape and straight steps under clean
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conditions. A comparison of experimental observations orSh-mediated growth of A411).1° The rate of nucleation on
the structure of single steps in the absence and presence ofap of 2D islands depends on their size through the adatom
surfactant such as the STM studies carried out by Swartzergoncentratiori:® The bigger the island is the higher the ada-
truber et al,®! with Eq. (19) can give direct information tom concentration on top of it will be and the higher the
about the value of the surfactant efficiency. This is particu-nucleation rate. When a large population of small islands is
larly important in the case 08, steps on the $001) 2x1 formed as a result of the present surfactant, the nucleation
surface, which are straight under clean conditions. Thus thEate on top of them remains negligible up to the beginning of
presence of a surfactant in the growth of0Bil) can drasti- coalescence and the critical surface coverage for nucleation

cally change the mechanism of growth by step flow and tq’n the upper monolayer is large’ This results in a layer-by-
prevent the formation of double steps. ayer growth. In the absence of a surfactant a small popula-

The saturation nucleus density is derived under the asEonir?f tilgnlsl?)n?srls tfr?rmedrfand ?ucle?rtllolntor topvofrtréergw
sumption of overlapping nucleation exclusiqdepleted €gins ‘ong belore the surface IS compielely covered by

zones around the growing nuclei. It is valid before the oc—thef{hm' Cogsequelr;;cly, two ar:ﬁ tmkore rlnonolayers grow to-
currence of significant coalescence. An indication of applicage_l_ﬁé ?r?a'na nrnglle%e;%ogvcorr? ae?ch))r?Coef. theorv with ex-
bility of the expressions derived above are stripes observed . In pro! ! ompar y with ex

around the steps without islands in them as in the case (Renmental data is the evaluation of the surfactant efficiency,

Si(111) growth2%3Thus surface diffusion plays a dominant > (I)r !? Othﬁ; l\;vords,loftthc? _?r:r?rgenfhp?ramfente_rln pm:‘-th
role in the determination of the saturation nucleus densityClpe It could be evaluated 1T the enthalpy of mixing of the
0 species is known. Howevew is, in a general case,

Due to the influence of the presence of surfactant on surfac dent both i dt Hukdo
diffusion the saturation nucleus density can become muc ependent upon both composition and temper re-
over, it is not clear whether a value of that is evaluated

greater or smaller in comparison with growth under cleanf h ibr h di f a three-di onal
conditions. The schematic Arrhenius plot shown in Fig. 6 is rom the equilibrium phase diagram of a three-dimensiona

in a good qualitative agreement with the data on nucleatior"?1|I0y and thus dgpends on the environment could be applied
on Si(111),%3 although Eqs(17) and (18) are not valid for to treat a two-dimensional problem. It seems that the best

(111) surfaces of crystals with diamond lattice. There are two/V2Y {0 measur@ is by studying the equilibrium structure of

reasons for that. First, @i11) grows by complete bilaye? single steps. It is the surfactant efficit_ancy that de_termines_ the
and Eq.(14) is not valid because only half of the atoms of Kink den_5|ty. The_ slope of an Arrhenius plot Of. k_mk density
the bilayer are bound to the atoms of the underlying crysta?hOUId Q|rectly_ give the val_ue of surfactant efflmency a_md a
plane. Second, a clean (81 surface is reconstructed in comparison with the experiment can be carried out without
7x7 unit cells below 830 °C, whereas a surface covered/"M€ceSsary speculations. On the other ha_nd the problem of
with Sb or As recovers thexi 1 bulk structurd23The latter ink density in the presence of a surfactant is very important

means that we have to deal with two completely differentin itself. The equilibrium structure of the steps determines

crystal surfaces on which the mechanisms and the activatiotrl?e mechanism of growth and the transition from step-flow

energies for surface diffusion differ considerably. Thus thegrovvth to growth by 2D nucleation.

experimental results obtained for both surfaces are incompa- A
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