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Surface energetics from the transition from step-flow growth to two-dimensional nucleation
in metal homoepitaxy
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Expressions for the critical temperature for transition from step-flow growth to growth by two-dimensional
nucleation are derived for the cases of low and high barriers for step-down diffusion. The comparison of the
equations with experimental data from diffraction studies of metal homoepitaxy makes possible the evaluation
of either the energy to break first-neighbor bonds or the activation energy for step-down diffusion. The
expressions are used to evaluate the bond energies and the Ehrlich-Schwoebel barrier for step-down diffusion
in the systems Ag/A@01), Cu/Cu001), Pd/Pd001), Fe/F&€001), Ag/Ag(111), Cu/Cu11l), and Pt/A{111).
[S0163-18297)01143-0

I. INTRODUCTION rier at the descending steps will be considered in this paper.
The necessity of doing that arises from the marked difference
Knowledge of energies on surfaces is of utmost imporin the behavior of thg100 and (111) surfaces of the fcc
tance for understanding the epitaxial crystal growth in atomimetals. In general oscillations of the diffracted beam inten-
istic terms. The mechanisms and the corresponding barriegity is observed o1{100) surfaces;'****%*7aithough spot
and prefactors for terrace, step-down and edge diffusion, arofile analysis of low-energy electron diffraction studies of
well as the binding energies of clusters on surfaces determif@€ growth Oozfl the ClL1)) also showed high-temperature
the kinetics of growth and in turn the morphology of the oscillations?®?! However, Wulfhekekt al. could not repro-

growing epitaxial films and the quality of the devices basecduce them by using thermal energy He scatteffh. has
on them. Field ion microscop§FIM) studied—* and investi- been also shown that the high-temperature oscillations in the

. 40
gations of nucleatiotr” have been for a long time the most homoepitaxy of RiL11) observed by Kunkeét al,” are due

; at 42,43
used methods to extract information about the energetics oti? a reconstruction of the L) surface.™"The gbsence of

. oscillations on the fc€111) surfaces can be attributed to the
surfaces. This is the reason to look for other complementar

. - . . Y]igh ES barriers at the steps on this surface. On the other
methods_ which are suf_f|C|entIy simple and reliable and dqﬂand, the self-diffusion barriers differ considerably, being in
not require much experimental efforts. _ _general smaller of111) surfaces. Thus a barrier of 0.03 eV
It has been shown in numerous studies by using varioug, grface diffusion on 0@11) has been measurédwhich
diffraction techniques that vicinal surfaces of semiconductots an order of magnitude lower compared with 0.28V,
[GaAg001),>* Si(001) (Refs. 12, 13] and metal crystals (40 ev“50.36 eV*® and 0.39 e\*’ measured on G00Y). It
[Ag(00D),"*® Ag(111),'*'" Cu(001),"*** Cu(11D,°**  (ould be also added that bot®01) and(111) surfaces differ
Fe(001),%>% Pd001),%"*® P1(111) (Refs. 29, 30] grow at  considerably in adsorption energies and the energies to trans-
sufficiently high temperatures by propagation of pre-existingfer an atom from the steps on the terraces. Thus the aim of
steps(step-flow growth. As a result the intensity of the re- the paper is to find reliable expressions for the critical tem-
flected beam remains constant. Below some characteristgerature at which the step-flow growth is replaced by 2D
temperature the diffusivity of the adatoms decreases anducleation, which could be used to extract data concerning
two-dimensional2D) nucleation takes place on the terracesenergetics on surfaces.
between the steps. The latter leads either to the appearance of
pscilIa_ti03555;16'18‘21_’2_5'27’28r to a monotonic decrease of the L. CRITICAL TEMPERATURE
intensity: <" The critical temperature at which the intensity FOR STEP-FLOW GROWTH
of the diffracted beam deviates from the constant value de-
pends on the deposition rate and particularly on the miscut In all papers dealing theoretically with the transition from
angle, or, in other words, on the terrace width. step-flow growth to 2D nucleatioif; %" the authors calculate
The critical temperature for transition from step-flow a critical numbeiN, of nuclei between the steps which could
growth to 2D nucleation is easy to measure and its theoretigive observable decay of the intensity of the reflected beams
cal interpretation can give information concerning the energyuring the time of deposition of one monolayer. This ap-
barrier for surface diffusion and the binding energies of theproach has the following disadvantages. First, the critical
nuclei~*"In neither of the above-mentioned papers has thelensity of nuclei which leads to an observable decay of the
existence of an additional energy barrier, which the atomséntensity is an unknown parameter which depends essentially
have to overcome when joining descending st¢fiee  on the instrumental resolutic.lwanari et al. assumed that
Ehrlich-Schwoebel(ES) barried,*®° been accounted for. Ng=1/\2 where\ is the mean terrace widfH.This assump-
The problem of the critical temperature for step-flow growthtion seems to be valid for small step separations of the order
accounting for the existence of the Ehrlich-Schwoebel barof 100-1000 A(miscut angles 0.1-1°1t is difficult to ac-
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cept its validity when the terrace width is of the order ofing in general the approach given by Stoyaffn both

10000 A as are the cases of @41 (Ref. 16 and cases we consider the case of complete condensation. We

Fe/F€001).2>%|n such casedl,, should be larger than 1  assume that randomly spaced nuclei with a denisifyare

and thus will be a more complicated functionxofSecond, a formed in a short interval of time after the beginning of the

considerable Ostwald’s ripening takes place at the high temdeposition(instantaneous nucleatipnThe 2D nuclei grow

peratures at which the transition is usually obserfe@imall  further and give rise to compact rather than fractal 2D is-

islands disappear at the expense of larger islands and thends. The surface covera@y of the first monolayer islands

pre-existing steps. The latter favors the step-flow growth ands then given by the solution of the well-known problem of

thus masks the transition. What is more important is that th&olmogorov*® and Avramt®

step-edge barrier changes only the distribution of the adatom

population between the steps and does not influence percep- 0. —1— N L dt’ 2 5

tibly the average nucleation rate. As a result the ES barrier 1mLimexg e Ov(t dt @

does not enter explicitly the expression for the critical tem-

perature and cannot be evaluated. wherev (t) is the rate of lateral growth of the 2D islands.
When nuclei are formed between the pre-existing steps In the time interval fromt to t+dt the surface coverage

they begin to compete for adatoms. At higher temperatureiicreases byl®, and the radius of each island increases by

the step density due to 2D islands is small and a large fraas(t)dt. Thend® =L (t)v(t)dt or*8

tion of the adatoms still join the pre-existing steps. Obvi-

ously, a temperature exists at which the fraction of adatoms L(t)= i @ 3)

joining the 2D islands becomes equal to the fraction of ada- v(t) dt’

toms joining the pre-existing steps. Below this temperature

the surface grows mainly by formation and lateral spreadingvhereL(t) is the total periphery of all islands per unit area

of 2D islands, the propagation of the pre-existing steps being' the total step density of the growing 2D islands in titne

strongly inhibited. Thus, a more correct approach should be Combining Eqs(2) and(3) gives

the comparison of the fractions of the adatoms which join the

pre-existing steps and the growing 2D islands of the first L()=2VmNg(1-0,)y=In(1-0,). (4)

monolayer. Assuming these fractions are proportional to the o _

density 11)& of the pre-existing steps and to the density, The total step density displays a maximum

L(t)(cm™), of the steps belonging to a the first monolayer

2D islands, the above-mentioned approach reduces to a com- Lmax= vV27Ns/e 5)

parison of the step densities. at a certain value of the surface cover =1-ex

In the beginning of deposition the growth of the 2D is- _ 5)=0.393, wheree is the base of theﬁiﬁerian Io[z]a-
lands leads to an increase of the density of the steps belon ihn.1$ AS’ see’n_ depends only on the density of islands
. . ! . max )
ing to the first monolayer. At a later stage of growth a coa~— .| vor can'be determined by the condition of either the

lescence begins which leads to vanishing of the step densi oy : i
at the completion of the monolayer. Thus the step densit%gﬁéigé fg?‘g‘a‘lteggvﬁ; (érstgzrmaurltllayer growth de

displays a maximunt ,,,, at a certain coverag® .- Then
the above-mentioned approach reduces to
A. Low ES barrier
1 Layer-by-layer growth takes place when nuclei are
Lmax_{' (1) formed on top of the 2D islands at the time of completion of
the first monolayer. The condition isA?N¢ =1, whereA is
In the case of a small ES barrier for step-down diffusionthe critical radius for second layer nucleatidr’? The criti-
the atoms arriving on the surface of the 2D islands take pagal radiusA is defined by
in the growth of the latter and the density of steps reaches its
maximum value. . at temperatures which are very near to fA Qlpy)
the highest temperature at which oscillations of the intensity o vi(py) P1=
are observed. This is not, however, the case of a significant
ES barrier. The adatoms striking the surface of the 2D iswhere{}(p,) is the nucleation frequency on top of the first
lands cannot join their step edges, but nucleate and give riggonolayer islands and(p,)=R/2mp1NsNy is the rate of
to islands of the upper monolayers. As a result high pyramidgrowth of the 2D islands under the condition of complete
(or cones of growth are formed. The roughness of the grow-condensationN, andR (cm™2s™!) being the density of the
ing surface increases sharply from the very beginning of th@dsorption sites and the rate of deposition, respectively.
deposition and oscillations of the intensity are not observedMaking the substitutiort= wprSNO/R, the condition for
Instead, the latter decays monotonously with coverame LBL growth, mA?Ng=1, reduces Eq(6) to
time). In this case the first monolayer islands propagate more
slowly in comparison with low ES barrier and a lower tem- ‘1Q di=1 -
perature is needed to produce such a density of steps sur- o (pydt=1, (@)
rounding the first monolayer islands which satisfies @g.
The maximum step density,,.x can be easily calculated wheret;=Ny/R is the time of deposition of a complete
in both cases of negligible and significant ES barriers follow-monolayer. Equatioi7) thus combines the definition of the

1, (6)



12 546 IVAN MARKOV 56

critical island size for second layer nucleation with that foris the familiar scaling exponefAt®-and

LBL growth and will be used below as a condition for ideal

LBL growth. _A(I+2)(i+3)
The frequency of nucleatiofil(p;) on top of the first Gi= Ta; '

monolayer islands is given by integration of the nucleation

rate J[ng(r)] over the surface of an island with radius  Substituting Eq(12) into Eq. (5) and the result into Eq.

pp, o> (1) gives after rearrangement

(14)

P1 E + |E
Q(p1)=f Jng(r)]2mrdr, 8 To= 1 s . (15
0 k{In[c;(v/F)']—2(i +2)In(\/a\/e)}
where the nucleation rate depends on the distanoeea- ] o ) ) .
sured from the island center through the adatom concentra- Eduation(15) coincides with these derived by Fuenzalida

tion n(r). The latter is easy to find by solving the appropri- With i =1 and by Stoyang@? and Iwanariet al*" under
ate diffusion problem and rea$* the assumption tha¥l,= 1/\=. Having in mind that the as-

sumption No,=1/\? appears as a lower limit foN,, this
R _, ) coincidence is surprising. It is most probably due to the fact
Ns(r.p1) =Nset 75-[p1+apiS—rl, (9 that the 2D islands compete for adatoms not only with the
° pre-existing steps but also between themselves. Only the is-

wherens, is the equilibrium adatom concentratiaa,is the  |ands which are in the close vicinity of the steps compete
interatomic spacingD; is the surface diffusion coefficient, \ith the latter.

and S=expEgs/kT), Egg being the additional Ehrlich-
Schwoebel barrier the adatoms should overcome in order to
join a descending step.

The nuc'eation rate is given by the expresg&?ﬁfﬂ The mult”ayer gl’OW’[h takeS place When the Second Ia.yer
nucleation occurs before the completion of the first mono-
layer, i.e.,mA2Ng<1. As a result several monolayers grow

' (10 simultaneously. The larger the number of simultaneously
growing monolayers the smaller is the amplitude of the os-
where a; is the number of ways an adatom can join thecillations of the intensity of the reflected beams. When the
critical nucleus to produce a stable cluster consisting of interlayer diffusion is negligibleS>1, the frequency of
+1 atoms, andg; is the work needed to dissociate the nucleation on top of the growing islands is very high and
nucleus into single adatoms. towerlike structures are formed. The terraces between the
In the case of complete condensation the impinging atomgslands on theath andn+ 1st levels are very narrow and are
are distributed between the pre-existing steps and the 2Bomparable with the interatomic spacing. As a result the ar-
islands. Then at time the surface coverage due to the 2D riving atoms join the steps after several attempts. This is the
islands is given by extreme case of the kinetic roughn&%syr ideal multilayer
Rt or 3D growthat which the oscillations of the intensity of the
20 — reflected beam vanish.
mpiNs= (1) No’ (D We accept that a definite numbaear, of monolayers grow
where 5(t)<1 is the fraction of atoms which join the is- simultaneously and the condition for that is that tie 1st
lands. The remaining fraction-15(t) join the stepss(t) is monolayer nucleatesvhen .t.he first mc_)nolayer reaches
g J p
completion Thus, the condition for multilayer growth has

an increasing function of time beginning from 0 at ideal . ; ; )
step-flow growth and approaches unity when the growth pro'Ehe same form as given by EfF) with two exceptions. First,

ceeds mainly by the growth of 2D islands. In the intermedi-"c should integrate to the t'mgl’ (N>1), &}t which the
ate case which satisfies Ed) we believe tha(t)~0.5. first monolayer reaches, say, 99% of completion, and second,

I the case of smal ES barrieap; <1) we neglect the 08 S e e over-
S-containing term in the brackets of right-hand side of Eq. b ging yer,

. 0 L X
(9). We substitute Eq9) into Eq.(10) and the latter into Eq. a?(fvvtlﬁ’tr?:g,relzzz than 1%. The condition for multilayer
(8). We then express the radigs through the time by using 9

Eqg. (11) and substitute the resulting expression o¢p,)

B. High ES barrier

i+1 _
S I

J[ns(f)]ZaiDsNﬁeXP(ﬁ
0

Nt
into Eq. (7). The integration and the rearrangement of the f lQ(pn)dtZJ.. (16
result gives 0
1 _ (D)X XEi In order to express the radigg as a function of time we
Ns=5_Noci | £ T (120 have to calculate the surface coverage ofrittemonolayer.

For this aim we consider the formation of towerlike struc-
whereF =R/Nq is the deposition rate in units of monolayers tures from the very beginning of the deposition. Assuming
(ML) per secondD is the hopping frequency of the adatoms, the interlayer diffusion is negligible all 2D islands grow at
) the expence of the atoms diffusing to them on the same ter-
_ (13) race. The growth is described by a system of differential
X2 equations of the form given by Cohex al®®
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de 1 D\ xs Ei+(i+1)E
d7n=®n71—®n NS:ENO(E) exp(XS[ i i(kT )EEs] @
[®o(7)=1], which have to be solved subject to the bound-where
ary conditions® ,(7,) =0 wherer=Rt/N is the amount of
the deposited material in a number of monolayers, anis 2i
the coverage at which theth monolayer nucleates. Assum- Xs=——=. (22)
ing 7,<1 (the surface roughens very fast from the very be- I+3

ginning of deposition;rA?N <1) the solution of the above

Numerical inspection of the effect of the valueshfand
system reads

n (N=4,n=10, orN=5, n=12) showed that the final result
does not depend significantly on the valuedNoandn giv-

ing nearly a constant of 0.25. This circumstance has been
used to simplify the final form of Eq.21). The use of any
0,=1—(1+7ne ", other condition for multilayer growth, e.g., E¢?) with N

=1 andn=4 changes only the pre-exponential factor mak-
ing it slightly greater but not the scaling exponent and the

@1:1_8_7,

1
Oy=1— 1+7-+—7-2>e7, energy term.
2 Finally, substituting Eq(21) into Eq. (5) and the result
into Eq. (1) gives after rearrangement
or, in a general form . E,+iEgqt (i +1)Egs 23
P “K{i In(vIF)— (i +3)In(May2e)}
— Tl
Op=1-e J-E::O i 17) It should be emphasized that E&3) is valid for the case

of ideal 3D growth[Eq. (17)], which is characterized by an

As it has been shown by Cohest al®® this mode of exponential decay of the intensity of the reflected beam pro-
growth leads to an exponential decay of the intensity of theportional toe™#”. This means that when comparing it with
reflected beamIfce™*7) and to a rms roughness= /. experimental data we have to take fby, the highest tem-
Thus, the above equations describe the ideal 3D growth. It iperature at whict/l ,=e~*" or A= \/7 rather than the high-
worth noting that the first monolayer reaches a completion agst temperature at which the first decay of the intensity is
a coverage of approximatelyr5At that coverage the step observed.
densityL,(7)=e~"\/7 vanishes.

The adatom concentration on top of théh monolayer IIl. COMPARISON WITH EXPERIMENT
island is given again by Eq9) in which p, is replaced by )
pn. In the case of high ES barrieaS/ p,> 1, the difference As follows from Egs.(15) and(23) in order to calculate
pﬁ— r2 can be neglected. This means that the adatom corjhe sums c_)f_ the energies in the nomin_ators we have to mea-
centration varies negligibly with and sure the critical temperature as a function of the mean terrace

width. The critical sizeé appears as a free parameter which
can be evaluated from additional measurements. We discuss
Ne(r,pp) =~ iapns. (18) briefly t.he first two parameters. .
4D As discussed above the critical temperature in the case of
This is in agreement with the conclusion of Ehriféhthat systems showing intensity Qscillations can be o!efined as the
the adatom population on top of an island with repellingnighest temperature at which the first oscillations are ob-
boundaries is uniformly distributed all over the island sur-S€"V€d. The reasoning is that atoms impinging on the grow-

face. ing 2D islands join their steps and the latter compete for
Substituting Eq(18) into Eq. (10) and the latter into Eq. adatoms with the pre-existing steps from the very beginning
(8) gives after integration from 0 tp of the deposition. The problem of finding. in systems
n

which do not show intensity oscillations is much more com-
ir1 plicated. The atoms impinging on the growing islands do not
ex;{ E) Pt (19 join their steps but meet each other and give rise to nuclei of
kT)"n - second, third, etc. monolayers. Thus they do not take part in
Having in mind that® = wpﬁNs, we expandd . [Eq. (17)] the growth of the first monolayer islands and do not partici-

. . Ny, pa.te.in the competition betweer) the 2D islands and the pre-
in a Taylor series to thath term and obtai®,~r/n!, or existing steps. As a result a partial step-flow growth occurs at

temperatures lower than the highest temperature at which a

RaS

— . 2
Q(pn) - 71'a'|DSNO 4D5N0

2 20 decay of the intensity is observed. This means that the tran-
Pn JaNent sition from step-flow to dominant 2D nucleation is a gradual

one® As mentioned above E@23) has been derived under
Substituting Eq(20) into Eq.(19) and the latter into Eq16)  the assumption of ideal 3D growth which is characterized by
and carrying out the integration give after rearrangement exponential decay of the normalized intensitil ,=exp
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(—417) and a rms roughness= /7. This mode of growth is parison with the experiment should be considered as an il-
usually observed at lower temperatufé&lliott et al. estab-  lustration of the method and the values obtained for the
lished the dependence= 7# with 8= 1/2 at temperatures up energy barriers should be taken with caution.

to 300 K in the case of Ag/Ad11) homoepitaxy. Beyond

this temperature the exponeBtdecreases steeply and at 500

K it is smaller than 0.2° ThusT,, should be defined as the A. Systems with low ES barrier

highest temperature at which= /7 or I/1,=exp(—41). In this subsection we consider systems showing oscilla-
The terrace width depends first of all on the miscut angletions of the intensity of the reflected beam and make use of
However, the pretreatment of the crystal prior to depositiongq, (15).
plays a significant role. The pretreatment usually includes
repeated cycles of ion (Ar Ne') sputtering and annealing
followed by a prolonged annealing at temperatures close to 1. AgiAg(001)
the melting point. All these lead to evaporation of material  Suzuki et al. established a temperature of about 500 K
from the crystal surface. Thus 2m have been evaporated peyond which reflection high-energy electron-diffraction
from the surface of AgL11) during the pretreatment of the (RHEED) intensity oscillations are not observed anymbfe.
crystal prior to deposition? The first clear oscillations have been detected at about 460
It is well established that the ES barrier leads to stabilityk. Unfortunately, the above authors did not report the terrace
or instability of the equidistant train of steps in the sense ofyidth on the substrate which has been prepared by deposi-
formation of bunches of steps coupled with much wider terjon of 2000 A Ag on Mg@001) single crystals. Bedrossian
races than are expected from the miscut afif.During et al. confirmed this result on a crystal with a mean terrace
growth the ES barrier stabilizes the step train making theyidth of 800 A establishing clear oscillations at 400™K.
steps equidistant. On the contrary, during evaporation the ERssumingi =3 at T~450 K gives for the energ§;+ 3E
barrier leads to formation of bunches of more closely spaceghe value 1.98 e\(r=1x10"¥s %, ;=8,F=0.0175 ML/
steps separated by wider terra€&his behavior could be ) T the author's knowledge there are no experimental data
expected from qualitative reasoning. If a growing step is lagtoncerning the cluster binding energy and the surface diffu-
ging behind its normalequidistant position the length of the  sjon barrier for Ag001) in the literature. Corrected effective-
catchment area in front of it increases, and that behind ifedium(CEM) calculations of Perkins and DePri€taive
decreases. The front wider terrace contributes more to the_—0.46 eV for the bridge hopping mechanism of diffusion,
total flux of atoms and overcompensates the loss of atoMghereas the density-functional theory calculations of of Yu
from the upper terrace. As a result the step increases iigng Schefflei® gave slightly higher values of 0.52 eV. Using
velocity until both front and rear steps become equidistantinese values foE results in values between 0.21 and 0.3
The opposite situation takes place during evaporation. It igy for the work to break a first-neighbor bond in a three-
now the upper terrace which is in front of the step. If the stepyom Ag cluster on A@01). They are comparable with the
lags the upper terrace becomes wider and the rear lower t&z)ye of 0.25 eV obtained as a result of the nucleation study

race becomes narrower. The step emits atoms more easiyy Ag on W(110),”° and 0.195 eV as calculated by effective-
onto the lower narrow terrace and the total flux is reducedmedium theory by Stoltz&:

The latter cannot be compensated by emitting on the upper

terrace, the step decreases further its velocity and lags still

more. This continues up to the moment when the rear terrace 2. Cu/Cu(001)

become so narrow that a significant repulsion of the neigh- Critical temperatures of about 425 and 400 K have been
boring steps compensate the effect of the ES barrier. As found by de Miguelet al!® and by Ernstet al,*® both by
result after a sufficiently long annealing a steady state will behermal energy atom scattering, the separations of the pre-
reached such that the surface is resolved into bunches ekisting steps being 425 and 700 A, respectively. Using
steps similar to kinematic wavé8in other words, wide ter- E_=0.4 eV measured at 400 ®,we find the values 0.41
races and regions of much narrower terraces will alternateand 0.3 eV for the bond-breaking energy from the data of de
What follows is that at higher temperatures nucleation willMiguel et al. and Ernstet al, respectively. These values are
take place on the wide terraces but not on the narrow oneg accord with the embedded-atom metti&hM) calculated
Nucleation will occur on the narrow terraces at much loweryalues of 0.37 eMRef. 72 and 0.43 eV(Ref. 73 for the
temperatures. Thus a mixture of step-flow growth and 2Ddissociation energy of a Cu dimer on (©01) and with 0.46
nucleation will occur up to some sufficiently low eV found as a result of a nucleation study of Cu on
temperatur&’ This effect will be superimposed over the Ni(001).4
slow growth of the first monolayer islands and will make the
transition even more gra_dual and in turn the critical tempera- 3. P/Pd(001)
ture more difficult to define.

This is not, however, the case when the ES barrier is Flynn-Sandert al. reported that at 500 K the intensity
negligible. After the pretreatment the surface will preserveoscillations are lost entirely on a crystal surface with mean
more or less the average step separation which is determindefrace width of approximately 200 &.With i=3 andF
by the miscut angle. It should be emphasized that in some of0.014 ML/s one obtainE;+3E=2.53 eV. The same
the systems considered below the terrace width is measuredithors measured also the activation energy for surface dif-
(or estimategiwith sufficient accuracy whereas in other sys- fusion and foundE¢=0.61 eV2"?® Thus, for Eygn¢~Es/2
tems it can be only guessed. In the latter systems the conone obtains the reasonable value of 0.35 eV.
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4. Fe/Fe(001) F=0.02 ML/9, for the sum of the energies in the nominator

To the authors knowledge, this is the only bce metal studof Eq. (23) one obtains 1.0 eV. Accepting,=Epong
ied. Stroscio, Pierce, and DragdSedbserved very slowly =0.25eV,/% and E¢=0.051eV® gives Egg~0.22 €V,
damped RHEED intensity oscillations during growth of Fe/which is nearly twice larger than the 0.12 eV estimated by
Fe001) at 250 °C. Parallel scanning-tunneling microsscopyBromannet al. who compared experimental data with the
(STM) studies showed nearly perfect LBL growth. Assum-time dependence of the fraction of the islands on which sec-
ing i=1 the interpretation of the STM investigations of the ond layer stable clusters have nucledteéhowever, if we
island density in the temperature interval 20—250 °C yieldedaccept a terrace width of the order ofuln as reported by
an activation energf=0.45 eV for surface diffusion and a Elliott et al,'® Vrijmoeth et al.®? and Rosenfeld’ which is
prefactor 7.X 10”4 cn? s~ L. In a later study at temperatures due to the pretreatment of the crystal prior to deposition as
higher than 250 °Qup to 356 °Q Stroscio and Pierce inter- discussed at the beginning of this section, we obtain
preted the island size distribution witks 3 and determined a Egs=0.15eV. The latter agrees better with that calculated
binding energyE,=1.1+1.0 eV of the critical nucleus, or by Bromannet al. Brune et al®-%3 reported a nearly twice
0.55 eV per bond® Amar and Family interpreted the data of higher value forfE¢;=0.097 eV. If we take this value instead
Stroscio and Pierce using an analytic expression for the isef 0.051 eV for the ES barrier one obtains 0.12 eV in excel-
land size distribution and estimated the value of 0.6 eV petent agreement with the value reported by Bromaml. It
bond in the critical nucleu§ Recently, Feibelmdf criti-  should be pointed out that the dimer bond-breaking energy of
cized this value using the arguments tliatthe energy to 0.25 eV looks more reasonable as compared with the 0.45
brek a W dimer on W110) is about 0.3 eV as measured by eV of a Ag dimer on Ag111) which has been found by CEM
FIM,”""8 i) the cohesive energy of W is twice higher than calculation$*
that of Fe, andiii) the neighboring atoms on F®91) are in
fact second neighbors and the bonds between them should be 2. Cu/Cu(111)
much weaker. Assuming a change of the mechanism of dif- ] )
fusion with temperature from concerted substitutional AS mentioned above Henzféf! observed high-
diffusion’® with a barrier 0.45 eV at low temperature to temperature oscillations in this case, whereas Dastoor
bridge hopping diffusion at high temperatures with a barrierét al.?? van der Vegtet al.?® and Wulfhekelet al** estab-
of the order of 0.8 eV, Feibelman estimated a value of abouShed nonoscillatory decay of the intensity. Critical tempera-
0.025 eV for Epong.’® Making use of Eq.(15) with n tures for occurrence of ideal 3D growth of 11(?2?0,25 K
~10000 A?5% and assumingT,=356 °C we find E, and approximately 150 B} have been established. To the
+3E¢=1.47 eV andEp,,=0.06 eV (with E;=0.45 eV} in best knowledge of th_e author, measurements of the rms
accord with the arguments of Feibelman. We point out thafoughness as a function of temperature as in the case of
we take asT,, the highest temperature at which the authorsA9/Ag(111) (Ref. 16 are not carried out. The analysis of the
observed 2D nuclei and that, could be in fact higher than data of van der Veget al.™ with A =120 A (miscut angle
356 °C. However, a temperature higher than 780(1a50 1°), F=0.00083 ML/s, E;;=0.03eV;™ and i=1 gives

K) is needed to produce a value of 0.55 eV ., which ~ Ees=0.113 eV. In this case the crystal has been annealed
is too high to be believed. prior to deposition at low temperature 775 K compared with

the melting point 1357 K, and formation of wide terraces is
less probable. The data of Wulfheket al?* (\~1000 A,
B. Systems with high ES barrier F=0.006 ML/9 give withi=1, Ecs=0.08 eV. In this case,

Systems showing nonoscillatory behavior under the criti-NOWever, the crystal has been annealed at higher temperature
cal temperature for step-flow growth are considered in thi¢1000 K) and formation of wider terraces during the pretreat-
section. Having in mind that the steps are usually nonequi[nent cannot be excluded. Thus terraces 2000 A wide have

distant owing to the crystal pretreatment we take in @8) been observed by STR1. This gives even lower value for
as a rule the widest terraces. Besides, we defigeas the Egs of the order of 0.055 eV. On the other hand, an Arrhen-

highest temperature at which exponential decay of the interiS Plot of the mean island density as a function of tempera-
sity (I/1,=e*7) or rms roughnesa = |/~ are established. ture ShOV\Llled _that the point at 140 K Ilgs mu_qh lower than
expected” This could be interpreted as instability or surface

mobility of the dimers as in the case of P{/Pt1).% E, g
1. Ag/Ag(111) can be evaluated from the data of Wulfhekelal?* assum-
Suzukiet al,'* Elliott et al,’® and van der Veget a ing instability of the dimers. The time allowed for breaking a

reported an absence of oscillations in a very wide temperacu dimer on C@1l) in the particular casd®=0.1, F
ture interval. In particular van der Vegt al. have observed =0.006 ML/9%*is 17 s. Accepting/=3x10"? s one ob-
step-flow growth at temperatures above 575 K. The exponertains Ey,,,~0.38 eV. Using EAM Breemaet al. estimated
tial decayl/l,=e~*" of the intensity has been observed at aa slightly higher value 0.44 eV for the enerd,,nqto break
temperature as low as 225 K. On the other hand, Elibdl.  a Cu dimer on C(111).”? Assumingi =2, A=2000 A, and
found thatA = /7 holds up to 300 K. As our model is valid Ej.,=0.38 eV, we obtairEgs=20 meV which is too small
for ideal 3D growth we will take this temperature as theto be believed. The latter means that most probabiy at
critical one. At this temperature the islands have a compact50 K. It should be stressed, however, that at the tempera-
rather than a fractal shape as shown by Wulfheeitedl?*  tures quoted abovél10—150 K the 2D islands have a frac-
With a terrace width of approximately 2400 A as determinedtal rather than a compact shagfelhe latter could introduce
by the miscut angle 0&£0.05° andi=2 (»=1x10"s™!,  an additional error.

|.,17
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3. PY/P(111) surfactanf® Making use of a Stillinger-Weber potential
ot diyalam, Khor, and Das Sarma calculated significant ES
Poelsemaet al. observed the appearance of oscillations aq EO X ' ' S
800 K andF =0.005 ML/s?° The oscillations persisted up to P21I€TS of 0.61 and 0.16 eV for diffusion over §#i1] and

- [112] steps, respectively, on @il1).°* The above exponent
temperatures as low as about 450 K. Below 340 K rap|dl){qas ]beer? interppreted V\Xth>6(88 vahereas Eq(22) gi\F/)esi

damping oscillations appeared agajreentrant layer-by- =2. The latter value seems more reasonable having in mind

layer growth.**** At medium temperatures between ap- 4 "o : =
) ) paratively low temperatuf680 K) and that silicon
proximately 340 and 450 K ideal 3D growth has been estabyg 5 yery strong bonded material. The values of 1.7(R¥.

lished. It has been later found that the high-temperatur@z) and 2.3 eV(Ref. 93 have been reported fd&,,g the
oscillations can be attributed to reconstruction of thd Pl latter being taken as 1/2 of the heat of sublimation. A two-
surface owing to the incorporation of the first deposited atztom nucleus can be thought as consisting of an atom in the
oms into the uppermost atomic platfé” The reconstruction |ower halflayer and an atom belonging to the upper halflayer
network inhibits the surface diffusion which in turn leads to hoth connected by a first-neighbor bond. The third atom
formation of nearly an order of magnitude larger density ofyhich stabilizes the nucleus belongs again to the lower
2D islands. In absence of a reconstruction Pt grows 3D ahalflayer and is connected by first-neighbor bonds to the up-
high temperature$’ We could accept that the critical tem- per atom and to the underlying surface. This is a very stable
perature for ideal 3D growth is 450 K. Then with=1  configuration as an energy barrier of the order of 3.5-4.5 eV
X108 s, F=0.025 ML/s™ and i=2* one obtainsE,  should be overcome in order to break simultaneously two
+2Eyt+ 3Ees=1.63 eV. FIM measurements of the activa- first-neighbor bonds. Thus the mean time to break a single
tion barrier for surface diffusion by Feibelman, Nelson, andbond is of the order of seconds whereas millennia are re-

Kellogg gave the value of 0.25 €¥,which is in excellent quired to detach an atom from the stable cluster consisting of
agreement with the value of 0.26 eV found by Bettal®®  three atoms at 680 K.

from nucleation data. In addition the latter authors showed Using the rate-equation appro&ch Ratschet al®* gave
that above 245 K the saturated island density deviates fl’Ofﬂ) the Sca"ng exponent a more genera| form
the straight line givingi=1. Assuming instability of the
dimers above this temperature a value of approximately 0.5 i
eV for E, has been calculatéd. The estimated value X
Egs~0.21 eV is lower than the 0.31 eV calculated by using
the approach of the critical coverage for second layetvhich includes the dependence of the capture numbeof
nucleatior®* The difference could be attributed to a possiblethe growing islands on the proximity of adjacent islands and
inaccuracy in measuring,, owing to the surface reconstruc- the way the island incorporate adatoms throughs N9sP,
tion. An increase of the latter by 50 K gives a value of 0.27WhereN is the island density arslis the number of atoms in
ev. the island. It is immediately seen that E@4) turns into Eq.
(22) accepting the combinatiog=0 andp=0.5. Bales and
Chrzan discussed the problem within the framework of the
mean-field rate-equation approach and concluded that for
As shown above measurements of the critical temperatureompact islands the capture number should have the form
for step-flow growth allows the evaluation of energies onox(Ns)P, i.e., p=q. Then the scaling exponent will be
surfaces. A necessary condition is the knowledge of at leagfiven by Eq.(13).%! This is true for the diffusion regime of
one of the energies entering Eq45) and (23) from inde-  growth (slow diffusion and fast incorporation into stepe
pendent sources. Second, as precise as possible measute absence of a step-edge barrier when the islands “feel”
ments of the terrace widttbest with real-space techniqes each other through the overlapping diffusion fields’’ It
appears as a necessary prerequisit for obtaining reliable rean be shown that the combinatigs=0 andp=0.5 is con-
sults. In the case of a high ES barrier it is also necessary tsistent with the assumption of a kinetic regime of growth
measure the temperature for ideal 3D growth. (fast diffusion and slow incorporation of atoms into kink
One very important question which has to be discussed isite3.°°~%"Indeed, when a significant step-edge barrier exists
more detail is the island density given by E1). An equa- the adatoms are uniformly distributed between the islands
tion very similar to Eq(21) with the same scaling exponent (there is no overlapping diffusion fielg®°-%"the growing
(22) has been recently derived by Kan8&lIn the latter case island does not “feel” the presence of the neighboring is-
it was assumed that a significant barrier exists for attachmenands, i.e.q=0, and the rate of growth is proportional to the
of an atom to the critical nucleus or 2D island. The result hassland’s periphery, hence=0.5.
been used to explain the observed high scaling exponents The oscillatory behavior of systems at high temperatures
established in surfactant-mediated epit8%§? However, does not mean that the ES barrier is absent at all. It could
comparatively large scaling exponents have been establishédppen that at sufficiently low temperatures the nucleation
also in cases where significant ES barriers are expected in tlogcurs in a kinetic regime of film growth ang=2i/(i +3)
absence of surface active species. Thus Spétal. estab- =1/2 withi=1. At some higher temperaturésstill can be
lished scaling exponents 0.65 and 0.78 at 573 and 773 Kequal to unity but the film growth takes place in a diffusion
respectively, in nucleation of Ag/Ag11/W(110,%° which  regime andy=i/(i +2)=1/3. All the above means that we
were explained with very high values nfUsing the scaling can expecty=1/2 andy=1/3 in one and the same system
exponentys=2i/(i+3) givesi=2 at 773 K. depending on the temperature.
A scaling exponent of 0.85 has been established in the In summary, we have shown that the transition from step-
case of Si/Si(111)X7 at 680 K in the absence of a flow growth to growth by 2D nucleation can be successfully

:i(l+q—p)+2+q—p’ (24)

IV. DISCUSSION
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used for evaluation of energetics on surfaces. The exact medeposited at a temperature higher thgpn. Then the steps
surement ofT ., and\ is of crucial importance for obtaining will become equidistant and the terrace width could be

reliable results. The critical temperature could be measuregvaluated from the miscut angle with sufficient accuracy.
with more accuracy by varying the deposition rate at a con-

stant temperature as done by Poelsemal ?° In the case of
nonoscillatory behavior of the reflected intensity a measure-
ment of the temperature dependence of the rms roughness The financial support of the VolkswagenstifturiGer-
should be carried out. The measurement of the interstep disnany and the Bulgarian National Fund for Scientific Re-
tance is more complicated owing to instrumental limitations.search is gratefully acknowledged. The author is greatly in-
A possible inaccuracy could be avoided if after the high-debted to Georg RosenfelikFA, Juich) for enlightening
temperature annealing a certain amount of the material idiscussion and the critical reading of the manuscript.
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