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Kinetic length, step permeability, and kinetic coefficient asymmetry on the S111) (7X7) surface
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The island nucleation position at the critical terrace width for step flow on tH&.Bi(7 X 7) surface has
been measured with low-energy electron microscopy. These data allow for the kinetic length, which is indica-
tive of the rate-limiting step, to be evaluated and provide compelling new evidence that steps are impermeable.
The assessment of step kinetic coefficient asymmetry and its potential for effecting growth instabilities depends
crucially upon the kinetic length and step permeability. Step attachment is found to be favored from the terrace
trailing an advancing step.
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Step flow and two-dimensional island nucleation andson indicates that growth occurs intermediate between step
growth (2DNG) are two of the basic mechanisms of crystal attachment and detachment and diffusion limited regimes.
growth! The resulting growth morphologies are strongly in- Compelling new evidence is also obtained that steps are im-
fluenced by the kinetics of surface diffusion and incorporafermeable, which is surprising considering that it takes the
tion of atoms into the condensed phase by step attachmerfioncerted action of many atoms to attach in the form of the
Asymmetric step attachment is recognized to be an importar{t/ X 7) structure at a step edge. Step kinetic coefficient
and possibly common cause of growth instabilities, particu@symmetry is also found that favors attachment from the
larly in step flow?"8 The most commonly cited reason for terrace trailing an advancing step, which has not been ob-
asymmetric step attachment kinetics is the presence of $€rved previously.

Schwoebel-Ehrlich diffusion energy barrier at a stépiow- The experiments were carried out in a low energy electron
ever, asymmetric step attachment is important in the contexicroscope(LEEM) with base pressure of 10~ Torr.

of growth instabilities only if it causes the current densitiesThe sample had a nominal miscut of 0.1° from tfid1)

to a step from the adjacent terraces to be unequal. It will b@lirection. Doping wasi-type (phosphorouswith resistivity
shown explicitly below that the realization of asymmetric 10 Ohm-cm. The sample was heated by electron bombard-
current density may be hindered in real systems by othefent from the rear. The sample was intentionally cooled very
factors such as step permeability and the relative importancglowly through the (X 1) to (7X7) phase transition in or-

of diffusion and step attachment, i.e., the rate limiting stepder to obtain domains that spanned the terraces. Deposition
which is characterized in the extremes as diffusion limitedwas made from an electron beam heated Si rod. The absolute
(DL) and attachment/detachment limit¢dDL). For this flux calibration was made by direct observation of the
reason, it is essential to consider the rate limiting step ang@rowth rate using LEEM. The imaging principle and real-
permeability on an equal footing as step attachment asyntime capability of LEEM have been described previou$i.
metry. quantitative wave-optical model for step contrast has been

In this paper, we examine the kinetics of step attachmengieveloped which allows for the routine identification of the
on the Sf111) (7x 7) surface. Despite being one of the mostup and down sides of a step by visual inspection of the step
widely studied crystal surfaces, several aspects of diffusiorontrast details and for determining the step position
step attachment, and permeability either remain unclear derecisely:* In particular, a bright interference fringe appears
are only just emerging. Previously, comparison of denude®n the lower(i.e., leading terrageside of a step in underfo-
zones at the upper and lower sides of steps provided no eveus for the imaging electron energy of 42.5 eV which was
dence for a reflective Schwoebel-Ehrlich barrier at the uppegommonly used in this work.
sides of steps’ However, the presence of such a barrier to  Island nucleation occurs with greatest probability where
descending diffusive motion was inferred from the compari-the adatom concentration is highest. This nucleation rate is
son of the decay of two-dimensional islands and hbl@he  commonly written as
fact that islands and holes were observed to decay at differ-
ent rates was also taken as evidence of ADL proce'sSses. w~Dni* 1 (1)

This view was supported by recent analysis of the decay ’

rat;e_i of m%ledézz dd dh b . h whereD is the diffusion constant) is the adatom concentra-
e problem s addressed here by examining the tranSIt"lon, andi* is the critical nucleus size. Following the work

tion between step flow and 2DNG. The island nucleation 1
" T S of Burton, Cabrera, and FranBCF),” the adatom concen-
position at the critical terrace width is used as a probe of th P

S ! §ration on a terrace is governed by the diffusion equation
steady-state, nonequilibrium adatom concentration on a tef:

. . . . I’subject to boundary conditions at steps
race during growth. Comparison is made to concentrations
that are derived from solution of the diffusion equation sub-

ject to realistic boundary conditions that take step attachment @ —DV2n+E— n @)

asymmetry and step permeability into account. This compari- dt
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wheret is time, F is the incident atom flux, and is the X X

adatom lifetime prior to desorption. In extension to the BCF n=F7+A cosh—+Bsinh—, (4)
. . ~19 XS XS

theory, the following boundary conditio are used here

in one dimension appropriate for the geometry of the experiWherexs= D is the diffusion length prior to desorption.
ment: An important assumption will be made below that steps are

equally spaced. The concentration profile andandn_ are

then the same on each terrace and the boundary conditions in

Eq. (3) can be applied at the steps that bound a single terrace.

D——| =+K.(n.—ng+P(n.—ns), 3) This use (_)f boundary con_ditions_ is a_Iso permissible _When
steps are impermeable, without invoking the assumption of

equally spaced step. The validity of this treatment in regards

to the experimental data presented here will become apparent

where the concentration gradient is evaluated at the lowepelow. . _ o

(+) and uppek—) sides of a steg ;. andK _ are the kinetic ~ Experimental measurements actually provide a distribu-

coefficients for attachment from the lower and upper sides ofion Of nucleation positions. The distribution can be pre-

; ; _ dicted by the nucleation ratdeq. (1)] in conjunction with
a step, respectively), andn . are the corresponding con solution for the concentratiofEq. (4)]. Explicit expressions

c.entr.ations,r?eg Is the equ.alibrium contratiop_, arlis the or the coefficientsA andB in Eq. (4) are found by solving
klnet!c coefficient descrlblng step permeability. The genera{he simultaneous equationsAnandB that are obtained from
solution of Eq.(2) can be written as evaluation of the boundary conditions in EG),

—Fr

+ - < +— p + - P
(Xg +Xg )COShA +2{ XJ X5 + = (X7 +Xg ) | sSinhA
A
A= : (53
(X3 +x5)cosh A+ sinh 2x

p
1+XIxg + = (xS +x7)
A

Fr(x$ —xg)sinhX
B= : (5b)

(X +x5)cosh A+ sinh 2x

p
1+XIxg + = (xS +x3)
A

in terms of dimensionless quantitige=P\/D, X=\/2x,,  figure (for P/D=0) reproduces the right-hand side of Fig.
xS =Xs/d. , where\ is the terrace width and. =D/K. is ~ 1(&- As the permeability is increased, the ratio BfA is
the kinetic lengtf that describes the relative importance of diminished and the concentration becomes more symmetric.
diffusion and step attachment processes, i.e., the rate limitin§"iS can be understood as follows. When the permeability is
step. These expressions have an expected form with regard§'0: then steps isolate the concentrations on adjacent ter-
to the step attachment asymmetry. Asymmetry with respedaces and a concentration difference across a stepni.e.,
to the midpoint of the terrace=0 is introduced to the con- — N= IN EQ. (3), can exist. In the limit of high permeability,
centrationB#0 whend, #d_.

In order to demonstrate the importance of the kinetic R @ b
length and permeability, we consider a hypothetical system
with asymmetryd, /d_>1. Plotted in Fig. 1 for this hypo-

< @
thetical system is the ratio of the coefficiel86A as func- 2
tions of the kinetic length and permeability. In the case that
steps are impermeabJ€ig. 1(a)], P/D =0, the ratioB/A is 0 S A
largest and the concentration is most asymmetric when the 110t 10 100 10' 10° 0 001 002 0.03 004 005
kinetic lengths are large, that is, in the ADL regime as would Kinetic length, d.<D/K. (hm)  Permeability, P/D

be expected. Conversely, the concentration becomes more g 1 Ratio ofB/A [Egs. (58 and (5b)] vs (a) kinetic length
symmetric when the kinetic lengths become smaller as th@nq () permeability. In(a), curves are shown for asymmetty)
DL regime is approached. In the extreme DL case, {,/d =1.14 and(ii) 1.22 corresponding to the casesiéf=98
<Xs, A andB simplify to 1/coshf/2xs) and O, respectively, and 49, respectively. The circled data points(@ correspond to

which reproduces the symmetric BCF resulthe impact of  kinetic lengths determined for these two values*af The curve in
permeability is shown in Fig.(b). The left-hand side of this (b) is ford, /d_=1.22.
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FIG. 4. Nucleation position vs terrace asymmetry fag&tpfEq.
(6)]. The number of data points in the four quadrants defined by the
average values of nucleation position aAg (distinguished by

. . dashed axgsare indicated.
FIG. 2. LEEM image of the transition between step flow and

two-dimensional nucleation and growth on thél3i) (7X7) sur- .
face at 800 K. Islands at the critical terrace width are indicated b)ﬂow A was equal to 95880 nm under these growth condi-

arrows. Dark lines are atomic steps. The step descending directid#ons. Figure 3 shows the full distribution of island number
is from the bottom to top of the image. The imaging energy wasVersus position. The distribution is shifted towards the

425 eV. step-up side and the maximum position is located g\ .
=—0.022+0.003.
the concentrations across a step become nearly egual Before reaching any conclusion about step attachment,

~n_, which imposes symmetry on the concentrations orhowever, it is important to consider other factors that may
the terraces. Liu and Weeks have also pointed out the impof!SC Produce a shift of the island position in this type of

tance of step permeability in the context of electromigration-measurement. First of all, the measured island position is
induced asymmetr3 In summary, DL processes and step offset from the true nucleation position by an amount that is
permeability suppress asymmetry in the concentration prof"gqua}l to the dl_star}ce travellgd_by steps after nucleation. This
and consequently step attachment asymmetry becomes irrélPurious contribution was minimized in our work by arrest-

evant. There will be no current asymmetry to a step and stef'9 deposition immediately after islands were first detected

flow instabilities will not be realized. Simple interpretation With real-time LEEM imaging during growth. A total of
of island nucleation position or denuded zones without dug-0-010-0.020 ML was deposited from the start to the finish

consideration given to the rate-limiting step, i.e., kinetic!" the different experiments. Taking the extreme view that

length, and step permeability can yield misleading results. nucleation occurs immediately at the start of deposition _but
A few examples of islands at the critical terrace width for 90€S undetected by LEEM for a while, a corresponding
step flow are shown in Fig. 2 for growth at 800 K with an @mount of step advancemei/\ = ¢, has been accounted
incident flux of 0.015 ML/min. The faint lines in this image for already by offsetting the coordinates of the nucleation
that run perpendicular to step edges are domain walls. Thig0sitions in Fig. 3. , _
domain boundary configuration is not expected to necessitate !f Steps are permeable, then the concentration on a given

a two-dimensional model. The critical terrace width for stepterrace will depend upon the widths of the adjacent terraces.
The concentration on wider terraces is higher due to the

larger capture area. Permeability allows a net adatom current
to flow from wide to narrow neighboring terrace. This will
bias the concentration on a given terrace towa(@wsay
from) its wider (narrowej neighboring terraces. As a conse-
quence, the island nucleation position may be influenced if
steps are not equally spaced and if they are permeable. In
order to check for this, we have also measured the widths of
the adjacent leading and trailing terradg,,q and \ i1, re-
spectively. In Fig. 4, the nucleation position is plotted against

-0.5 Nacleatt ‘1)) ion 0.5 the quantity that we call the terrace asymmetry facter
I ucleation rositon,

Island Number
Nucleation Rate

- N
lead trail
Ar=— (N o) 2+ (M= No)2, (6)
FIG. 3. Histogram of the island nucleation position relative to T Ag tead e val e

the step-up and step-down sides of a terrace of critical terrace width _ o
. for step flow. For growth at 800 K, the peak positionxjs/n, ~ Where\ refers to the width of the terrace on which island

=-0.022+0.003. The histogram bin size i&x/A=0.033. The nucleation occurs. The numerator of the first factor in @&g.
nucleation rate given by Eqél), (4), and(5) is also shown(solid ~ expresses that to first order the center-of-mass of the concen-
line). The step convention is shown below. tration on a terrace will be shifted towards the stepnail-
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ing) side or step-dowr(leading side depending upon the = 1 exp(Ey/kT), wherevyesandEgesare the attempt fre-
difference of the adjacent terrace widths. The factor in thQ:Iuency and activation energy for desorption, respective|y_

square root reflects the fact that the concentration on a tefrhe diffusion length is therefore related to diffusion and de-
race of width . will be more strongly influenced by perme- sorption processes according to

ability when the adjacent terrace widths are much larger or
much smaller. Eges— Eqit

Figure 4 may be interpreted by examining the distribution Xs=a( Vgl Vaed EX% T)
of the data points. For impermeable steps and no step attach-
ment asymmetry, the data points should be distributed isotroFhe attempt frequencies and activation energies that are used
pically about the point on the axis that corresponds to the to fit the nucleation position must give a diffusion length
average value ofr. If steps are permeable, then the datawhich is greater than the critical terrace width>\., a
points will tend to be clustered in the first and third quadrantssondition that is dictated by experimental resu#se above
relative to the point defined by the average valuedptind  Furthermore, asymptotic behavior for long diffusion length
nucleation position, here-7.1x 102 and —0.022, respec- (xs>\.) is already nearly obtained for the conditioq
tively. However, the number of points in these four quadrants=\ .. The determination of the kinetic length is rather insen-
in Fig. 4,Q1=482,Q02=495,Q3=483,Q4=492, are well  sitive to the choice of attempt frequencies and activation en-
within the N uncertainty of counting statistics. No cluster- ergies as long as the conditiog>\. is respected in the
ing of data points in the first and third quadrant is detectedanalysis. We take vgee=vgir=10 s and Eges Egit
This result indicates either that steps are impermeable or that 1.3 eV, which yieldsx;/\.~5. Previously reported values
their permeability is insufficient to influence the island of Eg; fall in the range 0.75Ref. 10 to 1.3 eV (Ref. 22.
nucleation position perceptibly. Thus, we will take perme-The smallest island that was observed with scanning tunnel-
ability P=0 in the following analysis. This leads to the con- ing microscopy during growth was one unit c&llThis
clusion that the results in Fig. 3 indicate an asymmetric adaplaces an upper limit of* =98 on the critical island size.
tom concentration and therefore that step attachment i$he fit to the data shown in Fig. 3 was obtained ifr=98
favored from the terrace trailing an advancing stép  with d_=9.1x10? nm andd_ /d_=1.14, which are upper
>K, (dy>do). limit and lower limit for the kinetic length and kinetic coef-

It can be shown that the value &f_ /K, that is deter- ficient asymmetry, respectively. Equally good fits to the data
mined with Eq. (5 from the nucleation data increases were obtained fori* =49, corresponding to one half (7
sharply at very short diffusion length, but approaches thex7) unit cell, with d_=3.3x10> nm andd, /d_=1.22,
asymptotic value for long diffusion lengths within 0.5% al- and an even smaller subunit =25 with d_=61 nm and
ready byx/\ =1 for all values of the kinetic lengtf.It was d,/d_=1.81. Examining Fig. 1, the limiting condition on
also determined from real-time measurements of step flowhe kinetic length §_=9.1x10? nm) is definitely not the
velocity as a function of terrace width thag>\. under the  ADL kinetic regime that has been claimed in Refs. 11 and
growth conditions used hefé Since desorption is negligible 12, but lies intermediate between ADL and DL regimes.
at the experimental temperature, the diffusion length is prob- Finally, it is necessary to make a comment about the equi-
ably much longer. It is also apparent that the determinationibrium concentration,ne, wWhich has been implicitly as-
of K_/K, depends upon the kinetic reginiBL vs ADL),  sumed to be zero. Inclusion of a nonzero equilibrium con-
which is characterized by the magnitude of the kinetic lengttcentration in the analysis would lead to determination of
[e.g., see Fig.(®]. Knowledge of the kinetic length is there- smaller kinetic lengths, larger step attachment asymmetry,
fore crucial. and consequently to the conclusion that growth tends more

Fitting of the full nucleation distribution with Eq1) in  towards DL than with zero equilibrium concentration. Fur-
conjunction with Egs(4) and (5) can provide information thermore, the sensitivity of the measurement shown in Fig. 4
about the kinetic length and kinetic coefficient asymmetry. Into permeability would be diminished. Previously, differences
an atomistic pictureA and B can be expressed in terms of petween the (X7) surface and the disordered “Ki1)”
microscopic quantities. The kinetic lengths are given by  surface at high temperature were accounted for well with the

assumption that the equilibrium adatom concentration on the

D Vo . . 4 S .
d.=——a Vit expWEJKT), (7_><7) is zero®® The _equnlbrlu_m concentration on the
K. Vs Si(111) (7Xx7) surface is otherwise unknown and is an im-
. ortant topic for future work.
where a=0.384 nm, Wgs and Wgg are the Ehrlich- P P
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