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The effect of impurities on epitaxial growth in the submonolayer regime is studied using kinetic Monte
Carlo simulations of a two-species solid-on-solid growth model. Both species are mobile, and attractive
interactions among adatoms and between adatoms and impurities are incorporated. Impurities can be codepos-
ited with the growing material or predeposited prior to growth. The activated exchange of impurities and
adatoms is identified as the key kinetic process in the formation of a growth morphology in which the
impurities decorate the island edges. The dependence of the island density on flux and coverage is studied in
detail. The impurities strongly increase the island density without appreciably changing its power-law depen-
dence on flux, apart from a saturation of the flux dependence at high fluxes and low coverages. A simple
analytic theory taking into account only the dependence of the adatom diffusion constant on impurity coverage
is shown to provide a semiquantitative agreement with many features observed in the simulations.

[. INTRODUCTION and hence do not nucleate islands. The details of the model
are described in Sec. Il. A brief account of some preliminary
Recent progress in the fabrication of atomically smoothresults was given in an earlier communicatfén.
interfaces by molecular-beam epitaxy has led to an increas- Despite its simplicity, the model contains a large number
ing appreciation of the dramatic, detrimental, or beneficialof parameters: impurity and growth fluxes, substrate tem-
effects that small amounts of impurities may have on theperature, and energy barriers for half a dozen kinetic pro-
morphology of growing films. Adsorbates acting sisrfac-  cesses. To focus our efforts, we concentrate on modeling a
tants can stabilize layer-by-layer growth of metdi and  situation in which the impuritieslecoratethe island edges,
semiconductdr® surfaces. On the other hand, for the simpleforming a monatomic chain along the island perimeter. Pref-
case of Rtl11) homoepitaxy, it was recently showithat  erential adsorption of impurities at step edges is suggested by
minute coverages of CO strongly increase the step-edge bapond-counting arguments, and has often been invoked to ex-
riers for interlayer transport, thus enhancing three-plain the strong effect of submonolayer adsorbate coverages
dimensional mound growt!. The effect of additional sur- on growth behavior, e.g., through a change of the barrier for
face species on growth and nucleation is also of obviou#nterlayer transport®*°
importance in more complex, technologically relevant depo- It will be shown in Sec. Ill that the growth of decorated
sition techniques such as chemical vapor deposttidn.ei-  islands requires, in addition to a suitable choice of binding
ther case the detailed atomistic kinetics and energetics of thenergies, the possibility of impurity-adatom exchange. Such
interaction between adsorbate and deposited material infli process, which is a two-dimensional analog of the ex-
ence the growth mode to a degree which makes it very difchange mechanism responsible for the floating of surfactants
ficult to formulate general rules for large classes of growthin multilayer growth® was recently demonstrated to play a
systems. crucial role in the submonolayer homoepitaxy of0®il) in
As a first step toward an improved understanding of thehe presence of hydrogéf.

generic effects of impurities on epitaxial growth, in the In Sec. IV the influence of the adsorbates on the island
present paper we introduce a minimal model which, wedensity is investigated, both for codeposited and predepos-
hope, is simple enough to extract some insights of fairlyited impurities. In the absence of impurities the scaling rela-
general validity, and yet possesses sufficient flexibility totion
include most physically relevant microscopic features. The X
model is based on the standard solid-on-solid description of N~(F/D) @)
the growth of a simple cubic cryst&:® The impurities are  between island density, deposition fluxF, and adatom dif-
represented by a second particle species, which can be codesion coefficient D has been well established
posited with the growing material or predeposited prior totheoretically!’~*° numerically*®*~?*and experimentally* In
growth. Impurities diffuse and interact attractively with the two dimensions, rate-equation analy$ig® yields the ex-
deposit atomgadatomg but they do not attract each other pression
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i* nearest-neighbor hopping process with the ra®p
~ (2)  =kgexp(—Ep/ksT), wherek,=10' Hz is an adatom vibra-

1" +2 tion frequency Ep is the hopping barriefT is the substrate
for the exponenty in terms of the sizé* of the largest (emperature, an#tg is Boltzmann's constant. The hopping
unstable cluster. barrier is the sum of a term from the substr&g, and a

There are several conceivable mechanisms by which agontribution from each lateral nearest neightify. Both
tractive impuritie€® could alter relationshiggl). First, impu-  contributions depend on the local composition: For each
rities may act as nucleation centers, thus effectigeigreas- term we have the four possibilitieSA, AB, BA, andBB.
ing i* and thereforey; in the extreme case of immobile The hopping barrier of an atoiX (of type A or B) is theri*
adatom traps, the limit of spontaneous nucleation viith
= y=0 would be realized®?® Second, impurities decorating EX= 3 i (NYEXL+ nYEXY), 3)

X:

the island edges may induce energy barriers to attachment. |
Kandef” showed that, provided these barriers are sufficiently <y - . .
strong, the exponeng in Eq. (1) is increasedsuch that Eq.  WhereEgy, is the hopping barrier for a fre¥ adatom on a
(2) is replaced byy=2i*/(i* +3). Both mechanisms imply Substrate atony, ny is equal to 1 if a substrate atom is of
an increase of the island density compared to the case of putgpe Y, and is zero otherwisay" is the number of nearest-
homoepitaxy. Third, impurities could facilitate the breaking neighborX-Y pairs; andg)" is the corresponding contribu-
of small clusters, thus effectively increasing the critical-tion to the barriesymmetric inX andY). Lateral interac-
nucleus size and decreasing the island deﬁ%ﬁ% tions between impurity atoms are neglectﬁf?:O)_

Our simulations indicate that none of these three mecha- | the simulations reported in this paper we ugelf)
nisms are operative under the conditions used in our model- g g EV,EQU%= 0.1 eV,EsBLﬁF 1.0 eV, andEEUBbz 0.1eV, and

The _ado!ition of impurities is foun_d to inc_rease the islandthe substrate temperatufe=500 K. The low values OEguBb
density in all cases, but the scaling Nfwith the flux F

BB ; ; ;
remains unaffected within the accuracy of the simulation. Anand Esup €nsure that atoms deposited on top of an impurity

. ; : instantaneously descend to the substrate. Growth and impu-
analysis of the relevant microscopic proce$$esveals that,

within our model, even completely decorated island edges dﬁ/}y fluxes were varied in the interval ranging from 0.00025
not provide efficient barriers to attachment, and therefore the, Ié/g’ Otto goz(i 5'\33/ S_i_hThe systfm ,S'rzlss rangelldﬁﬁf&otr)n 300
scenario of Kandél does not apply. 0 - Iheé nearest-neighbor coupli e-

In view of Eq. (1), an increase of the island density at tweenA atoms controfe the size of the critical nucleus . It

fixed y suggests that the main effect of the impurities is to™ma be §trongerE{?“> E?,B) or weak_er_EﬁA< Ep®) than
reduce the mobiliyD of adatoms. The reduction of the ada- the coupling to the impurities. In equilibrium at low tempera-
tom mobility has been identified as the most importantt“resv t_he_former_ case leads to the formation of islands com-
mechanism contributing to the surfactant action of Sb orPeSed inside mainly oA atoms, withB atoms bounded near
Ag.3'4'3°DecreasingD reduces the island size and favors thethe €dges, while in the Iattgr case it is energetically more
growth of ramified, rather than compact, islands. Both effectd@vorable wherB atoms are inside the islands. _
enhance interlayer transport, since the adatoms landing in the However, our simulations show that gromth |i%ds to in-
second layer have more opportunities to descend, and thd&mixing of A and B atoms in both case&,">E," and
promote layer-by-layer growth. In our model the island sizeE,"<E,". Thus the energetic bias favoring segregation is
decreases, but the island shapes remain compact, because figé sufficient to obtain configurations with impurities mostly
edge decoration facilitates edge diffusitsee Sec. I\l at island edge&decorated islandsTo achieve this, we have

For an analytic description of the relation between impu-to introduce an additional thermally activated process, which
rity coverage, adatom mobility and island density, in Sec. vallows anA atom approaching an island to exchange with an
we develop a simple rate-equation approach which providenpurity covering the island edge. A similar process was
a semiquantitative explanation for matiough not all fea-  introduced previousfy in the context of homoepitaxy on
tures observed in the simulations. Some conclusions an8i(001) with predeposited hydrogen. In that work, Aratom
open questions are formulated in Sec. VI. was allowed to exchange with an impurity provided the
atom was not bonded to anotheatom at a nearest-neighbor
site. In our case this modification turned out not to be suffi-
cient, since impurities were still found to be progressively

The growth model employed in this work was briefly de- trapped inside islands during growth. We therefore also al-
scribed in an earlier papét It is a solid-on-solid model with  low the exchange of aA atom with an impurity when it has
two surface specie& andB, whereA particles correspond to a singlebond to anotheA atom in a nearest-neighbor posi-
the growing material, an® particles represent the impuri- tion. Using this rule, which is analogous to the exchange
ties. The simulation starts on a flat substrate composed onlgrocess invoked in the case of three-dimensional growth
of A atoms. The basic microscopic processes are depositionith surfactant$;*? we obtain well-decorated islands with
and migration; desorption is not allowed. Two depositionimpurities floating on the island edges during growigs.
modes are considered) simultaneous depositioftodepo- 1(b) and Xc)]; see Sec. Ill.

1. MODEL

sition) of both species, andi) a predepositionof a certain In principle, the rate of the exchange process could de-
impurity coverage prior to growth. In the case of codeposi-pend on the number of nearest-neighbor baidsr 1) of the
tion the fluxesF, andFg of the two species may differ. A atom. We observed that the difference of both rates is not

The migration of a surface atom is modeled as acrucial provided both processes are active. The rates of these
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smaller islands with more perimeter sitéblote that we do

not obtain decorated islands for simultaneous deposition at
very large fluxes or at very early stages of growth, since
there are not enough impurities available to cover all perim-
eter sites.

The degree of edge decoration also strongly depends on
the value ofE4®. Edge decoration is not observed for small
EAP=0.1 eV, it is only partial forEA®=0.2 eV, and it be-
comes perfect foE,®=0.4 eV (cf. Fig. 1). Hence, in order
to obtain decorated islands, the bartig}® has to be larger
than a minimal value. A simple detailed balance arguffent
shows that the fractiofy of uncovered edge sites is given by

AB
fo=(1+ ggetn 'aT) "1, (4

and thus aff =500 K a barrier ofEA®=0.2 eV is required.
As we shall see in Sec. V, the conditidp<<1 also implies
that the diffusion ofA atoms is slowed down considerably by
the impurities.
Another important parameter determining decoration of
island edges is the exchange barigy that was in our simu-
© ) lations varied from 0.8 to 2 eV. For a small value Bf,,
impurities are driven toward island edges, whereas for large
FIG. 1. Examples of configurations for the total coveraje E,,, the exchange process is not active and impurities are
=0.2 ML obtained by simultaneous deposition with flEx=Fg  often incorporated inside the islands. The impurities were
=0.004 ML/s,Ef*=0.3 eV, and different energy barriéE4® and  observed to be floating on the island edges for sr&a}),
Ey (@ EA®=0.1eV,Ep=1¢eV, (b)A%ﬁB=o.2 eV.Ea=16V;(c)  poth forE,">EA® [Fig. 1(b)] and forE,*<EA® [Fig. 1(c)].
E, =04 eV,E,=1 eV; and(d) E;"=0.2 eV,E,,=2 eV. We  [igyre 1d) shows a configuration foE=2 eV in the case
show only 50< 50 sections of larger simulation boxes. EﬁA> EﬁB. The surface morphology is similar to the one
observed forEf*<EAL® (not shown, where quite a regular
processes are taken &g=Kkoexp(—E.,/kgT), whereEe,  checkerboard structure is produced with almost no free im-
are the corresponding activation barriers. For both processgsirities on the surface. Thus in order to obtain decorated
there is a maximum activation barrier above which the decoislands,E,, has to be lower than a threshold value which in
rated geometry is not observed. In the following, the barriershe present case is about 1.2 eV.
for both types of exchange are for simplicity set to be equal. A further remarkable feature of the configurations dis-
played in Figs. (b) and Xc) is that the compact square is-
land shape is maintained as the island density increases. In
fact, careful inspection shows that the kink density on the
In Fig. 1 we show examples of typical configurations with Well decorated edges @mallerthan when the decoration is
the same partial coverage of both spedigs= 65=0.1 ML  incomplete. This reflects thenhancement of edge diffusion
(i.e., the total coverag@= 6+ 65=0.2 ML) obtained by by the impurities: The energy barrier for an adatom moving
codeposition of adatoms and impurities with flufegs=Fg  along the decorated step edge within the impurity lay&tis
—0.004 ML/s. Figures (), 1(b), and 1c) illustrate the ef- Which, under the conditions of Figs(t and Xc), is smaller
fect of varying the relation betweeB** and EAB for EA*  than both the barrieEg;+ E,” for diffusion along an un-
—0.3 eV. Several features can be identified. First, the islangovered step and the barri;+ Eq” for edge diffusion on-
density increases witEA®. This can be explained by the the outside of the impurity layer. Clearly this is true or_1|y if
observation(cf. Fig. 1(c) for EAB=0.4 eV] that, for larger the exchange of singly bondedl atoms is allowed, which
EﬁB, free A atoms start to be captured by impurities, ar]dunderlmes the importance of this type of exchange process.

many small islands containing impurities and a fawtoms

Ill. ISLAND MORPHOLOGY

appear on the surface in addition to already existing deco- IV. ISLAND DENSITY SCALING

rated islands. These small islands act as nucleation centers .

that lead to an increase of the island density. For |&§?, A. Simultaneous growth

almost all impurities will capture aA adatom for a certain In Sec. Ill, we qualitatively described the growth mor-
time. As we argue in Sec. V, this effect causes a reduction ofhology for one fixed value of the deposition flux. Here we
adatom mobility by the impurities. present results for the behavior of the island denbitgs a

Whereas the island density increases, the density of freinction of flux F and coveraged, and discuss its depen-
impurities decreases with increasiB§® due to(i) the stron-  dence on the kinetic parameters. Results for each set of pa-
ger A-B bond favoring the binding of impurities at island rameters were obtained by averaging over several indepen-
edges, andii) the increase of the island density that leads todent simulation runs.
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FIG. 2. Averaged island density as a function of flex for FIG. 3. Dependence of the island density on the flx at
several values of the total coverage 6,+ 6g and different energy  constant=5=0.016 ML/s(open squargscompared with the situa-
barriers:EﬁB:O.Z eV, open symbolfﬁB:OA eV, filled symbols. tion Fg=F, (open diamonds and with homoepitaxy(pluses,

The adatom interaction ener@/,"=0.3 eV and the exchange bar- E4F=0.2 eV. Inset: The flux dependence at two constant ratios of
rier Ee,=1 eV are fixed, and the impurity flukg=F,. The be- fluxesFg/F,=2 (filled squaresandFz/F,=1 (filled triangles.
havior in the absence of impuriti¢eomoepitaxyFg=0) is shown  EA®=0.4 eV compared with homoepitaxpluses.

for comparison. Inset: The effect of the exchange baEijgron the . . .
island density at a coverage=0.2 ML. Circles represent the data dramatically increases, but the expongnin the power law

from the main figure foE,,=1 eV, and squares the corresponding '€lation (1) between flux and the island density reLnBains
data forEg,=1.2 eV. nearly unchanged. For example, we fige=0.54 for E|

=0.2, y~0.45 forEf®=0.4, andy~0.54 for homoepitaxial

In the presence of impurities, islands are composed Og*rowth., whlph means that the effective CI’ItIC§1| nucleus SIZG, is
i*~2 in this range of parameters. According to Kandel's

28:29’2 er:]db!?: aéo?SWZZan2222?3(9?;?&(;88'?”(3(1O?';?] .2?6; rate-equation theor¥/, the scaling exponent should then be-
Iguous. : ! 12 : meyx~=0.8 in the presence of strong barriers to attachment.

as the number oA atoms in a connected cluster Afatoms In our model this is not observed, because the bonding of the

forming the island, or measure the island size counting the yatoms to the impurity-covered edges keeps them near the
total number of atoms of both types. Here we use the forme@dge long enough for an exchange to océdr

possibility, which is appropriate for growth with impurities  The inset of Fig. 2 shows that the island density is further
segregating on the edges of the islands, and allows a diregicreased if the exchange barrig, is set to a larger value
comparison with growth without impurities. However, visual E_ =12 eV. The data foE.=1.2 eV andEA®=0.4 indi-
inSpeCtion of Configurations showed that, E)JX> 12, there cate a S||ght decrease of the exponﬁnt

exist islands containing several mutually disconnected clus- Figure 3 shows results obtained by varying the ratio
ters of A atoms. Hence our definition cannot be appliedr /F, of impurity to adatom flux. In one set of simulations,
straightforwardly for largée,,. In the following, we restrict using EAB=0.2 eV, the impurity flux was kept constant at
ourselves to situations where the intermixing inside the iSFB=O.016 ML/s, while the adatom fluk , was varied. For
lands is negligible. Simulations for larger valuestQf indi-  |5rge fluxesF ,>Fg, the island density is seen to approach
cate that the flux dependence of the island density flatteng,e’ qata obtained for homoepitaxy, indicating that the impu-
[the exponeny in Eq. (1) decreasgs but due to the ambi- (ijjes have no effect, while for small fluxds,< Fg the flux

guity in the definition of the island density in presence of . . . ,
intermixing, we did not attempt to assess the physical Sig_dgpenfdence IS descrl_bed by an effectl\{e pOWGI’.H&WF'X
nificance of this observation. wlth x'~0.36<x. An interpretation of this behavior will be
given at the end of Sec. VB 2.

In the second set of simulations shown in Fig. 3, which
were carried out using,®=0.4 eV, both fluxes were varied

Figure 2 shows the island densityas a function of the keeping the ratid-5/F =2 constant. This is seen to further
adatom fluxF » for several coverages and different energy increase the island density without changing the flux depen-
barriersE/® andE,, (insed. The energy barri€E~*=0.3 eV dence. In this sense, an increase in the coverage of impurities
is fixed, and the impurities and adatoms are codeposited wittby increasing-g) is equivalent to increasing their effective-
the same flu¥g=F,. For comparison we also show data ness through an increase of the bond endf}§. A quanti-
for homoepitaxial growth without impurities at two cover- tative formulation of this statement will be given in Sec. V.
ages#=0.05 and 0.1 ML. We can see that f8f,°>=0.2 eV
andE.=1 eV, the island density is quite close to the corre-
sponding value in homoepitaxy. With increasing interaction A noteworthy feature in comparison with homoepitaxy is
energy between adatoms and impurities, the island density stronger coverage dependence of the island density. This is

1. Flux dependence

2. Coverage dependence
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F,=F,=0.004 ML/s, E**-0.3 eV

"
|

(a) (b)

107 —— homoepitaxy
FIG. 5. Examples of configurations for the total coverage

=0.2 ML obtained by simultaneous deposition with fluxEg

=Fg=0.004 ML/s,EA*=0.3 eV, andE.=1 eV in a modified

model with next-nearest-neighbor interactiqan) EA®=E;?=0.1

eV and(b) EAB=ELP=0.4 eV. We show only 58 50 sections of
FIG. 4. Density of islandésolid lineg and free adatom&lashed  larger simulation boxes.

lines) as a function of coveragé, for homoepitaxy(no symbol$

and for two different energy barriefs)®=0.2 eV (diamonds and  vation barrier. We do not consider next-nearest-neighbor

En =0.4 eV (C|rC|e$. Adatoms and Impurltles are COdepOSIted at contributions from pa"‘S of parncles of the same type For

the same fluxF,=Fg=0.004 ML/s. simplicity, the new parametdf. is set equal tE4®.

) ) B Our motivation for introducing the additional term is a
seen in Fig. 2 for both wequ@ =0.2 eV) and strong  gesire to study an improvement in the decoration of island
(E;"=0.4 eV) interactions with impurities, but it is more edges by impurities, and the resulting decrease of the frac-
pronounced for strong interaction, in particular at largertion f, of uncovered edge sites. The additional interaction
fluxes. We followed the coverage dependence in more detaj|so enhances the probability of nucleation around impurities
for a fixed ﬂUX, and in addition to the island denSity we alSObecause the number of sites at which an adatom can be cap-
measured the density of free adatomhe results obtained tyred is considerably higher. The configuration shown in Fig.
at a medium fluxF,=0.004 ML/s are compared with ho- 5(a) demonstrates that now we obtain almost perfect decora-
moepitaxy in Fig. 4. Both in impure growth and in homoepi- tion also forEAP=EAP=0.1 eV. Figure ®) illustrates the
taxy the island density shows an initial regime of rapid in-n,cleation of small islands.
crease followed by a “saturation” regime in which it For EAB=EAB=0.1 eV, the island density is nearly the

'”Cfgasles much m(()jre SIO(;NIV with Cﬁverage. However, the,me as for homoepitaxy for all fluxes studied, and decora-
residual coverage dependence in the saturation regime g, is nerfect provided there is sufficient amount of impuri-
stronger in the presence OT Impurities, and furthermore t_hsﬁes available. This shows that in the presence of next-
onset of the saturation regime s delayed as the 'r.‘ter.aCt'OHearest-neighbor interactions the decorated edges are also
between adatoms and impurities increases. A quantitative deape to block the attachment of adatoms efficiently. For

scription of this effect will be provided in Sec. VB 2. AB_ =AB . i ;
P P larger values o, "=E,;, the additional interaction causes

: ihi : nn
The density of adatoms exhibits a completely dlfferentan increase of the island density andecreaseof the scal-

behavior as compared to homoepitaxy. We observe that f%g exponenty. For example, the effective value chﬁB

rowth with impurities, the adatom density is comparable to . .
g e y : =EAP=0.2 eV is y~0.42, and forEAB=EAP=0.4 eV it

the island density up to the coverage=0.1 ML, whereas . , g
in homoepitaxy the adatom density rapidly decreases aftef™oPS t0x~0.3. This suggests that the nucleation of small
islands described above effectively lowers the sizef the

reaching a maximum at the beginning of the saturation re*'<.
gime (cf. Sec. V A). Other surprising features are the power- Cfitical nucleus.

law increasen~ 6% observed over almost two decades in

the case of strongly interacting impurities, and the weak os- B. Predeposition of impurities
cillations of the adatom density for coveraggs>0.01 (cf.
Fig. 4). We will return to the behavior of the adatom density
in Sec. VB2.

Coverage 6,

We performed simulations with predeposition of impuri-
ties for the same set of parameters as for codeposition. In
order to obtain a morphology with island edges decorated by
impurities, we need an appropriate valueky,. Complete
o ] . . _decoration also requires a sufficient amount of impurities

A modification of the model in which the barrier for dif- zyailable on the surface. The data presented are for a prede-
fusion Eé contains an additional contribution from each lat- posited Coverag@Bzo_l ML. Examp|es of morpho|ogie5
eral next-nearest neighbor of the opposite type was also stughr EA®=0.2 eV andEA®=0.4 eV are shown in Fig. 6, and
ied. This implies that a term5°E,? is added to the right ook qualitatively similar to Figs. (b) and Xc).
hand side of Eq(3). Heren® is the number of next-nearest  The F, dependence of the island density is compared
neighbors of the type opposite to the atom under considemith the results for codeposition in Fig. 7. The island densi-
ation, andEAP is the corresponding contribution to the acti- ties in the predeposition regime are slightly higher than for

3. Next-nearest-neighbor interaction
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- ° F,=0.004 ML/s, 8,=0.1, E,*=0.3 eV

(a) (b)

FIG. 6. Examples of configurations deposited with flEx
=0.004 ML/s at a coveragé,=0.1 ML after predeposition ofig
=0.1, using parameter8 *=0.3 eV, E,,=1 eV, (a) EAB=EAP . .
=0.2 eV, and(b) Ep®=E;?=0.4 eV. We show only 5850 sec- Coverage 6,
tions of larger simulation boxes.

. o o ] ) FIG. 8. Densities of islandgsolid lineg and free adatoms
codeposition. This is qualitatively plausible, since the predergashed linesas a function of coveragé, for homoepitaxy(no
posited impurities are present on the surface throughout thg mholg, and for predeposition with two different energy barriers
deposition process, and hence their effect on growth accyzA8— .2 ev(diamondsandE~B=0.4 eV (circles. The flux of the
mulates over time. The corresponding curves are shifted by adatoms is,=0.004 ML/s, and the predeposited coverage of im-
factor independent of the flux. The slope remains the same gfurities is5=0.1 ML.
for codeposition. The difference from codeposition is that
there is no appreciable coverage dependencedfolarger V. RATE-EQUATION THEORY
than 0.05 ML, except at larger fluxes in the case of strongly
interacting impurities.

The detailed coverage dependence for a fixed flux i
shown in Fig. 8. We see that the behavior of both the islan
density and the adatom density is qualitatively similar to
homoepitaxy. The island density saturates, and at the sanf
time the adatom density starts to decrease. The impuritiet§J s
only cause a shift of the crossover to the saturation regime tgdatom diffusion coefficienD(6g) in the presence of an
a higher coverage, the shift being larger for stronger interacimpurity coveragelg, we further replace theénobile) impu-
tion between adatoms and impurities. We shall return to thigities by static traps with binding enerd,° . Then standard

In this section, we develop a simple rate-equation ap-
3oroach to explain, at least qualitatively, the main impurity
&ffects on the island density which were presented in Sec.
IV. Our basic assumption is that the impurities affect the
owth procesnly by slowing down the diffusion of ada-
ms To obtain a simple analytic expression for the effective

effect in Sec. VB 1. results for diffusion in random media yiéfi
E/'-0.3eV, E,=1.0eV - D D
' D(6g)= = , 5
. = T Sk E &)
~ESKaT Qi i ;
whereD =kqe ™ Esuf*8T is the diffusion coefficient of a single
< adatom on the clean substrate, and the abbreviation
¢: eEﬁB/kBT_ 1 (6)
10° oo, 6,010 ML | has been introduced.
> prodep. 0,=0.05 ML The first conclusion that can be drawn from E8).is that
@ —®codep. 6,=0.10 ML i i iti = ianifi
b _45‘:9;3’)' 010 ML predep05|_ted _|mpur|t|e_563 const, significantly affect th(_e
D~ - -$>pradep. 8,=0.05 ML adatom diffusion only ifdg>1/¢. In the case of codeposi-
O--©codep. 6,=0.10 ML . e .
S HOMO 620.10 ML tion, 6g=Fgt, andD becomes time or coverage dependent.
10 | It is then useful to rewrite E(5) in terms of the coverage,
3 < of A atoms as
10 10 10
FA
— D
FIG. 7. Comparison of averaged island densities as a function of D=———, (7)
1+ 0,16%

flux F, for codeposition(circles and predepositioftriangles, for
different energy barriersE,®=0.2 eV, open symbolsEAB=0.4
eV, filled symbols. The predeposited coverag@ds-0.1 ML. The
adatom interaction energﬁ’:A: 0.3 eV and the exchange barrier =

Ee,=1 eV are fixed. The behavior for homoepitaxy is shown for o* = Asp 1 (8)
comparison.

with the characteristic coverage
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For coverage®,= 6* the impurities begin to significantly elw(FA/D)Z/(i*H%)_ (16)
affect the adatom mobility. Expressioi8) quantifies the
statement made above in Sec. IV A 1 that an increase of the For i* =1 the coverage dependence of the densities of
flux ratio Fg/F 5 in codeposition is equivalent to an increaseislands and adatoms observed in microscopic simulations is
of the A-B binding energyEA®. ForF,=Fg andT=500 K, in accordance with the rate-equation thedt¥* In the re-
we haveg* ~0.01 forEA®=0.2 eV and#* ~10 * for E;®  versible casé* >1, the simple rate equations are quantita-
=0.4 eV. In the following, these two sets of parameters willtively inappropriate, though the key qualitative features—the
be referred to as the cases of weak and strong impuritiegxistence of an early-time regime of a rapid increase of the
respectively. island density, followed by a “precoalescence saturation re-
gime” with little change inN—remain??
A. Pure growth

We proceed by combining E@5) with the simplest ana- B. Impure growth

lytic model of nucleation, consisting of two coupled rate 1. Predeposition

equations for the island densily and the adatom density. - g effect of predeposited impurities is obtained simply
In the absence of impurities, the equations for a critical is- —

land sizei* =1 ¢7-18.20 by replacingD by the constant expressioﬁﬁ) fo.r D. in Egs.
and size rea (15 and (16). Consequently the island density in the late-

time regime increases by a factor{¥g¢)'" /(" +2) which

dat Fa—4Dn(2n+N), ©) is independent of flux oA coverage, and the onset of satu-
ration is delayed by a factor @8g#)20" +3). This is in
dN ) qualitative agreement with the coverage dependence of den-
a:“D” : (10) sities of islands and adatoms displayed in Fig. 8, which

shows the same overall behavior as in the homoepitaxial

The main features of the solution of E¢8) and(10) with case, only shifted to larger coverages and higher densities.
initial condition n=N=0 can be described as followsee Quantitatively, the numerically observed increase in the is-
the paper by Tarf§ for a lucid presentation In the early-  land density is consistent with the factor{Bg¢)" /(" +2)
time regimethe adatom density increases linearly by deposiif the size of the critical nucleus is setitb=1. On the other
tion, n~Ft=6,, and accordingly the island density grows hand, if the critical nucleus size is assumed tohe 2, as
as suggested by the numerical value pf then the theory is

seen to overestimate the increase in the island density and
N=~ (4/3)(D/F ) 6. (11 underestimate the delay of the onset of saturation.

As mentioned in Sec. V A, the island density at fixed cov-
eragef, shows a maximum at a critical fluk®, which is
determined by setting the saturation coverage equal,to
For predeposited impurities withg > 1 this is given by

In the late-time regimethe adatoms are mainly captured by
preexisting islands. This implies that=F ,/DN<N and the
island density grows more slowly, as

N~ (F ,/12D)3g33 12 "
(FAI12D) 08 (42 FS~(D/pbg) 04" T2, (17)

Further discussion of predeposition in relation to codeposi-
tion will be provided below.

while the adatom density decreasesast, *°. The transi-
tion between the two regimes occurs at a coverage

_ 12
01~ (Fa/D)™5 (13 2. Codeposition

Keeping the coverage fixed while increasing the flux there-
fore takes the system from the late-time regime, where
~F13 into the early-time regime wittN~F~1, with a

In the case of codeposition the situation is richer due to
the coverage dependence @f First, the case#,<#* and

maximum in the island density attained at a critical flek 0,> §* have to be distinggished. In the first case the impu-
D #? rities only affect the late-time regime. Fap> 6* we can

To generalize these estimates to the cdse1, we re- approximate Eq(7) by D~D#*/6,. Inserting this into the
place the nucleation equati¢h0) by*"*® nucleation equatior{14) and settingn~F/DN, we obtain
the expression

S ~Dbn"L (14 N=(FA/Dg*) " (" +2)(g,) (" +1I(*+2) (1)

which replaces Eq.15) in the pure case. It can be seen that
the scaling ofN with flux F, remains the same, i.e., the
exponenty is not affected. The impurities increase the island
N~ (F ,/D)i*/(* +2) gU* +2). (15 densitybya factor §,/6*)"*/(* *2) which, in contrast to the
case of predeposition, is coverage dependent. This is quali-
in agreement with expressidg) for the scaling exponenj. tatively consistent with the residual coverage dependence of
The transition coveragé, is estimated by matching the two the island density seen in Fig. 2, which is nearly absent in the
behaviors, which yields corresponding predeposition data in Fig. 7. In quantitative

Then the early-time behavior becomés~(D/F)6) 2,
while in the late-time regime
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F,=0.004 ML/s 8=0.10 ML
107 ‘ T ‘
o". .
...o oo
10° oss 10?
co°°°°°
< 1ot 0088 000
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= Yl e T z
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10° ¢%° (
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10° *
AB
:E"Aafg'g :x /,/’/// —— predep. E A::0.4 eV
7 n T Vi ——- codep. E =0.4eV
10 homoepitaxy 106° /‘/:/, —-— predep. Er:B=0.2 oV
[~ .- ---- codep. E°-0.2eV
10° e e OMOEPItaxy
10* 10° 10° 107 10* 10° 10% 10"
Coverage 6, Fa
FIG. 9. Time evolution of the adatorfopen symbols and the FIG. 10. Rate-equation predictions for the flux dependence of

dashed ling and island(full symbols and the solid linedensities  the island density in the case of codeposition VFth= Fg at a total
obtained from a numerical solution of the rate equationsifor coveraged=0.1 ML. The parameters were chosen as in Fig. 9. For
=1 [Egs.(9) and(10)] with a coverage-dependent diffusion con- comparison with Fig. 7, data for predeposition with= 6,=0.05
stant{Eq. (5)]. The parameters were chosen for comparison with theML/s in the case of strong impurities are shown as well.
simulation data in Fig. 4: fluxesFp=Fz=0.004 ML/s, D
=(ko/4)exp(E5keT)~2.15x10% s, ESB=0.2 eV (dia-
mondg, and E;®=0.4 eV (circles. The agreement between the lations, the late-time adatom density given by Ef9) is
homoepitaxial island densitigolid line) and the adatom density for small compared to the island densifq. (18)], and neither
weak impurities(open circleg is coincidental. the intermediate scaling reginme~ (6,)%"° nor the oscilla-
tions ofn seen in Fig. 4 are reproduced by the rate equations.
Here and in the following figures we show results ob-
terms, however, the coverage dependence in #8) is  tained by numerical integration of the rate equatié@sand
much stronger than what If observed in the S|mulat|ons. _Th?lO) for i* = 1, with D replaced byD. This is sufficient for a
dependence of E418) on ¢* shows that increasing the ratio ., Jjitative comparison, and relieves us of the necessity to

FB/F.A at constaniF anq Oa wiII.aIso i_ncrease the islgnd. explicitly treat the growth dynamics of the intermediate un-
density, in accordance with the simulation data shown in Fi9stable clusters. On the other hand. the choicé*cf1 im-

3. Noti h f d . —(Fu/F plies that a quantitative comparison between simulations and
_ c/)tmg* t aé or18 o epost;tmn 0= (Fs/Fa) QNA rate-equation results should not be attempted.

=0al(¢6%), . 9 ( /?* can e rewrntten as Next consider the cas#,;>6*. For coverages in the
~(Fabgp/D)" " 210" +2) which is identical to the ex- early-time regime which satisfyd,>6*, we set D
pres;ion for predepositio_n WithB¢>>1_. A more carefu! _cal- ~D ¢*/6, and obtain, using~ 6, , the early-time behavior
culation shows that the island density for predeposition ex
ceeds that for codeposition by a constant factof (

+1)Y0"+2) if systems of the same impurity coveraggare
compared. This is qualitatively consistent with Fig. 7, though _ .
the simulation data indicate that the factor is larger for weak 01~ (Fa/D )27 +1), (20

Impurities 'ghgn for strong ones. . . which exceeds the corresponding expressib6) for the
A surprising consequence of the rate equations with 2% +1)

coverage-dependent diffusion is that the adatom deiisity PUre system by a factoré /6,)"" "%. Thus both prede-

creaseswith coverage in the late-time regime. This follows POSitéd and codeposited impurities delay the onset of the

from balancing the deposition term on the right-hand side ofaturation regime. , _ , _
: . — The critical flux at which the island density attains a
Eq. (9) against the island capture term D#n

~4D(6*/0,)Nn, which yields maximum is now given by

N~(D0*/FA) 0:“. The onset of the saturation regime
then occurs at a coverage

¢ (i* +1)2
N~ (F /D 6% )210* +2) gl +2). (19 Fg~(D/¢) O , (21

o . which is seen to become identical to the predeposition ex-
In fagt, whené; < 6*, the.adatom density is @ nonmonotonic pression(17) by setting = (Fg/F) 0. A quantitative
function of coverage: It increases as- 0 for 04<<60;, de-  gyalyation using the parameters of the simulations shows
creases a1~ 0, V" *2) for 9,<@,<¢*, and increases that the critical flux is beyond the range of simulated fluxes
again according to Eq19) for 6,> 6*. This is illustrated in ~ for the case of weak impurities, while it should be observable
Fig. 9, which is reminiscent of the simulation data for thefor strong impurities. This is illustrated in Fig. 10. It there-
adatom density in Fig. 4. However, in contrast to the simufore appears natural to identify the saturation of the flux de-
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Godeposition, 6:=0.05 ML In the saturation regima, N<<6,; thusng~+6,N. In the
early-time regimen~ 6, to leading order, and the density of
edge sites is determined by the next-to-leading correction.
Analysis of the rate equations shows thmt-N both for
0,<6* and for 8,> 6*, which implies that the island size
does not increase with coverage in this regime.

Using the estimates fam,, the importance of the impu-
rities bound at the edges can be worked out for specific
cases. Since evidently,< 6, always, asufficientcondition
for the irrelevance of edge decoration is thtat> 6, at all
times. This is true for predeposited impurities up to a cover-
agef,= 0g, and for codeposition witk ,<Fgz. Among the
situations treated earlier in this section, the only case where
corrections due to edge decoration may be expected is depo-
sition at fixed impurity fluxFg in the transition regiorFg
<F <Fgp0, (see Fig. 11 For fluxesFy,>Fg® 6, the im-
purities were seen to be irrelevant even if the full impurity

FIG. 11. This figure illustrates the rate-equation prediction forCOvVerage contributes to slowing down the adatoms. Since the
codeposition with a constant impurity fiuk;=0.016 ML/s(solid ~ €dge decoration decreases the impurity concentration on the
line), and should be compared to Fig. 3. The predictions for the casterraces, it is likely that its only effect will be to shift the
Fa=Fg (dashed ling and for homoepitaxydotted ling are also  point where the island density becomes equal to its homoepi-
shown.E;®=0.2 eV; other parameters were chosen as in Fig. 9taxial value toward smaller deposition fluxes.

Inset: the rate equation prediction for codeposition with constant
flux ratio Fg/F,=2 (long-dashed linecompared to the case,
=Fg (dashed lingand to homoepitaxydotted ling, EA®=0.4 eV.

—— F=0.016 MU/s e
..... |:A=|:B .
- homoepitaxy

VI. CONCLUSIONS

A brief glance at the results presented in this paper may
lead to disappointment: No dramatic change of the exponent
pendence of the island density found in the simulati@®® y has been found, contrary to expectations in any of the
Figs. 2 and Ywith the maximum predicted by the rate equa- modifications of the simulation mod&l. However, upon
tions, although it should be emphasized that the simulationsloser inspection, our work reveals several nontrivial features
show no clear evidence of a decreaseNobeyond the pla- that should not be overlooked in the large amount of numeri-
teau. cal data.
Finally, we address the effect of changing the adatom flux (i) We have established that a perfect decoration of island
F A while keeping the impurity flu¥ g constant. At fixedd,  edges in our model requires a process of adatom exchange
this implies a crossover frond,<6* for Fa>Fgp, to  that is completely analogous to the exchange discussed for
0,3 0% for Fpo<Fg,. In the high flux regime the island surfactant-mediated growth of semiconducttré feature
density N is unaffected by the impurities, while in the low worth remembering is thenhancement of diffusion of ada-
flux regime N~ (FA/D)X(0A/6*)X~(Fgé/D)X becomes toms along island edgesda the exchange process with im-
independentf F,, sinced* ~F,. This is illustrated in Fig. purities attached to these edges. This mechanism of smooth-
11, which should be compared to Fig. 3. The behavior isng on a one-dimensional substrate provides another
gualitatively similar, however instead of a plateau at lowperspective and possible interpretation of the smooth growth
fluxes the Monte Carlo simulations show a second scalingn a two-dimensional substrate in the presence of a surfac-
regimeN~FX" with a nonzero exponent’ < y. tant. Smoothing of island shapes should be experimentally
verifiable and may have practical implications.
Given the fact that size and shape of islafidsluding the
number of kinks at island edgeis the submonolayer regime
of growth determine the developing surface morpholégfy
In the formulation of the rate equations we have assumeghost of the experimental papers cited below, and in particu-
that all deposited impurities contribute to the impurity cov- jar Ref. 10, a possibility to controboth of them by adding
erage in expressiofb) for the effective diffusion coefficient, impurities seems very attractive.
thus neglecting the fact that a certain fraction of impurities is (i) From a theoretical perspective, we have been able to
bound at the island edges. This assumption is self-consistegbtain insight into(and even semiquantitative agreement
only if the densityn, of edge sites, as predicted by the ratewith) the simulation results, using rather simple rate-
equations, is small compared to the deposited covefig@é  equation theory. The surprising resistance to change of the
impurities at all times. exponenty can be understood within this theory, as well as
For compact islands the density of edge sites is of thether features of the simulations, such as the strikingly dif-
order ofN\/A, whereA~(6,—n)/N is the area of an island, ferent behavior of the adatom density during impure growth
and hence with codeposition as compared to the case of homoepitaxy.
Our research also leads to questions. One would like to
understand better the details of behavior observed, in particu-
Ne~ VN(Oa4—n). (22 lar the oscillations of the adatom density seen in simulations

3. Effect of edge decoration
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