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Unconventional MBE strategies from computer simulations for optimized growth conditions
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We investigate the influence of step-edge diffusiSiED) and desorption on molecular-beam epitédBE)
using kinetic Monte Carlo simulations of the solid-on-solid model. Based on these investigations we propose
two strategies to optimize MBE growth. The strategies are applicable in different growth regimes: During
layer-by-layer growth one can exploit the presence of desorption in order to achieve smooth surfaces. By
additional short high flux pulses of particles one can increase the growth rate and assist layer-by-layer growth.
If, however, mounds are formédon-layer-by-layer growth the SED can be used to control size and shape of
the three-dimensional structures. By controlled reduction of the flux with time we achieve a fast coarsening
together with smooth step edg¢S0163-182@809)04727-X]

[. INTRODUCTION whereF stands for the flux an® for the diffusion constant
of adatoms. Without desorption, Ehrlich-Schwoebel barriers
The growth of high-quality compound semiconductors isand step edge diffusio(SED) 5= 2/3 has been observed for
of great technological importandeespite the longstanding ©Pitaxial growth? For metals, several methods have been
tradition of molecular-beam epitaxBE), it is still a chal-  Proposed and tested to achieve and maintain layer-by-layer
lenging task to improve the growth of high-quality thin films grovvth._ For instance, it has been shown that pulsing the
and well-defined interfaces. In order to optimize MBE deposition rate or pulsmg the temperature leads to a pro-
. : . " longed layer-by-layer regimfe Recently, it has been pro-
grow.th, a detailed knowledge of the relatlon_ be’gween MICrOy0sed that pulsed glancing-angle sputtering can even lead to
scopic processes and macroscopic properties is very impOkyayer - |aver growth forever.® All these concepts can so
tant. Computer simulations are an ideal tool to access thig, e ynderstood in terms of a typical diffusion length or an
relation between atomistic processes and epitaxial growth. IBnhanced interlayer diffusion at step edges.
addition, different growth strategies can be easily imple- |n this paper we will propose strategies which exploit
mented and tested in a fast and cheap ay. other specific microscopic processes, namely, desorftion
In this paper we will investigate the macroscopic effectsand SED'!''? As far as we know, no attempt has been made
of two distinct microscopic mechanisms. The temicro-  to exploit these processes in order to achieve improved
scopicrefers to processes on the atomic scale: e.g., a singlgrowth. Some preliminary results of our investigation were
diffusion step of an adatom or desorption of an atom. Thesgublished in Ref. 13, and in this paper we describe the in-
processes are the ingredients to the computer model used westigation in full detail.
this paper. This is contrasted to the termacroscopicfor In Sec. Il we introduce the solid-on-soliGOS model
effects which are typically measurable in experiments: e.g.and the microscopic processes. In our computer experiments
the overall mass desorption, as can be monitored by the paye first investigated the temperature dependence of the over-
tial pressuré, the form, and the distribution of three- all growth rate in the layer-by-layer regini®ec. Il). We are
dimensional structures accessible by scanning tunnelingPle to correlate this macroscopic property to the micro-

microscopy? or the growth rate as determined by electron-Scopic dynamics of the computer model. This allows us to
diffraction oscillation$ The computer simulations employed POPOSe a strategy for layer-by-layer growth. If, however, the
here are ideally suited to bridge the gap between such ma rowth of three-dimensional structures occurs, another strat-

roscopic effects and their underlying microscopic processe£9Y IS applicable. Using a simplified model of growth we
since both scales are accessible. ave recently shown that SED plays a crucial role in this

1415 " o
Several strategies have been proposed in the literature f&g'”f‘e' o These ;m?lngs allow us to propose an opt:m(jlged
optimize MBE growth: In particular, layer-by-layer growth Way for the growth of 3D structures in Sec. V. Concluding
is most desirable in order to achieve high-quality thinremarks concerning the experimental realisation and a sum-

films.2® However, quite often a transition to non-layer-by- Mary will be given in Sec. V.
layer growth is observed where three-dimensio3D)
structures such as mounds or pyramids appeacokmen-
tional MBE,” the timet,, until this growth mode crosses over  Lattice models with the SOS restriction have been proved
to 3D growth has been shown to vary wit,~(D/F)?®  to be a useful tool to study surface morphold§y’ The

1. COMPUTATIONAL MODEL
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model has a long history for the study of the surface roughfelax to a lower neighboring site. Here we consider only
ness transitiod® Gilmer and Bennema were the fifgo our  relaxation to nearest-neighbor sites. Stieinsient diffusion
knowledgé to include surface diffusiol® Since then it has or downward funnelingias been observed in molecular dy-
been intensively used to study epitaxial growfi* namics of simple Lennard-Jones systei& and has been
Here we use its most simple form, where only one kind ofrelated to the reentrant layer-by-layer growth at very low
particle and a simple cubic lattice is considered. The particlegemperatured’ In addition it has been shown to play a cru-
represent single atoms when a comparison with a simple cueial role for slope selection in mound morpholady.
bic metal is made. However, even compound semiconductors We will concentrate on one set of parameters, namely,
can be modeled, as long as kinetic features are investigatdgy=0.9 eV,Ey=0.25 eV,Es=0.1 eV, andEp=1.1 eV.
only. That is, in Ref. 22 the reflection high-energy electron-This particular choice of parameters reproduces some fea-

diffraction oscillations of GaA®01) during growth have tures of CdTé001) during sublimatiof®3® and annealing.
been quantitatively reproduced. However, we would like to stress that the findings of our
In our simulations we use the Maksym algorithm of Ref. present work are of more general relevance, independent of
23. At each time step a Monte Carlo move is carried out. Thehe specific choice of the energetic parameters.
way the event is selected makes it superior to conventional
Monte Carlo techniqueg&he algorithm uses partly a binary
search in the array of possible eventt/e have used a sys- Il REEVAPORATION DURING LAYER-BY-LAYER
tem of 300 300 lattice sites, if not stated otherwise. GROWTH AND THE FLUSH TECHNIQUE
Besides the SOS restriction, further simplifications are g, clarity we will distinguish several processes of de-
due to the particular choice of possible events labéladd  gorption. The terndesorptionwill be explicitly used to de-
the parametrization of the corresponding rdtesWe allow  gcripe the atomistic process: the desorption of a single atom.
jumps to the four nearest-neighbor siteiffusion on a flat gy plimationis reserved to describe the evaporation of a sur-
surface, attachment and detachment from steps,atd.de-  tace when left in(perfect vacuum.Reevaporatioror more
sorption. The rates do only depend on the four ”‘?arestrecisely reevaporation during growthwill describe the
neighbor sites as will be d_escnbgd below. We describe allerall desorption rate mostly due to the desorption of
these processes as Arrhenius activated, freshly deposited particles during growth.
For two of the most important compound semiconductors
I'=pexd — E 1) a decrease of the MBE growth rate with increasing tempera-
e kgT)’ ture was observedCdTg001)%4%%° and GaA&'*3. For
CdTg001) the reevaporation rate was found to follow an
as predicted by several theorfés. Arrhenius rate with considerably lower values of the activa-
One quite often assumes vibration frequenaie®f the  tion energy of 0.14—0.30 eV compared to sublimatibrb5
order of Debye frequencies, i.e.,’#010 s 1. Indeed, in eV or 1.9 eV respectively. A tempting explanation is to
sublimation experiments of Cd@01), 10 s ! has been ascribe this low energy to the existence of a physisorbed
observed®® vibrational frequencies for diffusion are often precurso?® However, studies of the sublimation with com-
of the order of 1& s ! [measurements for metdi$calcu- puter simulatio® as well as experiments for Cd®91)
lations for GaA$001),%"?® or simulations and calculations (Ref. 39 showed a strong influence of the morphology. In
for Si(001)2°%9. Hence it is reasonable to assume that theRef. 38 we already concluded that in MBE, one should ex-
diffusion as well as the desorption rates of our model shar@ect desorption rates other than those measured by sublima-
one common prefactor; = vo=10"2 s~ which allows one tion. Independently Pimpinelli and Peyla also showed that a
to keep the number of parameters small. physisorbed precursor is not necessary to explain the ob-
The activation energy for the different microscopic pro-served low energies using kinetic Monte Carlo simulations
cesses are parametrized as follows: a diffusion jump of a freas well as simple scaling argumeft$*
adatom has to overcome a barrieg, each next in-plane In Fig. 1, the diamonds represent the reevaporation which
neighbor adds an enerdyy . The rate of diffusion jumps we derived from the difference between the applied flBx (
which keep the height of the particle unchanged thus be=1 ML/s) and the measured growth rdiee., the reached
comesvgexd — (Eg+nEy)/kgT], wheren represents the num- height/simulated time The data points for F
ber of next in-plane neighbors. Note that the overall rate for=4 ML/s (O) show that the effective energy is independent
diffusion on a flat surface is four times this jump rate due toof the applied flux. The triangles correspond to the sublima-
the four possible directions. Hence the diffusion constant betion, i.e., the evaporation rate without application of an ex-
comesD = vgexp(—Eg/kgT).2! Since we measure all length ternal flux F=0 ML/s)3® Both processes are found to be
scales in units of the lattice constantve have neglected the Arrhenius activated, though, with strikingly different effec-
terma? in D. At step edges an additional Ehrlich-Schwoebeltive energies. The reevaporation rate during growth corre-
barrier Eg is considered®3* However, this barrier is not sponds to an activation energy of approximately 0.90 eV
added for particles on top of an elongated island of only onavhich is even lower than the microscopic desorption energy
lattice constant widtR? The desorption barrier B . Again, of Ep=1.1 eV. At high temperatures the reevaporation rate
each next in-plane neighbor contributeg. saturates and equals the flux of impinging particles. Con-
The deposition of particles occurs with a réteneasured versely, the sublimation energy of approximately 1.73 eV is
in monolayers per secoriIL/s). During deposition we con-  considerably highet®
sider another process which is not Arrhenius activated. After The relation of the sublimation energy to the microscopic
a deposition site is chosen randomly, we allow the particle tgparameters was shown to be approximated By,
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crossover to their result with a critical nucleus sizeibf
=1. The crossover itself can be seen at the data point for
=0 ML/s(A). In addition, we show the reevaporation rate usingF:Ar ML/s _at 5.00 K which lies above the value of '.abOUt
the proposed flush techniqu&l] with a mean flux of 1 ML/s 0_‘2 ML/s which is extrapolatgd at_ =00 K fr(_)m data pOInt_S _at
consisting of a constant flux of 0.77 ML/s plus an additional pulsehlgher temperatures. A detailed investigation of the validity

FIG. 1. Reevaporation rate during growth with
=1 ML/s(¢), F=4 ML/s(O), and sublimation rate< 10 atF

of 0.23 ML during 0.003 s at the beginning of each second. regime of our result and the relation to the results obtained
by Pimpinelli and Peyla will be postponed to a future work.
~0.61Eg+0.3F + 2.8%+ 0.4%E.% To derive this rela- Besides the different weightings i, andEg,, the strik-

tion we varied all microscopic energy parameters indepen'—ng difference(at high as well as low temperatujes the

dently. Applying the same microscopic analysis to the re_negative contribution of the diffusion barrieg to E,.. This

. . . . result seems to be of general validfyand can be explained
evaporation during growth of this model, we obtain in the following way: Even though the island distance is

. _ influenced byEg, the dominant effect of higher diffusion
Ere~ 031 +0.94p+0.51Ey~0.0Fs. ) barriers seems to be the reduction of the diffusion length of

. : N the adatoms. Consequently, particles have a higher probabil-
As an example for this microscopic analysis, Fig. 2 showqty for desorption before they stick to an island.

the mea_lsured ‘T‘““ence of the diffusiqn barfigy and of the This result suggests a strategy to obtain high-quality
desorption barrieEp tp the reevaporation rate. We Qpplled a}(layer-by-laye) growth together with high growth rates.
flux of F=4 ML/s. Since the measured reevaporation rate issp o+ fiishes of particles at the beginning of each monolayer

much Ipwergcess than 1 'x”‘/’s we can ,be sufrehto have no _would result in a great density of islands. Afterwards with a
saturation effects. Note the opposite sign of the two contriy,, f,x the particles probably hit islands to stick to which

butions. The slope measures the prefactor in the above eXgy| regyit in a low overall reevaporation rate. The proposed
pression ofE, [Eq. (2)]. _ _procedure(flush-modg is drawn schematically in Fig. 3.

We want to mention that this result does not agree with g re 1 shows that the reevaporation rate indeed reduces
the scaling relation obtained by Pimpinelli and P&Yla. by a factor of about 2 when applying this strategy. The mean
However, at lower temperaturgsot shown we observe a fj,y as 1 ML/s as for the conventional growth simulations.
The profile of the flux was composed as follows: At intervals
of 1 s wedeposited a total amount of 0.23 ML within 0.003
s (see Fig. 3. Afterwards a constant flux of 0.77 ML/s was

LOE - is assisted by the flush mode. In Fig. 4 we compare three
TF 3 different techniques/models of growtHA) conventional

L ] growth withF=1 ML/s and allowed desorptioriB) a flush

I | mode withF,,s=1 ML/s and an additional 0.30 ML in
0.003 s each second and allowed desorption;(@d flush
mode without desorptionHp =), F.,s=0.77 ML/s, and

an additional 0.23 ML during 0.003 s each second. The dif-

ferent fluxes inB) and(C) are chosen in order to achieve the

FIG. 2. Variation of the reevaporation rate during growth as aSynchronization of the pulses with layer completion. Due to

function of the desorption barriég, (upped and diffusion barrier ~ the possible desorption i), however, synchronization can
Eg (lower curve. The slope gives the contribution to the effective be achieved only approximately in this case.

energy. The simulations were carried outTat560 K, with F We investigate these different methods by comparing the
=4 ML/s. surface width

Tfm\ applied. According to the decrease of evaporation the growth
= rate increases. The gain is highest at high temperatates
~ 620 K the growth rate is doublg¢dince there the evaporation

E rate becomes comparable to the applied flux.

s 105 El'l% 1.15 In addition to higher growth rates, layer-by-layer growth
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0.80 chopped flux on island distances was investigated. These
findings would allow one to optimize even further in that one
calculates the minimal flux intensity and the time of the flush
needed in order to achieve an increased island density. Here
0.60 - ‘wu‘i}”m“"\'“‘”W”W we have chosen a safe high flux without explicit use of the

' " H results of Ref. 46.

0.70

=
0.50 IV. OPTIMIZING THE STRUCTURE OF MOUNDS
IN 3D GROWTH
0.40
Quite generally, layer-by-layer growfhas well as step

flow is not attainable forevé¥.“® This can be due to, e.g.,

0305 : : : > Ehrlich-Schwoebel barriet$ which is typically positive?
0 50 <h1>0(zML) 150 =00 This favors new nucleation events on top of existing islands

which leads to 3D growth sooner or later. In order to opti-

FIG. 4. Comparison of the surface width for conventional Mizeé MBE growth it is thus also interesting to study the
growth (A) and the flush technique as described in the text. wedrowth of 3D structures by computer simulations.
consider the flush technique wit) and without(C) desorption. We will start with a brief summary of our findings for 3D
The inset shows the surface width oscillations during the depositiogrowth on the basis of a simplified model of epitaxial
of the first 20 ML. For clarity of presentation we have shifted the growth**° This will enable us to introduce the basic con-
upper (lower curve about+0.2 (—0.2) inside the inset. These cepts. After that, we will show how these results can be used
simulations were carried out on a 54812 lattice at 560 K. The in order to improve 3D growtlito be specified beloy We
results are obtained from three independent simulation runs in eadlvill test this strategy with computer simulations of the SOS
case. model of Sec. Il.
The most important simplification we introduced in Ref.
w=([h(x,y)—(h)]?). (3) 14 was an effective description of diffusion and nucleation.

_ Rather than simulate the simultaneous motion of many ada-
Perfect layer-by-layer growth would lead to oscillations be-y, s "\ve concentrated on the simulation of individual par-

tween zero and 0.fcoverage of half a monolayerHigher  icjo5 which is a usual technique for simple growth
values ofw indicate a broader distribution of the heights. 0 4els5152parameters of the model are the diffusion length

_After the deposition of 60 ML using the different tech- 4 i 5 similar way SED is considered. Even though a simi-
niques the surface widths become considerably diffel®#% |5 SEpD was introduced in Ref. 53, there, as opposed to the
Fig. 4. The flush mode without desorptid®) is even far- - jrasant work, no search for kink sites was implemented.
ther away from perfect layer-by-layer growth compared 10|, \BE the typical length of the step-edge diffusion pro-
convent_|onal QfOWt”A,)- The flush mode n the presence of cess depends on the temperature and the flux of the arriving
desorption(B) is superior to bottiA) and(C) in the long run, Cf)articles%7 On a one-dimensional substrate the theory of is-

and keeps the surface smooth. Looking at the deposition qf,4 1, cleation predicts a typical distance between nucle-
the first 20 ML, this seems to be surprising. The oscillations,sion centers of the form

of w with technique(B) are disrupted due to an obvious

asynchronization. With(C) the synchronization is perfect d\ 4

leading to very strong and regular oscillations. Using the ISED%(? , (4)
conventional techniquéd), the oscillations are damped and

much less pronounced. whered is the diffusion constant anfithe flux of arriving

To summarize, the usage of the proposed flush techniquearticles>* If we apply this theory to the lateral or in-plane
is useful to improve the growth rateve achieved a factor 2 growth of a pyramidconcentrating on a slice of 1-ML thick-
at highT) and to assist layer-by-layer growth. Hereby, theness, the fluxf can be identified with the reduced flux per
desorption of adatoms is crucial to achieve optimizedunit length of the step edge=Fl;, wherel; stands for the
growth: without desorption the flush mode is worse com-terrace width. Within this contexd becomes the diffusion
pared to conventional growth even though strong oscillationgonstant for diffusion along the step edge. The scaling rela-
are induced. The reevaporation has such an impact becauseiéin (4) for | szp was obtained under the restriction that two
is height selectivei.e., adatoms on top of existing islands atoms(i.e., i* + 1=2) already form a stable nucleus and no
desorb easily whereas adatoms beneath islands preferentiallgsorption occurs. We note that for greater values* ahe
are incorporated in the crystal. Clearly, this height-selectivecorrect theoretical result has been derived recenthow-
behavior is achieved only when a positive Ehrlich-ever, for the model as described in Sec. Il the assumption of
Schwoebel barrier hinders the particles to be incorporated at =1 is reasonable.
step edges from above. When | ggp is of the order of the modeled system size
We would like to point out that the usage of a chopped(strong SED, the growth is characterized by the formation
flux has been proposed and investigated by Roseefedd”  of square-based pyramids with a well-defined slope. The step
in the framework of theconcept of the two mobilitieslow-  edges are oriented along the lattice coordinates, and the sur-

ever, our findings show that only in the presence of desorpface width was found in Ref. 14 to grow with a power law
tion the occurrence of oscillations is indeed coupled to a

reduction of the surface roughness. In Ref. 46 the effect of a woh?  with  B~0.45, (5)
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whereg is called the growth exponeft.Typically, one ex- 2.0
presses the scaling behavior in terms of the elapsed time.
However, in the context of this paper it is advantageous to
use the mean heiglht instead(as will become clear sogn
The typical distance between the pyramidse correlation
length was found to be proportional to

F (ML/s)

0 500 1000 1500 |
t(s)

éxh  and z=alp~2.3 (6)

in accordance with the occurrence of slope selection. More 0 500 1000 1500
formally this means that the ratio of the typical length scales t (s)
w and ¢ remains constant, and henae=1. L . . . .

The relatively high growth exponent of 0.45 reflects theF. FIG. 5. Fl_ux variation used in the S|mu_lat|or_1 of flux adaption of

- ) : ig. 6. The inset shows the reached height in dependence of the

fact that the coarsening process is SED assiStedie to the time
strong SED, material is moved efficiently toward regions
with high densities of kink sites, i.e., toward the contact
points of pyramids or mounds. For lower values! gf; the face width w with a simulation with a constant flu¥
coarsening process is purely noise assistedlence the =1 ML/s. With our strategy we obtain a higher growth ex-
structures are merging more slowly. ponent of B~ 1/2 compared to conventional growth wigh

If the size of the pyramids exceeblgpthe pyramids lose ~1/3. These exponents fit well 18=0.45 for strong SED
their perfect shape. The structures become round, and st¢Ref. 14 and 8=0.33 for intermediate values dfgp.°
edges will be fringed? It is clear that due to the coarsening, However, the result thaw grows fast and is described by a
conventional MBE growth is bound to drive itself into this high growth exponent under these optimized growth condi-
state. tions should not be confused with the notion of a fast rough-

Now we turn to an investigation of how the latter stage inening, self-affine surface. It just means that the structures are
MBE growth can be prevented. The main idea is that in ordemerging fast and the mounds are becoming high and wide.
to prevent the occurrence of rough step edges, one has fhis can be seen directly in Fig. 7. After the deposition of
require always thdisgp~£. In the following we demonstrate 300 ML under constant flux the structures are small, whereas
how to fulfill this condition by varying the flu¥ of arriving  under optimized growth conditions the resulting structures
particles. Equally well, one could adapt the growth temperaare larger. Note that because of the higher initial flux of 2
ture. However, for this a detailed knowledge of the activationML/s the island density was much higher in the beginning
energy ofd and the temperature dependence-ofRef. 59 under optimized growth conditions. Nevertheless the SED-

is necessary, which is often not available. assisted coarsening leads to a considerably fewer number of
Equating expression) and (4), we obtain the height mounds(approximately ten which should be compared to 20
dependence of the flux, with the conventional growih
_ar It is clear that in order to obtain larger structures in con-
F(h)=ch™™, (7 ventional MBE, one just has to grow for longer times. The

wherec is an adequate constant. To reformulate this relatiorptep edges will become smooth due to the equilibration after
in terms of the time, we useh/dt=F and solve the result- the growth has been stopped. However, during growth the

ing differential equation, obtaining

h(t)oct_Z/(4+Z). (8) 3.0F I I ]
Reinserting this result into Eq7), we obtain that the flux
should be varied according to
F(t)oct 4/(4+Z)%t 0.65’ (9) X Lok

where we insertedz=2.3 according to SED-assisted
coarsening? o

We applied this strategy to the growth of the SOS model o ©
of Sec. Il at 560 K. Clearly, SED is not a process which is
explicitly considered in this model. Typically, atoms with
only a single bond to a step edge will detach and diffuse on
the terrace. However, the net result will be the same: single-
bonded atoms will be moved to places with higher coordina-
tion (kink sites. To prevent the inference of reevaporation, rig 6. comparison of the surface width under optimized
we suppressed this procéSsHowever, we checked that growth conditions () and without an adaption of the fluk
even with desorption, the strategy is still applicable and use=3 mr/s (¢ ). Under optimized growth conditions the flux was
ful. The flux was chosen as shown in Fig. 5. We started withpitially set to 2 ML/s, and after 10 s adapted accordifig
a constant flux of 2 ML/s. After the growth of 20 ML we =2/(t/10sf%> ML/s (see Fig. 5 The solid lines correspond to
adapted the flux with timé according toF =F,/(t/10sP®.  growth exponentg=1/3 and 1/2. The arrows mark the positions of

In Fig. 6 we compare the resulting evolution of the sur-the snapshots of Fig. 7.

0.3 & L PR el " L N | |
10 100 1000
<h> (ML}
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tions, the desorption was crucial to obtain improved growth.

Even though the flush mode always induces strong oscilla-
tions, only in combination with desorption does it lead to an

improved growth. This can be explained with the height-

selective behavior of desorption, i.e., desorption occurs pref-
erentially on top of islands as long as a positive Ehrlich-

Schwoebel barrier is present.

In experiments one should be able to produce such short
flushes using a chopper or pulsed-laser deposition in con-
junction with conventional MBE. The method should be very
useful in order to grow planar coherent thin films, e.g., for

FIG. 7. Snapshots of the surface morphology of 8300 lat-  gpplication in quantum-well structures. In addition, such ex-
tices, w_here_ about 300 ML were deposited with two different me'[h'periments would allow one to decide whether desorption oc-
ods as in Fig. @left: flux adaption; right: conventional growth curs out of a physisorbed precursor which has been debated
_ _ . in the literaturé>*2If so, one should not obtain an improved
step edges do not remain smooth as in our optimized grOWtBrowth rate using the flush mode.
mode. Hence a larger probability for the creation of vacan- However, since layer-by-layer growth is unstable, the op-
cies or other crystal faults will be present. After growth stops;jmization of 3D growth might be useful too. Based on recent
these fgu_lts can probably be only pa_rtially eliminated in theragyits concerning step-edge diffusion, we proposed varying
nonoptimized growth. We also mention that in the end anye fiux of arriving particles in order to maintain smooth

other process will of course become important too. In theedges during growth. Reducing the flux according Ro
limit of t—o no net growth will be achieved in the opti- «t~°85 \e were able to recover the high growth exponent of
mize_d growth, and the equilibration of the surface will be,8~0.45 measured on the simplified MBE mod&The fast
dominant. coarsening processince it is SED assistedields structures
which soon become very large compared to those of conven-
V. CONCLUSION tional MBE. Irrespective of the desired size of the structures

We have investigated the effect of the microscopic dy—t.hey can .be produced gnder the sa(_stgong SED con(_:h-
namics on experimentally accessible macroscopic effects iPLonS’ which is accomplls_hed_ by \_/arlatlon .Ef Otherwise
MBE growth. Based on simulations of the solid-on-solid tN€ MBE growth WO.U|d drive |t_se|f in the regime whelig-p
model we proposed two optimized growth strategies. is less than the typ_lc_al extenspn_qf the structures. Thus our

Comparing the layer-by-layer growth with sublimation, mgthod opens addltlona! possibilities for the controlled cre-
we understood how the desorption of single adatoms com lon of t.hese self-organized nanostructures _b'y MBE. In ad-
into play during growth. During growth, freely diffusing ada- ition, this strategy ShOUId regluce the probat_nllty for the cre-
toms are created by the external flux. During sublimation,atlon of vacancies, since during the conventional growth the
however, such adatoms must first be created, e.g., throu Hugh et_:lges would be overgrown .Iater. However, this is
detachment from steps. This difference manifests itself in th pe_:culatlve,. and cannot be verified in the framework of the
different contributions of the microscopic activation energiesSOI'd'o.n'SOIId model. . .
to the effective energies. The diffusion barreg increases Typlcglly, rather low fluxes are used in order to improve
the effective energy of sublimation, whereas it decreases thtge quality .Of the grown structures. However, our result Sug-
activation energy of the desorption rate during growth. Sincd®sts th_at It is not disadvantageous to app!y higher fluxes in
the macroscopic desorption rate is influenced by the typicatlhe beglnmng. In the enq, when the resulting structures are
lifetime of single atoms, we are able to intervene in therather Iarge, It becomes important to reduce the ﬂl.JX n order
growth process. We showed that a flush mode is able 10 adapt it to thesmoothing rang®f the step-edge diffusion.
prolong the layer-by-layer growth regime and to reduce the
desorption rate: applying short pulses of particles we create a
high density of islands. Afterwards, with a low flux, one  This work was supported by the Deutsche Forschungsge-

completes the monolayer. At least for our particular simula-meinschaft through Sonderforschungsbereich 410.
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