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Quantum dot self-assembly in growth of strained-layer thin films: A kinetic Monte Carlo study
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We use Monte CarloMC) simulations to study island formation in the growth of thin semiconducting films
deposited on lattice-mismatched substrates. It is known that islands nucleate with critical nuclei of about one
atom and grow two dimensionally until they reach a critical Size when it is favorable for the islands to
become three dimensional. We investigate the mechanism for this transition from two-dimer2ontd
three-dimensional3D) growth. Atoms at the edge of 2D islands with the critical Szdoecome mobile as a
result of strain and are promoted to the next level. Edge atoms of the resulting island remain highly strained
and are promoted to the higher layers in quick succession. This process of depletion is rapid and occurs at a
sharply defined island size. We discuss why this leads to the uniformity seen in self-assembled quantum dots
in highly mismatched heteroepitaxy. The results of the MC simulations, although done-ih)(dimensions,
should be applicable to (21) dimensions.

[. INTRODUCTION vimov et al*!? found that islands also exhibit size unifor-
mity (<20%); however, island size increases with
There has been considerable attention in recent years aoverage:*?> While Moissonet al. observed104) and (110)
the nature of the formation of three dimensiof&D) islands  facets on the islands, Grundmaret al* and Ruvimov
called quantum dot€QD’s) (Refs. 1-4 during the growth of et al!? saw only(110) facets; Mollet al!! showed that the
strained-layer superlattices. For Ge grown o081, for  oquilibrium shape of an InAs island involvés11), (Tl),

example, th5e nature of islands seen_have been .characterizg d(110) facets in proportions which change with the size of
by Mo et al’ “Hut” clusters are the first type of islands to the island.

appear with well defined105 facets, tilted at 11.3° to the Kinetic effects clearly change the shape and size of is-

surfacg, then t[}ere is. a transition to larger islgnds Wm]ands and may even affect the critical thickness for the
(Lln)-like faces, and finally to even larger but dislocated 2D-3D transition; however, the uniformity of islands seems

islands. It is possible to bypass the hut cluster stage by growf- : .
. ; : . o be robust for the highly strained InAs/GaAs system. We
ing at slightly higher temperaturs. Another much studied first look at the experimental results of islanding in InAs/

system is the growth of InAs on Ga@®1) (mismatch b £ th abili fd I
~7%); here the particular interest is in the uniformity in the GaAs systems because of the availability of data at sma

size of islands forme#? This uniformity, with dispersions of increments of coverage.* :"_There are a number of obser-
10% in height and 7% in diameter of the islands at the initialvations that need to be discussed. The first is the narrow
stages of formation, decreadewith coverage d. There distribution in width and height of the 3D islands. The sec-
seems to be a distinct Covera% [:15 mono'ayers Ond iS the eXiStence Of a ShaprSSibly firSt Ord@I‘ZD—3D
(ML’s),! 1.75 ML's? 1.7 ML's (Ref. 3] at which the tran- transition at a critical coveragé..! There is also the phe-
sition from two dimensional2D) to three dimensiong3D)  homenon of fast depletioff the order of seconds where a
growth occurs for the InAs/GaAs system. This critical thick- 3D island is created quickljcompared to a deposition rate
ness transition is slightly dependent on growth conditionspf 0.01 ML/sec(Ref. 1)] largely out of the atoms from the its
the work of Gerardet al3 shows that by substantially in- 2D environment. Finally, it is also seen that under conditions
creasing the deposition rate, for example, it is possible t@f slow deposition 3D islands remain essentially constant in
shift it from 1.7 to 1.95 ML'’s. There is evidence that the size over a coverage interval df#~0.4. Note that these
material to build an island comes mainly by depleting itsresults are affected by growth conditions. Under high depo-
immediate environment: the thickness of the InAs layer besition rates(compared to diffusion ratgsvhich is possible at
fore islanding occurs, which is between one and two ML's,low temperatures, the sharp island size distribution may dis-
is reduced to one ML in the immediate region surroundingappear, see, for example, growth of Ge orf08f),%1%*

the island:™3 This suggests that the critical layer thicknesswhere the lattice mismatch is smaller §%). For theGe/Si

for InAs/GaAg001), beyond which it is energetically favor- system, where the strain is much less than that in the InAs/
able to form islands, is actually one ML and that the extraGaAs system, depletion seems to take a time of the order of
thickness before islanding may be due to the presence of minutes at 550 °C>*3and recent growth experiments were
barrier at the 2D to 3D transition. There are signs that somearried out at typical deposition rates of a few ML'’s/Sec.
depletion is also present in the growth of Ge orf'3it is Under these growth conditions, even the sharp 2D-3D tran-
known that island shapes and sizes can depend on growtition may disappedf*

conditionst®~? so that kinetic effects are important. Under  In this study then we focus on the early stages of growth
much higher deposition rates and lower growth temperaturefor thin films which grow in the Stranski-Krastanq®K)
than those used by Leonaed al! and Moissoret al,> Ru-  mode. We study growth under conditions where diffusion is
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fast compared to deposition, so that effects due to the procesg approach island growth on strained-layer superlattices, by
of depletion can be distinguished from those due to deposidsing finite temperature nonequilibrium Monte Ca(MC)
tion. In a previous work? we investigated the energetics of simulations, where diffusion rates of adatoms depend on
the 2D to 3D transition in detail by means of molecular-strain as well as the usual local bonding. Computational time
dynamics simulation, using an empirical potential that hasind size constraints force us to carry out our kinetic MC
been appropriately tunéd.We argued that the 2D to 3D simulations in ¥1 dimensions, i.e., in our MC simulations
transition occurred when 2D islands had grown much largethe substrate is one dimensional and the growth is two di-
than the sizes,, when 3D islandsirst become energetically mensional. We do not believe that ourt1-dimensional
favorable; this effectively is a barrier, which once scaled bysimulations introduce any qualitative complications, al-
a 2D island, allows it to reorganize itself into a 3D shape,though it will be necessary in the future to verify our pro-
with animmediategain of energy. This gain, which is more posed picture using the full three-dimensional MC simula-
pronounced for the highly mismatched InAs/GaAs systentions. Our results show that under growth conditions of fast
than for the Ge/Si, can be quite substantial, about 5—-10 me\iffusion relative to deposition, i.e., not very low growth
atom for the former. We feel that this is the underlying factortemperature, the picture obtained from energetics is largely
for the uniformity of sizes of islands seen in this system.correct. There is a sharp 2D—3D transition which occurs at
Priesteret all® have attempted to provide an explanation foran island sizes, which is well beyond the critical sizs, at
the uniformity of the 3D islands, but have not taken intowhich the 3D islands first become energetically favorable.
account the factor of the barrier, which should affect theirDepletion is observed and narrow 3D island distributions are
considerations. obtained. The average size of 3D islands does not change
It is known for the growth of Si/$001) (Refs. 17-19  with coverage. In this work, we attempt to understand the
that islands nucleate with a critical size of one to three atomsnicroscopic dynamics and mechanisms underlying these re-
and then grow two dimensionally. This picture of nucleationsults. In the following section we describe the simulation
is also supported by the results of Chen and WashBurn, method and the parameters chosen. Then we present detailed
who used a critical nucleus af=1 in the scaling function results of the simulation in Sec. Il and discuss the results in

®(N/N) (Ref. 22 in fitting the island density results of Leo- S€c. IV. We conclude in Sec. V.

nard et al! Island nucleation of Ge on @01) should be

similar (in both cases the dimer is the stable nucle&®r Il. SIMULATION MODEL

our picture below, the critical nucleus only needs to be small,

so that its further growth will be two dimensional. Although  In our MC growth simulationgwhich is done in 11
Theis and Tromp' have reported, for high-temperature dimensiong an adatom movesinder solid-on-solid restric-
(~650°C) growth, critical nuclei of~650 dimers, this tions (SOS] by hopping randomly to neighboring sites at a
clearly, is still small when compared to smallest 3D islandrate that depends on its bondirgVe obey detailed balance
sizes of 20000-50000 atoms for the growth of InAs onin our kinetic MC simulation. The hopping activation en-
GaAs!® We suggest that the 2D—3D transition picture is the€rdy depends on the bonding environment and the elastic
following: 2D islands nucleate with critical nuclei of about €nergy associated with strain. The hopping rate is given by
one atom and grow two dimensionally until a critical size  the expression

when strain makes it favorable for there to be a transition to

3D growth. This sizes. is quite large, roughly a few hundred R,=R,exp F/koT, 1)
angstroms. There is direct experimental evidence for this pic-

ture of growth. Mo and Lagally obser? after growth of ~ whereR,=d’kT/h is a characteristic vibrational frequency
about 3 ML'’s of Ge on Si at 500 °C, a growth front rough- andd’ =1 is the substrate dimension. The activation energy
ness of three layers over an area ok®D nm. Gerareét al>  E=E, g~ Esyrain, With Epong being determined by the
observe one layer roughness over extensive 2D &e2800 number of nearest neighbafisn) and next-nearest neighbors
A) for the growth of InAs on GaA®01) at 520°C. We (nnn). The elastic energy is given by harmonic interactions
stress thas.>s,, the size at which 3D clusters have just between an atom and its nn and nnn neighbors, using spring
become energetically favorable. Indeed the 2D island mustonstantsk. Following Orr et al,?® we obtainEgy,.,i, for a
reach a size comparable to that of the two-layer island wheparticular site by taking the difference in elastic energies of
the latter becomes energetically favorable. Once this sizéhe system when the site is unoccupied and when the site is
barrier is reached, the transition to islands of two or moreoccupied. This energy is calculated by allowing atoms in a
layers in height is possible since taller islands are alread$ (height)x 7 (width) cell centered at the site first to equili-
favorable at smaller sizes. There is a rapid rearrangement @fate under molecular-dynamics simulation and then to relax
its atoms in order to achieve the shape of the optimally ento its minimum energy configuration by means of the method
ergetic(105 facetted clusters. There is an immediate gain inof steepest descent. Every 100 time steps or so the entire
energy of 1-2 meV/atom for the Ge/Si system; for InAs/system is allowed to relax globally to avoid any local strain
GaAs, we estimate this gain, assuming that the elastic energyccumulationE, 4 is chosen in the following way:

scales with the square of misfit, to be 5-10 meV/atbm.

This latter amount is substantial and is probably the reason E,=(0.7 NN+0.2 NNN) eV, if NN<2
for the phenomenon of depletion seen in the highly mis- )
matched systems. Epona={ E1=4.0 eV, if NN=3

The above picture obtained from an energetics study is E,=1.45 eV, steps of height2.

complemented by our work here on kinetics. In this study, 2
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TABLE I. Growth roughness of the unstrained system as a func-  1.60
tion of island-end diffusion barrier height.

T 750 K 800 K
Estrain (€V) Ecna (€V) 0 RI 7 RI

0.5 13 0.56 29.3 0.56 41.0
0.4 1.4 0.63 7.4 0.65 17.6
0.3 15 0.61 1.3 0.63 3.2
0.2 1.6 0.64 11 0.62 1.3

1.50

h=1
h=2a

h=2b

1.40 h=3a

h=3b
h=4

End Atom Energy Barrier(eV)

1.30

where NN is the number of nn’s and NNN is the number of
nnn’s. E, applies to single adatoms or atoms at step edges,
except when step heights are two layers or greater. Eaen 12055 100 200 300 200
a reduced barrier height, is applied to the surface atoms on Island Volume

top of these steps, so that inclinédll) island facets are FIG. 1. Energy barrier§,,q of atoms at ends of islands plotted
favored over vertical oneg, is the barrier for the rest of the against island volume. The island configurations éeone-level

sgrface atoms wh_lch have three nn's. It is qhqsen a littl§sjands (h=1), (b) two-level islands with 1 atom (2a) and two
higher than that given by bond counting to eliminate intra-atoms (h=2b) on the second leve(c) three-level islands with one
substrate breakawajespecially at the foot of islanfil@nd  (h=3a) and 2 atoms @13b) on the third level and three and four
therefore to avoid substrate roughening, which is not seeatoms, respectively, on the second lev@l) four- and five-level
experimentally* For simplicity we have also used the same atoms with one atom on the top level<H, 5 respectivelyand the
barrier for midisland surface atoms; results are not differentame shape as i@).

from those using bond counting for these atoms. The param- - . . . o
eters have been chosen so that diffusion will dominate ovefPugh measure of the deviation from “two dimensionality
deposition, for example, a single adatom will diffuse a dis- one-dimensionality in our simulationsn the islands. For

: : +— Feng=1.5 eV growth is smooth, islands are flaery small
tance of approximately 600 unit cells for each deposmoan)’ but growth is distinctly rough foE,<1.4 eV, there

event at 750 K. This is about 50—-100 times the width of thebeing much larger proportions of islands with two or more

islands that form. Using diffusion rates from Ma al. and . : -
otherd?® and experimental deposition rates and iSIandIayers in height. Clearly the transition from smooth to rough

. T rowth is sharp.
sizes?! we get comparable results of the ratio dlffus,long b

. . ; . Next we look at island-end energy barriéts,  for some
distancefisland size1l00. We choose the spring constént jgiang configurations when elastic interactions are included.

=200 eVia® ~200 times the magnitude of the diffusion bar- gpecifically, we carry out calculations for misfits of 5%. In
rier for a single adatorf, and a deposition rat® of 0.01— Fig. 1, we plotE,,4 against island voluménumber of at-
0.2 ML'S/SGC, where a is the unit-cell size. We carried Outomg’ for seven island Configurations’ Comprisi(@ one-
simulations for strained-layer lattices with misfié&/a of level islands (k=1), (b) two-level islands(with one atom
0-7%, at temperaturésof 700—-800 K. The natural lengths (h=2a) and two-atoms (w2b) on the second levelc)
are @+ oa) for the strained material araifor the substrate. three-level islands with one ¢3a) and two atoms (h
We start with systems at thicknesses of 11 ML's, with the=3b) on the third level and three and four atoms, respec-
three top layers at the larger lattice constant. System size#vely, on the second an@) four- and five-level islands each
vary from 500 to 8000 cells. At zero strain, growth was layerwith one atom on the top level &4 and 5, respectively
by layer as would be expected under the above conditions @ind the same shape as islands(éh Island volumes are
fast diffusion—there is no kinetic roughening at this “high- varied by changing the length of level 1 of the islands, while
temperature” growth in the absence of strain. keeping upper configurations fixed. If we takg,<1.5 eV
as the condition for rough growth, then islands with volumes
>15 will have end atoms with diffusion barrietsl.5 eV for
Ill. RESULTS all the consequtive configurations 1,2,3 and higher levels.
The following picture of 3D islanding is suggested: 2D is-
We report on two preliminary studies that will help in |ands grow two dimensionally until a certain size when end
understanding the final results. First we carry out simulationsitoms are promoted to the second level; this process be-
for the unstrained system where we $&§,;,=0 every- comes more rapid as it proceeds becdtisg decreases with
where except for atoms at the ends of islands; at these sit@se number of atoms on the second legehile island vol-
Estrain is varied from 0.2 to 0.7 eV, corresponding to diffu- ume is kept constant This process then continues in the
sion barriers ofE=Egyq of 1.3 to 1.8 eV when NN2.  same fashion with the subsequent promotion of atoms to the
Simulations are done for temperatuigsfrom 700 to 800 K third and higher levels. This, we believe, is the mechanism
and deposition rates 0.1-0.2 ML’s/sec and over coverages ¢br the phenomenon of depletion seen experimentafly.
6 from .5 to 0.8. In Table |, we display the results for two  We now present results of our full kinetic MC simulation
growth temperatures, 750 and 800 K, with a deposition ratelone on systems of substrate sites2000, 4000, and 8000
of 0.2 ML's/sec, a system size of 1@ells and a coverage cells. The observations we report below are true of all these
0~0.6. We calculate a roughness ind@) as the percent- sizes and so are not affected by finite-size effects. For these
age of sites in islands, which have heightd, i.e., Rl is a simulations, we also consider the effect of a strain enhancing
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L 6=0.344 SRRk K 1 FIG. 3. Height and width distributions of islands at coverages
0=0.393, 0.547, 0.704, and 0.87 ML.
L © HHHHHK ]
L FRARKIKHR _ S n Fig. 3 we display width and height distributions_of
L 8=0.347 FHHIHRIHHHK . islands for a range of coverage#s=0.393—-0.87. There is
uniformity in the island size distributions which are sharply
[ ® ior T clustered around the mean width or height, each with a half-
i oo 1 width of ~1 cell. Furthermore, while island density in-
6=0.423 -
I e i creases with coverage, the average island size remains essen
tially constant. In Table I, we show the average volumes at
L SpHK 4 which islands undergo transitions from the first to the second
L ® MHFHKK 1 levels, from the second to the third, and from the third to the
6=0.429 FHHAAAAK T fourth level. The root mean square deviation is two atoms in
each case, showing that transitions occur at sharp distinct

sizes. Table Il indicates that on average, at the point of for-
FIG. 2. The process of depletion: A 2D island undergoing amation of the three-level island, almost 80% of the material
transition to the 3D shapéa) shows the 2D island just before itis comes from the 2D island and that 73% of the four-level
rapidly folded up into a two-level island ifb) and (c). (d)—(g) island comes from that island.
show rapid promotion to the upper layers. We plot in Fig. 4 the total number of islands with three or
more levels as a function of coveragefor systems of size
factorF.,q=1.0, 1.2, and 1.5 on the first level end atoms ofL=4000. The results are the same for systems of other sizes
islands(i.e., Eqpnq is replaced byEg gX Feng. It is known  (L=2000 and 8000when appropriately normalized. We see
that there is tremendous strain at the foot of islaffd§Our  that island density is zero until a certain coverageis
results are not particularly sensitive to variations in thisreached, when the density increases rapidly. Leoeaal®
strain, aside from making islands a little smallerRs,qis  observed this experimentally and fitted the island densiy
increased. In the figures and tables below, the results are favith the functionp;s;= p,(6— 6;) . They obtained a value of
T=750 K, da/a=0.05, andR=0.08 ML/s. In Fig. 2, we «a=1.76 while we getw=1.34. The difference in the value
follow the development of a single island over a growthof « could be due to our using atll-dimensional simula-
period of about 0.2 ML(<3 seg. Figures 2a)—(c) show a tion. We arrive at similar conclusions if we look at islands
one-level(2D) island of volume 19 atoms being folded up with two or more levels instead of the three levels we
into a two-level island in 0.5 sec. The material for this two- have chosen above. Since we consider only elastic effects in
level island (volume-20) comes almost completely from our simulations, we do not include a possible wetting layer
the original one-level island. In the rest of FigédR-(g), we  6,,(=1 ML for the growth of InAs on GaA$;®and 3 ML’s
see similarly rapid buildups of the third and fourth levelsfor Ge on Sj caused by absorbate-substrate interactions; our
after a brief waiting period. The whole process starting fromé, should be compared with experimentad.— 6,,
Figs. 2a)—(g) takes less than 3 sec. The bulk of the material(=0.5—0.7 ML for InAs on GaAs
(~80% for the three-level island and65% for the four- In Table Ill, we show the energies of islands of various
level island for the formation of the 3D island comes from configurations comprising two, three, and four levels, rela-
the original 2D islandcompare with the experimental results
of the three groups abote). Figure 2 shows a typical TABLE II. Mean volumes at which islands undergo transitions
2D-3D transition sequence for islands in our simulation. Itfom jevels 1—-2, 2—3, and 3—4.
clearly illustrates the process of depletion seen experimen-
tally. (Note that in our simulations what we refer to above as Transitions from levels 1-2 2-3 3-4
2D and 3D are really 1D and 2D, respectively, since we are  |sland volumes 19.6-2 21.4+2 26.3+2
using 1+ 1-dimensional simulation




PRB 62 QUANTUM DOT SELF-ASSEMBLY IN GROWTH @ . .. 16 661

140.0 ‘ - - - TABLE Ill. Energetics of islands of various configurations rela-
tive to the energy of the corresponding one level island at the same
1200 | volume.
Z 1000 ¢ Island configurations
é wol Volume two-level three-level four-level AE
% 4 1,3 0.58 eV
© eo0f 6 2,4 0.18 eV
g 8 35 —0.14 eV
3 40 9 135 0.24 eV
12 5,7 —-0.72 eV
200 | 12 2,46 —0.42 eV
14 6,8 —0.97 eV
0'Oo.o 012 04 06 08 1.0 15 3,57 —1.06 eV
COVERAGE 0
24 11,13 —-1.79eV
FIG. 4. Plot of 3D island density versus coveragjéor system 24 6,8,10 —-2.72eV
sizesL =2000, 4000, and 8000. Island density is normalized to that 24 3,5,7,9 —-2.6 eV
for L=4000. 28 13,15 —1.28eV
28 4,6,8,10 —3.48 eV

tive to the energies of their corresponding one-level configus
ration at the same volume. We see that the first energetically
favorable two-level island is the one whose volume is eigh . .
atoms with a configuration of three atoms on the secon hey also show that the time scale of this mass movement to
level and five on the first. Three-level islands become favorlOfM an island is from 2 to 10 sec. This phenomenon of
able at a volume of about 12 atoms but for this volume thed€PIetion is clearly consistent with the results of our simula-
two-level configuration has the best energetics. Three anion- It takes a few seconds in a highly mismatched system,
four-level islands are energetically optimal at volumes of 150Ut is much longery minutes, in the Ge/Si system; so in
atoms and 24-28 atoms, respectively. These figures can [fgiS System it is probably masked by the deposition rates
compared to the transition volumes of Table II. There clearlyiS€d and only two groups have reported seeing it in this
is a correspondence between energetics and kinetics. HovySten:® From an energetics perspective, beyond the critical
ever, one interesting point emerges, although a two-level iscoveraged., as deposition continues, there is much more
land becomes energetically favorable at a volume of eighfN€rgy to be gained for the new material to create new 3D
atoms, kinetically the transition occurs at a volume well be-Slands than to grow existing ones. So there is an increase of
yond that(around 19 atoms Energetics sets the lower size island density but little size gain. Our simulation shows that
limit for the beginning of depletion, but it is kinetics that the process of depletion is driven by two factors. First 2D
determines the actual point. This is teg>s, kinetically ~islands are grown well past the sigg at which 3D islands
driven scenario we discussed before. Note also that becauB§come energetically favorable. At a distinct critical sige

of the small size of the islands we encounter here, it is théletermined by kinetics, atoms at the 2D island ends are, as a

two-level island that first becomes energetically favorablg®Sult of strain, easily promoted up to the next level. Second,
before the taller islands; we expect the situation to be reStrain continues to be adequate to keep island-end atoms mo-
versed when mean island sizes are larger as surface energf¢ even with little further island growth, so that the next
become less significant—this would be the case with thdigher levels are.formed_ quickly, also at dIStInCF sizes. The
sizes actually seen experimentally. This aspect of physics {grocess of depletion lasting seconds only, then, is largely the

not appropriately captured in our small system pulling in of existing material to form 3D islands. It is com-
1+ 1-dimensional simulations. pleted when the tallest island is formed. Subsequent growth

of these islands is mainly by the formation of new facets.
Facet formation is generally much harder than adding atoms
to the ends of a 2D island. As can be seen from Fig. 1, the

The experimental results of islanding in InAs/GaAs sys-diffusion barrier for an atom at the end of a 2D island of size
tems of a number of groups are shown in Table IV. The firstl0—15 atoms is-1.5 eV while it is~1.38—1.4 eV at the
four groups observed uniformity in the size distributions ofbottom edge of a three- to four-level island. This difference
the islands, in particular, Leonagt al. reported dispersions translates into a substantial difference in mobility, as we
of 10% in height and 7% in diameter at the first appearancéave seen above, so that as long as 2D islands are present,
of the islands, at~ 6, ; with further deposition, this unifor- their growth is strongly favored over that of 3D islands. The
mity is reduced, island density increases but sizes remainniformity of islands at coverage df; is due to depletion
essentially the same?® The first three groups concluded that occurring at distinct sizes. The continuing size uniformity
there is depletionlike behavior. Leonaet al. show that coupled with constant mean 3D island size while 3D island
more than 80% of the atoms to form an island comes from itglensity increases, as deposition proceeds, especially for
environment, rather than from additional deposition. Gerard- §,<0.5? is due to the preferred growth of 2D over that of
et al.display an atomic force micrograghig. 3 in Ref. 3of 3D islands. Chen and Washbdtrobtained results of con-
the depletion zone around an island, whose sizeli®00 A.  tinuous increase in the size of 3D islan@®e their Fig. 5

IV. DISCUSSION
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TABLE IV. Growth regimes of various experimental groups.

Leonard  Moisor®  Gerard  RuvimoW®  Polimenf Solomorn

Growth temperature 530°C 500°C 520°C 480°C 420°C 500°C
Deposition rate ML/sec 0.01 0.06 0.06 0.6 0.1 0.18-0.39
Island uniformity 24% 40% <20%

0 15 1.75 1.7

RelativeR/D 1 8 6 120 50 24-52
aReference 1. YReferences 12 and 4.

bReference 2. ®Reference 14.

‘Reference 3. 'Reference 29.

with the rate being the largest at the smallest size. Clearl{zaAq001). In Table IV, we compare the growth conditions
this can only apply after most of the 2D islands have disapfor the different groups. The growth temperature used by
peared. Polimeni et al. at 420 °C, is substantially lower than those
As we have noted before, there should be a correlatioi500—530 °C) used by the other groups. At these tempera-
between kinetics and energetics. Our kinetic MC simulatiorture differences, the diffusion ra@ could differ by more
shows that the depletion process begins once strain enabl@san an order of magnitude. Assuming a behavioiido be
2D island edge atoms to be mobile enough to be promoted teimilar to that observed for Si adatoms or((Bil),'8° we
the upper levels. But this process must be also favored by thealculate the ratidR/D, whereR is the deposition rate. This
energetics; we expect the corresponding 3D island to be enatio is~ N3 (N=island density), for the same covera§e?®
ergetically more favorable than the 2D island. For the systhis tendency to nucleate islands should correlate with
tems studied here we have observed this correspondence. dfowth front roughness. We see from the last row of Table
a previous paper we studied the energetics ohjificetted |V, this ratio for Polimeniet al. is about 50 times that for
Ge hut clusters on Si substrafeusing the atomic configu- Leonardet al. Since higher effective deposition rates con-
ration of (105) side facets suggested by Mo al® The gen-  tribute to rougher growth, it may make level to level transi-
eral conclusion was that tall€t05) facetted islands become tions less distinct than those we have seen in the simulations
energetically favorable at smaller sizes than islands witthbove. At some point kinetic roughness at the growth front
(10n) facets forn=7. (103 facetted islands are excluded arising from fast(slow) deposition(diffusion) may mask the
because these faces require costly double steps so that thelyenomenon of depletion and give rise to an apparently
are not observed experimentallfl05 facetted hut clusters smooth 2D—3D transition.
become favorable only when they have at minimum, heights Solomonet al?® have shown that 3D island density, at
of 12 layers® (at sizes,, say. Islands with lower aspect fixed coverage and temperature, is increased when either the
ratios have to reach greater sizes to become energeticaltyrowth rateR is reduced or the diffusioB is increasedthe
favorable. For systems which are growing with growth front|atter is done by increasing the flux V/III rajié’ A related
roughness of 1-2ML'S,it is then necessary for 2D islands observation is made by Mo and Lagdflyfor Ge/S{100)
to grow well beyond the sizg, before the transition to a 3D growth. When they deposited Ge at 850 K, they found the
shape can begin. This sisg¢ may be comparable to the size concentration of macroscopic clusters to be higher than that
at which atwo-levelisland first becomes favorable. As we at T<800 K. This result is unexpected for as we have seen
have noted in the simulations above, the actual transitiombove from nucleation theory for regular island growth that
size, s, is determined by kinetics but this size must be suchisland density goes a&P/DP wherep is positivel® but this
thats.=s; . So energetics sets the lower size limit at which aapplies, in our case to thelRislands. Increasing deposition
2D-3D transition can occur. In Fig. 2 of Khet al?* (111)  rate or decreasing diffusion then increases the 2D island den-
facetted islands are shown to become energetically favorabkity and correspondingly decreases average 2D island size at
at sizes and heights greater than those(id)5) islands at a given coverage. Assuming that there is an average 2D-3D
sizes,. With increasing size(111) facetted islands quickly island transition sizes. for the growth regimes of Solomon
become more favorable than ti&05 hut clusters. These et al. (this must be the case since they observe the constant
results are consistent with experimental observations of HarBD island diameter throughout their experimegntisis means
ssonet al® who obtained(111)-facetted islands under near that fewer 2D islands reach this size at that coverage. The
equilibrium conditions and also the results of Ma al.  density of D islands then increases by reducing growth rate
where macroscopic structures were seen to be the stabte increasindd. We see from Table 1V, that its relati/D
ones. ratio of 24—52 may putitin a “rough” growth regime closer
Three groups, Leonaret al, Moissonet al,?and Gerard to that of Polimeniet al. than to that of Leonaret al, so
et al,® observe the presence of a critical coveraigebelow  that the existence of a shafp is uncertain.
which no 3D islands are seen. Leonetdl. characterize this In Table IV it is interesting to note that even for a relative
transition to be like that of a first-order phase transition. WeR/D =120, much larger than that of Polimeet al,'* Ruvi-
observe a similar transition in our simulations. However, inmov et al!? still observed 3D island size uniformityz 20%.
contrast to the results above, Polimesiall® report a This is true even when their observations were carried out for
smooth 2D-3D transition for the growth of InAs on coverages of)=2-4 ML'’s, which is much greater than the
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6. of Leonardet al. They did not specifically study if the would put the point on the linewhich supports this conclu-
2D-3D transition is sharp or smooth. sion.
We have noted above that depletion is seen to occur on a

timescale of minutes in Ge/Si systems compared to seconds
for InAs/GaAs systems. We should expect to see results in In conclusion, we find that in general, for strained hetero-
the former similar to those observed for the latter if the depoepitaxial growth of semiconductors, there exists an effective
sition rates and growth temperatures are appropriately scalekiinetic barrier for the 2D to 3D transition. Under conditions
Shklyaevet al® have carried out growth experiments of Ge of slow deposition and fast diffusion, islands initially grow
on Si111) at small increments of coverage; they used atwo dimensionally to a size;>s, well beyond the sizs, at
growth rate of 0.004 bilayefBL)/sec and a temperature of Which a 3D islandfirst becomes energetically favorable. At
480°C (R/D~0.8, see Table I\ They observed the growth this sizes;, atoms at the edge of the 2D island become
of two types of islands which were called large flat islandsmobile as a result of strain, and are promoted to the next
and 3D islands. The latter appear “abruptly,” there being alevel. Promotion of atoms to the next Ieve_ls occurs in qullck
distinct jump in 3D island density over a growth interval of SUccession because edge atoms continue to be highly
0.1 BL. Much of the material for the formation of these Strained and so remain mobile. The process of depletion is
islands come from the substrate. Annealing experiments sugOmpleted when the island attains its highest aspect ratio.
gest that this depletion occurs over a time period of about 10 NS Siz€s; is sharply defined, and there is a correlation with
min. They did not measure island size distribution but theirfn€rgetics. This is a robust result that should apply to a wide
Fig. 1 shows 3D island images which appear quite uniforn{2N9€ of semiconductor systems. For highly mismatched sys-

in size. Many of the experiments for the growth of Ge on Sit€MS, it is the underlying microscopic reason for the unifor-
were carried out with quite high relative/D values, for mity in the sizes of islands seen experimentally. It is consis-
example, RID=7,7, and 4 for Voigtlander et :al.g tent with other experimental results such as the increase in

Medeiros-Ribeircet al® and Kastneet al.? respectively. It island density with coverage with no corresponding increase

is in this growth regime that the last two groups observed" Size, the phenomenon of de_pleyion, thBitia"Y unex-
rectangularly shaped hut islandi§/oigtianderet al. saw the ~ Pected: result that island density increases with reduced
aspect ratio of a single island change over a coverage intervgfOWth rate or enhanced diffusion.

of ~1 BL (20 min), indicating that depletion probably takes Much work has been done on 1D simulations of
that long. molecular-beam epitaxfMBE) growth. Our MC simulations

As noted above, the timer) for depletion increases with are carried out in the same spirit. The test of the usefulness

decreasing lattice mismatoh in general it probably goes as ©f the (1+1) simulation is whether or not conclusions
7~x~ "D~ 7, wherey andy are some positive constants. We reached can be extended to theH®) situation; the micro-

have seen above that depletion occurs over a large range df°P!C mechanism for fast depletion behavior that we de-
growth conditions as determined by the raRiD. We scribed above is SL_Jrer a_ppllcab_le to the hlgher dimension—
would expect depletion to fail to occur only when it is com- _edge atoms experience increasing stress with growth of 20
pletely overwhelmed by deposition, that is, wheR=/r, or 'S'a”o.'s until they pecome mob|I(_e enough to be promoted to
whenx<RY7D~ "7 This must be the condition for smooth the higher levels, in turn rendering newly exposed edge at-

(nonislanding growth at low temperatures or high deposition oms mobile until the whole process of bundmg a 3[.) island is
rates. The relationship must be applicable to the temperatur&-omﬁletEd' We”do not expect periphery motion, I.e., atoms
concentration phase curve, delineating smooth from rougHqat go around” the islands to affect the applicability of the
growth for the deposition of $i,Ge, on S(001) obtained idea to (2+1) growth.

by Beanet al®° In Fig. 3 of Khor et al.?* a replot of the
experimental data of Fig. 1 of Beast al. shows a linear
relationship of Ink) versus 1T, (except for the point ak This work was supported by the U.S.-ONR and NSF-
=1 where a minor temperature change from 550 to 527 °QVIRSEC.

V. CONCLUSION
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