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Critical coverage for strain-induced formation of InAs quantum dots
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The critical coveraged: for the strain-induced transformation of initial two-dimensioi2D) InAs or
InGaAs growth islands into quantum-dot-like three-dimensid@B8)) islands is studied witlin situ electron
diffraction under variation of the fluf, temperaturel, and lattice mismatcl$ given by the Ga content in
InGaAs films. The experimental data are compared to calculations based on a kinetic rate model with layer
dependent strain energy inside the islands. With the growth model, the lateral size distribution and the height
of the islands is calculated, as well 8s. Good agreement between experiments and rate equation results is
obtained for the influence af andF on 6., whereas thd dependencies show a contradictory behavior. This
is explained by a temperature-dependent intermixing between the deposited In and Ga from the substrate.
Considering this effect in the calculations allows a determination of the temperature-dependent Ga content.
Additional calculation results point out that the island diameter shrinks during the 2D to 3D transition and that
the island shape is not in equilibrium during growth.
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I. INTRODUCTION Il. EXPERIMENTAL SETUP

The application of self-assembling mechanisms has been L-j—iheesda:/nvi%ez i‘rze'kger\(;vl\;anE%SSO“SC:-GSI’T?UI;tear't\i/lnBEfrr(?riChllg-e
established as a powerful method for the fabrication of JulPP Yy : g p

nanometer—sizeq structures without the need of Iithographiggg(:)g ]i)n ?)?cf:r tS:ZrST:La;th ’tr:c:arsstuarlfaciiAihbeu?:stJliingros\ﬁrr]f;ée
steps: A prominent example is three-dimensionéD) X 9

quantum-dot-like islands of InAs or InGaAs on GaAs sub-Mmorphology is controlled within situ RHEED. A clear 2
strates grown with molecular-beam epitadyIBE) (Refs. X 4 reconstruction with diffraction patterns lying on a Laue
2—4) or metal organic chemical vapor depositidOCVD)  circle in [110] azimuth indicates a smooth GaAs surface.
(Refs. 5—7 in the so-called Stranski-Krastang8K) mode.  For growth of the InAs quantum dots the temperature is re-
The driving force for this self-assembling mechanism is theduced down tol' =420-530 °C resulting in a change of the
strain inside the deposited film which is due to the latticeGaAs surface reconstruction t§4x4). A typical RHEED
mismatch between the substrate and the deposit. During Sgattern is shown in Fig. (&).
growth, first a thin wetting layefWL ) is formed. At a critical In;_,GaAs deposition is performed with growth rates
coveragef, the accommodated strain energy initiates theF=0.02-0.3 monolayer/s, the Ga conteng varied from 0
transition from a flat two-dimensioné2D) surface morphol- up to 70%, and the Asflux corresponds to a flux gauge
ogy into 3D islands. One main advantage of these coherentlseading of 10° Torr. The respective growth rates are deter-
strained SK islands is their uniform size distribufiomhen  mined as is described in Ref. 14. Directly after InGaAs depo-
compared, e.g., with islands grown in the Volmer-Webersition is started, the surface reconstruction changes again
mode. Many approaches to model the SK growth mechalFig. 1(b)]. As for the GaAs buffer surface, the RHEED pat-
nisms were presented mainly by referring equilibriumtern at low InGaAs coverages is due to diffraction from flat
argument’® or the kinetics of adatoms on the surfafe two-dimensional surface features. When the coverags-
Strain-driven migration of atoms from the edges on top ofceeds a critical valué., the RHEED pattern changes quali-
initial 2D growth islands is responsible for their conversiontatively. Now the peaks represent the reciprocal InGaAs lat-
into 3D ones. The central parameter for this conversion is théice and originate from transmission diffraction through
lateral binding energ; between adatoms and island edgesthree-dimensional quantum-dot-like islandsg. 1(c)]. We
which controls the mass transport on the island top. Most ofiote that after transition into the bulklike reflection typical
the recent kinetic SK growth modé?s*® consider only the intensity tails so-called chevrolts are attached to the
influence of the island radiuson E;, often in the form®'2  RHEED spots that are directly associated to the dot forma-
Eisi=EoIn(r)/r, with the model parametele,. The model tion.
presented here discusses a different approach for the effect of The critical coverage: for 2D to 3D transition is pre-
strain. It is assumed that atoms in upper layers of the islandisely determined from the RHEED signals according to Ref.
influenceE;s, as well. In other words, the influence of strain 14. An example for the intensity evolution of a 2D growth
is related to the island volume rather than to its diameter. Inrelated spot fod< 8- and of a 3D spot fo¥> 6 is shown
particular, E;y, is approximated by a two-spring model that in Fig. 1. The respective RHEED spots marked by arrows are
allows the quantitative inclusion of the lattice mismatch. Theshown in Figs. {a)—1(c). In addition, some samples are in-
calculation results are linked to experimental data taken witlvestigated with atomic force microscopiFM) for the de-
in situ reflection high-energy electron diffractidtRHEED)  termination of island density, height, and lateral sizafter
for variations of the growth parameters. growth, these samples are rapidly cooled down by switching

0163-1829/2001/646)/1653067)/$20.00 64 165306-1 ©2001 The American Physical Society



CH. HEYN PHYSICAL REVIEW B 64 165306

Upper layers

Active layer
Wetting layer | |

GaAs éubstrate

2D 13D FIG. 2. Schematic drawing of the different layers relevant for
the growth model. Details are given in the text.

InAs layer directly on top of the GaAs substrate is the so-
called wetting layer. Characteristic for this layer is a chemi-
0 cal attraction between indium and gallium which hinders up-
In shutter Switch from ward migration of In atoms from the wetting layer into
opened 2D to 3D reflex higher levels. The evolution of the wetting layer coverdge
0 y > with deposition timet is taken asl6,,/dt=F(1— 6,,). Once
Coverage, 0 (ML) A\ is large enough, atoms will impinge on top of the wetting
layer as well and nucleate islands there. The second layer on
FIG. 1. Time evolution of the intensity of 2D and 3D growth top of the wetting layer is denoted as active layer. In contrast
related reflexes together with corresponding RHEED patterns of0 those from the wetting layer, atoms from the active layer
GaAs and InAs surfacea) Flat GaAs surface at 420 °C [110] ~ ¢an migrate to higher levels. The kinetic behavior of atoms
azimuth, the arrow indicates the 2D-type reflex that is used for thdn the active layer is thus responsible for island nucleation
measurement of the time-dependent intengityafter deposition of ~and shape evolution. In this picture, an island consists of a
1.0-ML InAs, the arrow indicates the 2D reflefg) transmission base withs atoms located in the active layer ang/ng atoms
diffraction and appearance of chevrons after deposition of 2.0-MLon top of this base in the upper layers, with the densitpf
InAs, the arrow indicates the 3D reflex used for the time-dependerislands with base aremand the densityg of atoms in the
measurements. The 3D reflex appears at a critical covetgge upper layers of all islands with base ar®dn all, an island
consists ofVi=s+ug/ng atoms. Furthermore, we assume
off the heater in order to preserve the as-grown surface mothat islands are shaped as truncated square-based pyramids

RHEED intensity

phology. with base lengtts®® and an angl¥ of 26° between the side
facets and the substrate. This allows the calculation of the
Ill. GROWTH MODEL FOR STRAIN-INDUCED 3D island heighthg onces and Vg are known.
ISLANDS The strain induced by the difference of the lattice con-

stantsagaas and aj,as between the GaAs substrate and the

ifias deposit is the driving force for the transition of initially

accounts for kinetic processes of single atoms on the surfacg, growth islands to 3D quantum-dot-like islands. Regard-
After growth is started, indium atoms impinge with flEon ing the mass transport of atoms from island perimeter sites

an initially flat GaAg surfac_e. It IS a_ssgmed that arsenic %on top of the islands, the activity of atoms at island edges is
incorporated only via reaction with indium on the surface.

) y vie > the essential parameter. According to previous mdéts®
Excessive arsenic will desorb. Therefore, at a sufficient AS ;e assume that the strain influences the lateral binding en-
flux, a stmqhmr_n_etnq InAs Iaygr .W'” be fofmed automati- ergy E; between adatoms and edges of the island base. In
cally. For simplification, arsenic incorporation mechan_lsm he present model, bonds between atoms within the island
‘Hase are regarded to act similar to a spring. Due to the lattice

the;_mally daf[:tlvated OE _the sulrfat(_:e. C;)!Il_stl_o?séé)etweetrr: Mimismatch the spring is compressed and the strain energy
grating adatoms result in nucleation of initia growth is- | i the base layer isg 5%, wherecB=(1/2)§BaéaAS, ‘s

lands with approximately monolayé€kL) height. These is- is equivalent to a spring constant, and=(a
lands grow laterally by attachment of additional adatoms and® ©d pring ' InAs

vertically by direct hits from the vapor beam as well as byr_'vaeesaf/?cszr/nag?é\rsnlss ct)zet:)attcl)ﬁh?iss rlr;?]té:f:n 'tAhZelfongr f:rg]rg \c/jv?th
atoms hopping from island edges on top of the islands. Oncétrain enerave.  52(u /pn and the constar:ﬁ: >I/30th

the island diameter is large enough, the strain induced by tha- 2 9yCu ( s/Ns), . u-

lattice mismatch between the substrate and the deposit Sia_z)rmgs together yield a repulsive force for the outermost

The rate equations based growth model presented he

nificantly enhances the latter process resulting in a stron toms at the island base and reduce the lateral binding energy

increase of the island height Eisi=Eo—[Cgs+ cy(us/ng)16%, with the model param-
’ eterE.

A. Structural aspects

In the model, three different layer types of the InAs de- B. Rate equations

posit are distinguished: the wetting layer, the active layer, Islands with base aremagrow laterally by adatom attach-
and the upper layers at higher levélg. 2). The lowest ment with rateRp s=n;vseNsos, Wheren; and vg,, are
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the density and the hopping frequency of a free mobile

adatom, respectively. The capture numbetsconsider the 00061 () Coverage 6 =01 . 1.0ML
spatial distribution of the monomers around the islands — =
and are calculated according to the self-consistent approach = 0.004 - 2
of Bales etal!®?° The hopping frequency isviee ° 2 u
= voeXp(—Efee/KsT), Where vy=(2kgT)/h is taken as FS =

vibrational frequencykg is Boltzmann’s constanfl is the ;;, o002k S

substrate temperaturejs Planck’s constant, arig;, .. is the
energy barrier for surface diffusion of a free adatom. Atoms
escape from islands with rdfe® Ry (=(nswsos 1)/ 0.000
[27(s—1)%%], where ws= v xpS>° is the adatom detach-
ment rate?! visi= voeXd (—EgeeEis)/kgT] is the hopping

(b) Coverage6=1.1..1.8 ML

) 0.04 |

frequency of an adatom at an island edge, apg y
=0.25¢p=0.25+0.5/(s—1)°% is the island size-dependent o = =
probability that a hopping atom at an island edge will detach. % @ =
The distinction betweeRp ¢ and wg reflects the fact that a = 002} a @
detaching atom may be recaptured from the isHd.order Aot

to include the effect of strain, we refer to the two-spring =

approximation forg;g, described above. Atoms hop upwards

from perimeter sites on top of islands with base as@vth 0.00 |- T. . ) ) .
rate Ry s=Ng;0.25%%(1—V,/Vp), whereVp is the vol- 0 500 1000 1500 2000 2500

ume of a pyramid with base lengt9° and an angle of 26°

between the side facets and the substrate. Downward migra-

tion Is neglected in this model. . FIG. 3. Calculated island size distribution at different coverages
To describe the evolution of the monomer densityand 4 i, steps of 0.1 ML. (3 6=0.1-1.0 ML's and (b) 6

of the densityn of islands with base arem we expandthe —11_18 ML. The growth parameters arg=420°C, F

well-known set of coupled rate equations for 2D =0.1 ML/s, ands=7.26%. The calculation parameters are identi-

nucleation®?? by the rateR; and the wetting layer cover- cal with parameter set A as is defined in the text.

age:

Island base area, s

island density and of the island height (the maximum

d . :
anl: Fﬂw( 1-n,— > Sns) —2Rp1— s§>:1 Rast2Rp > island sizesy,,, up to 1¢ depends on the parameterhree

s>1 growth parameters are included in the model: the growth
temperatureT, the flux F, and the lattice mismatcld. In
+> Rps+R (1)  addition, four model parameters are used: the surface diffu-
D,s T,2 . .
§>2 sion barrierE¢,ce, and the parameters related to the lateral
binding energy in our two-spring approximation, that Beg
Cg, andcy.
ats= —(RastRpstRrs) T Rpsi1tRrsi1tRas-—1- B v
2 IV. RESULTS AND DISCUSSION
_The density of atoms in the upper layers on top of all - Thjs section discusses rate equation results and links these
islands with base aremfollows: to AFM and RHEED data. In subsection A the general be-
havior of the island density and shape is studied and the
—Ug=Fsn+ Ry ¢ 1~ (Us/Ng)(Rp s+ Rp s+ Ry ) growth model is parametrized for the InAs on GaAs system.
dt Subsection B presents RHEED data for the growth parameter

+(Ugs1/Nes1)(Rp g1 1+ Ry ssn) + (Us_1/Ng_1) dependence of: and corresponding calculation results.

X(Ras-1)- ) A. Evolution of the island shape

Equation(3) reflects that atoms hopping from the island Examples of the island size distributiony at different
edge on the island top yield two modifications for the islandcoverage® calculated with the rate model are plotted in Fig.
shape. First the sizeof the island base area is reduced and3. The growth parameters afe=420°C,F=0.1 ML/s, and
second the density of atoms on top of the island is increased=7.26% representing InAs on GaAs. The model param-
In contrast to this, attachment and detachment processesers agree with the parameter set A as will be defined below.
modify only the value os. Direct hits of impinging atoms on At coverages smaller than 0.9 MIFig. 3(@)] the average
top of the islands are also considered but the effect is rathasland size increases withand the size distribution is broad
small in comparison to the mass transfer from island edgeswhich is a typical behavior of nucleation in layer-by-layer

The set of 3, coupled rate equations is solved itera- mode!® Importantly, the size distribution becomes narrow at
tively and allows us to calculate the size dependence of theoverage®>0.9 ML. This indicates a deviation from con-
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Growth Stop creases at the expense of the shrinking island diameter. In
[ ] contrast to this behavior, parameter set B yields a saturated
2000 | /-\ ~~~~~ =30nm | island diameter and only a smooth increasehgf At
o | ] >1.8 ML, s, calculated with parameter set A begins to satu-
n 1000 k \_ rate as well. This can be explained with the shape of the
| / ¢=20nm ] islands: once the volume of the truncated pyramids comes

close to the pyramid volum®&; is reduced and therefore the
shrinkage ofs, too.

In the calculations, islands are counted as 3D islands once
their height exceeds 3 MLUs. This selection excludes
quasi-3D islands of smaller height that are not formed strain
driven but by direct hits from the vapor beam. The evolution
of the 3D island density,p is shown in Fig. 4. Independent
of the parameter setgp increases abruptly at a certain cov-
eraged. This is in good accordance with our RHEED obser-
vations which at the critical coveragé- abruptly change
from 2D to 3D patterns. In the following, we thus assume
that the coverage, at which the calculated 3D island density
increases, can be identified with. .

. . L . . . After 20 s at #=2.0 ML’s deposition is stopped by

0 10 20 30 switching off the flux £=0). In the calculations, the growth
Time (s) stop initiates a reduction of, and a strong increase o,

(Fig. 4). To understand this behavior the following scenario

is presented. During growth, there is a balance between mass

transport to the island edges with ra& and removal of

goms with rateRp+ Ry . Both effects stabilize the sizeof

FIG. 4. Calculated time evolution of the island siggat which
the island density is maximal, the heidit of an island with size
sy, and the densityisn of 3D islands. Calculations are performed
with parameter sets A and B, the growth parameters are as in Fig.
The dotted lines in the upper panel are guides for the eye an
represent different island diametegs in nm. Growth is stopped
after 20 s deposition correspondingfe-2.0 ML'’s. The behavior
during the following 10-s surface recovery is plotted as well.

he island base area. Whénis switched off, the ratdR,
ecomes negligible. TheRp + Ry is dominant and shrinks
as a consequence. On the other hand, the island volume does
not shrink significantly from the above mechanism, and a
nearly constant island volume at a smaller base area causes
ventional layer-by-layer growth and is a clear sign for thean increase of the island height. This result is very important
influence of strain. Experimental observatibsiow a very —and establishes that the shape of strain-induced 3D islands is
uniform size for 3D islands as well. Fg>1.0 ML [Fig.  not in equilibrium during growth.
3(b)] the situation changes qualitatively. Now, the average In order to parametrize the growth model for InAs quan-
island size decreases with coverage. The island size distribtdm dot formation on GaAs substrates, calculation results are
tion remains narrow. compared to RHEED and AFM measurements. To avoid seg-
The evolution of the island sizg, at the maximum of,  regation of Ga from the substrate into the InAs film, the

is plotted in Fig. 4 together with the heighy of the islands  parametrization is performed at low growth temperatures of
with base area,. Two parameter sets are discussed in par420°C, where intermixing is sméfl and thus§=7.26%.
allel to study the influence of the strain in the bulk of the The flux is 0.1 ML/s. In a first step, the influence of the
islands. Parameter set A represents a layer dependent str&urface diffusion barrieE¢.e is studied. It is found that
energy inside the islands whereas parameter set B considdrs,e iS the central parameter for the island density in the
only the strain in the island base. Details of the parametriza2D growth regime at low coverages. The influence of the
tion are described below. Four regimes are distinguished fopther parameters omg, is small. Figure 5 shows calculated
the island shape evolution: the 2D growth regime, the tranvalues ofn;s; and s, as function ofEs,.. at a coveraged
sition regime, the 3D growth regime, and the saturation re=1.0 ML. The model parameters are chosen according to
gime. In the 2D growth regime at low coverages up to 0.92D growth via irreversible aggregatioky=10 eV, cg=0,
ML the effect of strain is negligible. Herg, increases nearly and cy=0, where only E¢ee iS important. Interestingly,
linear with ¢, islands are approximately one monolayer high,n;;~(D/F) ' as well ass,~ (D/F)*® follow well-known
and the island height increases only smoothly by direct hitscaling lawé? for irreversible aggregation, despite the addi-
on islands top. Oncs, is large enough, the influence of the tional influence of the wetting layer in the present model.
strain becomes significant. In this transition regime, the latD = v¢,..(ao/2)? is the surface diffusion coefficient. Further-
eral binding energ¥;,; becomes smaller which increases themore, in the calculations we find a correlation between the
detachment rat®, as well as the mass transport on top of total island density;; at =1.0 ML and the densitygp of
the islands with rat&;. The latter yields an increase of the 3D islands atd=2.0 ML’s in the form n;5(#=1.0 ML)
densityug, and, in the case of parameter set A, a further=n3p(#=2.0 ML's). This allows us to compare the calcu-
reduction ofE;s,. As a result, the island height strongly in- lated only Ef,.. dependent behavior afi; at 6=1.0 ML
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FIG. 5. Calculateds, andn;;; at §=1.0 ML as function of the

surface diffusion barrierEs.. The model parametersE, FIG. 6. Calculateds, andh, at =2.0 ML's dependent on the

=10 eV, cg=Cy=0 are chosen according to irreversible aggrega—rat'o Cu /c,?. All combinations ofcy, andcg shown here reproduce

tion of 2D islands. The dashed lines representsts(D/F)Y3 and the experimentalbo.=1.36 ML’s. The values that correspond to

niei~(D/F)~ 3 in agreement with common scaling laws for irre- Parameter sets A and B are marked by arrows.

versible aggregation. The growth parameters are420°C, F

=0.1 ML/s, and6=0%. Fcaans=0.0-0.23 ML/s at constarft;,ps=0.1 ML/s yield

X= FGaAs/(FGaAs+ FInAs) = 0—70% In the RHEED data,

up tox=63%, 6. increases significantly with decreasiag

sample grown atT=420°C, F=0.1 ML/s, and 0 which is obviously due to the reduced strain inside the grow-
ing film. For larger values ok, no 3D growth related fea-

=2.0 ML's, and thus the determination Bf,..=0.70 eV. .
The spring model parameters are chosen with respect tt res are ob'servable n thg RHEED spotg even for'very Ilong
eposition times. From this follows a minimal lattice mis-

the value offfe=1.36 ML's measured with RHEED at the match necessary for 3D island formation & 2.7%. As is

above growth conditions. In the calculations, for a fixgg g .

- S demonstrated in Fig. 7, the calculations show a very good

=1.5 eV, several combinations o andcy are found that o : _

result in the correct. On the other side, the ratio,/c quantitative reprodgcnon of the expenmeptal data upcto
c ' B =44%. This very important result establishes the applied

strongly influences the island diameter shrinkage during t.h?wo-spring approach as a suited approximation to describe

2D to 3D transition and the resulting island height. This is ; . .
demonstrated in Figs. 4 and 6. Parameter setBl the influence of strain during InGaAs quantum dot forma

=0.70 eV, Eq=1.5 eV, cg=0.0304, c,=0.0176) which
accounts for strain in both the island base and in the bulk of
the island is chosen fan, (#=2.0 ML's)=2.7 nm under
consideration of AFM measurements, where the island

with AFM measurements of;p=8x10'° cm 2 for a

Ga content, X

06 05 04 03 02

01 0.0

heights range from 2.5 to 3.0 nm. Parameter setER <
=0.70 eV, Ey=1.5 eV, cg=0.0484, c,=0) describes a
more simple growth model that reflects strain only in the
island base. With the latter parameters we fihd (6
=2.0 ML's)=1.5 nm which is significantly lower than the
experimental values. This is a clear proof for the importance
of the strain in the bulk of the islands which enhances the
mass transport on islands top and thus their height.

B. Critical coverage for quantum dot formation

In this section, the critical coverage: is studied for
variations of the growth parametefs F, andT. All follow-
ing calculations are performed with the layer dependent

10}

0, (ML)

In,,Ga,As on GaAs
T =420°C
F=0.10..0.27 ML/s

m RHEED
— Calculations

4 5 6 7
Lattice mismaitch, 3 (%)

Stl’aln mOde| USIng parameter setA. In the fIrSt set Of RHEED FIG. 7. Dependence of measured and Calcul@‘ed)n the Ga

experiments, the influence of the lattice mismai&k (1 contentx during In,_,GaAs deposition. The In flux of 0.1 ML/s is
—X)(ainas— Acaad/8cans IS studied for different held constant and only the Ga flux is varied. Assuming homoge-
In,_,GaAs samples. Variations of the GaAs growth speedneous conditions, the lattice mismatch is calculated from
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1.8F
InAs on GaAs 1.8 InAs on GaAs -
T = 420°C - L F=0.1ML/s ’_..“
1.6} [ § | 1.6} - T
' -
1al 14} [ I
- 1 < 0 m RHEED
= ml = 12t —— Calculations
o 1.2+ ° - ----3varied
1.0
m RHEED F
1.0 —— Calculations 08}
0.0 0.1 0.2 0.3 420 440 460 480 500 520
Growth speed, F (MI/ s) Temperature (°C)
FIG. 8. Critical coverag#c for 2D to 3D transition as function FIG. 9. Influence of the growth temperature on measured and
of the growth speed. Plotted are RHEED measurements togethegiculatedd.. . The dashed line represents calculation results with
with calculation results. adapteds according to Fig. 10.

tion. At higher Ga contents, the RHEED measurements shouring growth?® Assuming a homogeneous composition, the
intensity oscillations during the 2D growth regime that areintermixing would result in strain reduction similar to the
associated with layer-by-layer growth. The wetting layer/nGaAs growth experiments discussed above. In order to in-
thickness determined from the number of oscillations liesclude this effect in the calculations, the effective lattice mis-
beyond one monolayer and is thus not compatible with thénatch is adjusted such that the calculatiedagrees with the
geometrical assumptions of our model. experimental valuédashed line in Fig. @ In a next step the
RHEED measurements @ as function ofF are shown gallium content is calculated from this effective lattice mis-
in Fig. 8 together with calculation results. In the RHEED Match. Figure 10 shows the such determinedtalues as
data we find a nearly linear increase &f with F. The cal-  function of the growth temperature. At 500°C, we find a
culations show an increasirg as well. In combination with ~ gallium content of 45%, that is in reasonable agreement with
the surface diffusion barrier the flux influences the islandexperiments’ where a gallium content of about 30% is mea-
growth via the ratio D/F). This is demonstrated by the scal- sured.
ing laws forn;s; ands, discussed above. A higher flux means
a higher _density _of mobile adatoms which_w?ll rather nucle- V. CONCLUSIONS
ate new islands instead of attaching to existing ones. There-
fore an increase oF yields a higher density of smaller is-  This paper presents a kinetic rate equation based model
lands(Fig. 5. The critical lateral island size for formation of for the formation of quantum-dot-like islands in the Stranski-
3D islands is obtained later an} is increased. The devia- Krastanov mode. Quantitative agreement between the growth
tions of the calculation results from the RHEED data espeparameter dependence of the calculated critical coverage for
cially for small values ofF are explained with the experi- 3D island formation anéh situ RHEED experiments is dem-
mental procedure. In the experiments, only the In cellonstrated for variations of the lattice mismatch. The central
temperature is varied to set the flux, whereas the arsenic

pressure is held constant. This results in a change of the IlI/V 3 60
flux ratio, too, which is not considered in the growth model. ::”'f‘soﬂnﬁf‘/As
For GaAs homoepitaxy, a high 1ll/V ratio is expected to < T s 1°°
enhance the surface diffusion coefficiedt* This effect < loos
would counteract the flux in the measurements \DdK) % <
and reduce its influence of.. Thus a smaller increase of e o 130 §
0 would be expected in the calculated data, if the I1I/V flux é 20 5
ratio would be included in the model. g 6r 17 S
Variations of the growth temperature during InAs deposi- £ 110 ©
tion point out an interesting behavior @k (Fig. 9. We = 41
measure a nearly linear increaseéf with T which contra- 10
dicts a simple thermally activated process. The rate equations 420 440 460 480 500 520

yield a contrasting behavior whefg decreases witfi. This
qualitative disagreement indicates that the experimental data
are affected by an additional mechanism that is not consid- F|G. 10. Estimated temperature-dependent alloying due to Ga
ered in the growth model. A very probable mechanism is arsegregation into the InAs deposit. The respective Ga content is de-
unintentional intermixing between gallium from the substratetermined such that the resulting allows the reproduction of the
and indium caused by temperature-dependent segregati®HEED data in Fig. 9.

Temperature (°C)

165306-6



CRITICAL COVERAGE FOR STRAIN-INDUCED. .. PHYSICAL REVIEW B4 165306

point of this model is the inclusion of a layer dependentTromp?® In order to calculate the coverage dependence of

strain energy inside the growth islands. A direct consequencthe island diameter, elastic interactions between islands had
of this approach is the evolution of the calculated island sizeto be invoked that control atom detachment from 3D islands.

Large 2D islands dominate the surface morphology at lowyhen comparing their model to experiments, an unrealistic

coverages, whereas, during their transformation into 3D istarge value of the interaction parameter had to be assumed in
lands, the height increases and, importantly, the diametesrder to reproduce the data.

shrinks. In this way enhanced mass transport on the island adgditional important consequences of the present model

top at the expense of the island diameter is crucial for thestablish the significance of intermixing at higher tempera-

spontaneous conversion from 2D to 3D islands. A simpletyres as well as the nonequilibrium nature of the island size

model which accounts Only for the strain inside the iSlandduring growth. Since the Shape and Composition Crucia”y

base layer yields a saturated island diameter without shrinkjetermine the optical and electronical properties of these

age and thus is not able to obtain realistic island heights. guantum dot islands, their control is essential for future ap-
A direct experimental verification of the shrinking island pjications and devices.

diameter was given by Kobayashetal. using AFM
measurements. Furthermore, in the AFM data afl
=500 °C the critical coverage for the first observation of 3D
islands is 1.57 ML'’s, which is close t6.=1.68 ML’s de-
termined here from RHEED measurements. The author would like to thank C. Dumat, S. Mendach,

In an earlier publication by Koduvely and Zangwifla  and W. Hansen for very helpful discussions, K. Zhang and C.
similar model has been used to describe 3D island evolutionMeichsel for the AFM measurements, S. Schnuell for keep-
However, there an only island diameter dependent strain ering our MBE machine in good condition, Borland for Delphi
ergy was assumed. The island shape was derived from equ¥ and the “Deutsche Forschungsgemeinschaft” for support
librium energy minimization according to Tersoff and under SFB 508.
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