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Modified two-dimensional to three-dimensional growth transition process in multistacked self-
organized quantum dots
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~Received 20 December 2000; published 27 March 2001!

This report proposes ideas that enlighten the modified two-dimensional to three-dimensional transition
process in multistacked self-organized quantum dots. Actually, it is shown that the driving force for both the
vertical correlation and the reduction of the critical thickness experimentally observed in multistacked self-
organized quantum dots does not merely result from the nonuniform strain distribution~induced by the buried
dots! as usually accepted, but rather from the elastic interaction between this strain distribution and the strained
surface islands. This has been shown by calculating~within continuous elasticity framework! the strain distri-
bution in the case of Ge islands in a Si matrix for which recent experiments are available, but the result applies
to other multistacked self-organized quantum dot systems such as InAs/GaAs or InN/GaN.
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It is currently well accepted that, when growin
multilayer arrays of coherently strained islands, the str
distribution due to the layer of buried dots favors vertic
alignment organization.1–5 All these very informative previ-
ous studies have considered the variations of the ‘‘strain
ergy density’’ at the surface of the spacer layer, in oth
words, after burying the first dot layer and before deposit
the second dot layer.

Recent experiments7,6 on Ge/Si~001! quantum dots in
multilayer structure first confirm the dot vertical aut
organization by transmission electron microscopy~TEM!
measurements, and second clearly demonstrate that the
cal thickness in the second layer is significantly lower th
that in the first layer. They also clearly pointed out that
varying systematically the thickness of the spacer layer fr
8 nm to 150 nm, the thinner the spacer layer, the earlier
two-dimensional to three-dimensional~2D-3D! transition oc-
curs, and the better the vertical correlation.

In this report we propose an explanation for such a beh
ior. Three reasons can be invoked.

~i! Some segregation of Ge towards the surface during
burying process that provides additional available Ge in
second layer.

~ii ! The roughening of the surface that occurs during
deposition of the spacer layer.

~iii ! The effect of the strain distribution on the nucleati
of 3D islands at the surface of the spacer layer.

The first potential cause, even if partly efficient, appe
not to be sufficient for explaining such a wide range of cr
cal thickness variations@from 4 monolayers~ML’s ! for the
thickest spacers to less than 1 ML for the thinnest ones#. The
second hypothesis will not be considered here, as it app
that in those experiments the roughness seems to be lim
One has to recall that this is not the case when one dep
SiGe alloys instead of pure Ge layers.8,9 Both effects of Ge
segregation in the spacer layer and roughness enhance
cannot be neglected in the case of low-misfit alloy heteroe
taxy. However, as we are interested here in pure semic
ductor heteroepitaxy, where these effects will be sign
cantly lowered, we have chosen to focus here on what
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suppose to be the main key parameter, the buried-
induced strain distribution.

In order to learn a bit more about the effective role of th
strain distribution, we have chosen to calculate it within li
ear continuous elasticity framework, by making use of t
3D finite difference method,10 taking into account the actua
shape of buried islands and the anisotropic character of
spacer layer material. Because Ge/Si is a representative
of high mismatched heteroepitaxy, we have considered w
out any loss of generality a square periodic array of bur
Ge-truncated square-based pyramids in a Si matrix. The
riod is 200 nm, the dot basis is 100 nm wide, and the
height 6 nm, which corresponds to the observed data.
used octahaedral meshes typically 3 nm large, and the
thick substrate was simulated by imposing a ‘‘frozen to bu
value’’ bottom layer more than 300 nm below the first G
box layer. Whereas the elastic energy density on the Si
face is clearly defined, it is interesting to define an ‘‘elas
energy density on the surface from the germanium poin
view’’ as the local elastic energy density of a thin, ful
wetting Ge layer deposited on the surface. The resulting e
tic energy densities on the surface given in Fig. 1 present,
a thin spacer layer, four optimal locations for germaniu
deposition on the surface~which correspond to the mor
strained areas for the silicon!.11 This agrees with the result
of Ref. 5, which were obtained by neglecting the actu
shape of the buried dot and considering isolated dots. Du
the interaction of buried dots, one no longer observes inv
ant contours when using reduced coordinatesx/hb andy/hb
~wherehb is the spacer layer thickness!.

Once we have this strain distribution, it is useful to g
further and to study how it influences the deposition of t
second Ge layer. For this, we have calculated the total~re-
laxed! elastic energy of a system made of those periodica
arranged buried Ge dots on which is deposited a Ge mo
layer plus a small ‘‘box’’~typically a square-based 2D plate
let, one or two ML’s high, 1 or 2 nm wide!.12 We have
performed several calculations for different spacer la
thicknesses and with moving of the small deposited surf
box all over the period. The main information one gets fro
©2001 The American Physical Society03-1
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this study is that, as long as the box is small~typically lower
than 10 nm!, it relaxes so well that the the energy of this b
varies less than 1/1000 when the box moves all over
surface. In order to be sensitive to the strain distribution
the surface, the box needs to be wide enough. This p
contradicts the rather frequently assumed idea that
buried-dot-induced strain distribution at the surface crea
nucleation sitesat the surface: very small atom clusters w
not be sensitive to the strain modulation of the surface
they elastically relax too much and thus their elastic con
bution is too weak for modifying significantly the strain di
tribution. Table I displays the variations of the reduced e
ergy of an about 60 nm wide platelet as the spacer thickn
varies. Energies are normalized to the biaxial energy so
a value lower than 1 indicates a platetet less strained th
full 2D layer and a value greater than 1 corresponds to
unstable location~of course the surface energy has to
added for determining the stability on the platelet!. For such

FIG. 1. Variations of the Si or Ge elastic energy density~EED!
at the surface of a buried array of Ge dots in Si~see text for details!.
The contours are given over one period for two different spa
layer thicknesses. EED’s are normalized to the energy density
homogeneously biaxially strained Ge layer on Si.~a! : Si EED, hb

515 nm,~b! : Ge EED,hb515 nm,~c! : Si EED,hb560 nm,~d!
: Ge EED,hb560 nm.

TABLE I. Normalized reduced energy of a 2D Ge platelet at t
surface of a buried array of Ge dots in Si located at just abov
buried dot~center! or between the dots~corner!, for several spacer
layer thicknesseshb ~in nm!. The energies correspond to the ave
age energy per atom in the platelet, and normalized to the valu
a perfectly biaxially strained 2D Ge layer on a uniform@100# Si
substrate, that is, typically 37 meV/atom. The platelet conside
here is square based, 61.25 nm wide, and 2 ML~i.e., 0.3 nm! high.

hb 21 30 60 90

Center 0.854 0.887 0.925 0.966
Corner 1.082 1.072 0.996 0.992
Full wetting 1.000 0.987 1.001 0.999
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a ‘‘wide’’ platelet, one no longer observes four equivale
minima around the ‘‘vertical correlation’’~called the ‘‘cen-
ter’’ !, as can be viewed in Fig. 2. As a matter of fact, t
optimal location of the platelet is above the buried dots. T
indicates that the surface strain distribution due to the bur
dot array is strong enough to ‘‘organize’’ the deposition
2D large enough platelets during the 2D growth mode of
second Ge layer. As long as the platelet widens and co
more and more of the surface, the elastic energy gain
optimal position vanishes~one tends to the full wetting laye
value given in the last line of Table I!. Figure 3 clarifies this
a bit more: the energy difference between the optimal lo
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FIG. 2. Variations of the normalized reduced energy of a 2D
platelet at the surface of a buried array of Ge dots in Si, for a spa
layer of 21 nm. The platelet considered here is square ba
.60 nm wide and 2 ML~i.e., 0.3 nm! high.

FIG. 3. Variations, versus the platelet size, of the energy diff
ence between the optimally located and the less favorably loc
2D Ge platelet~2 ML high! at the surface of a buried array of G
dots in Si, for a spacer layer of 21 nm~full line! and 60 nm~dotted
line!.
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tion and the less favorable one depends on both the siz
the platelet and the spacer layer thickness. Moreover, the
corresponding to the strongest vertical organization~curves
maxima in Fig. 3! also depends on the height of the platel

The calculation we have just described can be sum
rized by two points. First, during the 2D growth mode pla
lets will preferentially locate in vertical correlation with th
buried dots. When the growth turns to the 3D mode, as
transition is rather abrupt, one can consider that the
nucleating islands will be located where the 2D platel
present in the 2D growth mode were13 ~available Ge atoms
gathering preferentially there, in order to form 3D island!.
Consequently the vertical correlation between two succ
sive dot layers stems from the correlation between the
surface platelets and buried dots. Second, and certainly
main point, theelastic interactionbetween the surface is
lands and the buried dots~intrinsically included in our cal-
culation! appears to be more efficient than the buried-d
induced strain distribution itself. In other words, one cou
say that in the vertical correlation phenomenon, the surf
dots do not simply undergo the strain distribution but play
active role as their own relaxation enhances the energy
tribution variations. We have checked that one can find s
face dots~thicker than 1 or 2 ML’s! and spacer thicknesse
for which the elastic energy gain in optimal position is mo
than 30%.

Let us now turn to the two-dimensional to thre
dimensional critical thickness. It is well known that in he
eroepitaxy near equilibrium conditions~low growth rate,
high enough growth temperature!, one passes from 2D
growth to 3D growth when the total energy of the dotsW
5Wel1Ws ~elastic1surface! becomes lower than the tota
energy of the 2D wetting layer. As the surface is larger
dots than in 2D layers, this requires the dots to be w
enough so that the surface part in reduced energy~which
corresponds to positive energy! becomes smaller than th
elastic part~which is negative as the island relax their elas
energy more than the 2D layer!. For having wide enough
dots one needs to have deposited enough material qua
For the first Ge layer, this occurs at typically 4 ML.7 For the
second layer, experiments6 show that the critical thicknes
keeps 4 ML forh greater than 150 nm, but decreases
respectively 3.4, 2.4, and 1.4 ML forh585, 55, and 25 nm.
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This phenomenon can simply be explained by making us
elastic energy arguments as follows.

The reduced energy~energy per deposited atom! of the
islands deposited on a uniform substrate is written as

Wred2Wred 2D52Aelas1
As

h
~1!

as the elastic energy is proportional to the volume of
island, whereas the surface energies to the surface,Aelas and
As , only depend on the shape of the island, which we ke
unchanged in the following.

For the first Ge layer, at the critical thickness around
ML, a wetting layer of at least 1 ML is observed, which
due to the fact that Ge surface tension is lower than the
surface tension. This means that, once the first wetting
has been deposited, islands containing about 3 ML are m
stable than the 3 ML high 2D layer.

Here we do not pretend to calculate the critical thickne
as the surface energy is not well known, but simply to e
mate how much the strain-field interaction between the b
ied and the new surface dots modifies this critical thickne
For the deposition of the first island layer we have calcula
the reduced elastic energy for three islands, which are tr
cated square-based pyramid with@101# facets, of heighth,
and a ratio~basis!/h.130. Such islands can be viewed as
intermediate situation between the 2D platelet and the m
sharper stable dot@ratio ~basis!/h.7 in Ref. 7#. The results
are given in Table II. Obviously as the shape is unchang
one gets one single value 0.959~expressed in 2D reduce
elastic energy! from which one deducesAelas50.041. As-
suming thath57 ~or equivalently 3.28 ML in the island!
corresponds roughly to the transition between the 2D and
growth mode, one gets an estimation ofAs . From this esti-
mation one deduces the balance given in Eq.~1!. For a posi-
tive balance the system is kept 2D and one passes to a
growth mode for a negative balance.

If one now considers the deposition of the second lay
Eq. ~1! is no longer valid as the reduction of the elas
energy in the island~compared to the elastic energy of a 2
layer! now depends on the size and the location of the isla
and also of the spacer layer thickness, as demonstrated i
first part of this report~whereas the surface energy is n
e

se
owth is
the
TABLE II. For a given shape of the transition island~see text!, calculated elastic energies for thre
different volumes of this island deposited either on a uniform Si substrate (E1st layer) or on a array of buried
islands (E2nd layer) with a varying spacer layer thicknesshb . The balance energy, obtained by making u
of an estimation of the surface energy, indicates whether, for the corresponding Ge deposition, the gr
kept 2D~ balance.0! or passes to 3D~balance,0); all energies are reduced energies and normalized to
reduced elastic energy of a biaxially strained 2D Ge layer on Si substrate.

h ~ML ! 5 6 7

Volume of the island~equivalent ML’s! 1.29 2.06 3.28
E1st layer 0.959 0.959 0.959
Estimated reduced surface energy 0.057 0.048 0.041
Balance for the first layer deposition .0 .0 .0
E2nd layer/hb ~nm! 0.836/24 0.889/54 0.951/84
Balance for the second layer deposition ,0 ,0 ,0
3-3
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BRIEF REPORTS PHYSICAL REVIEW B 63 153303
significantly modified!. Table II also displays the calculate
reduced elastic energy for three islands located in theiropti-
mal location ~that is, vertically above the buried island! for
three different spacer thicknesses. The corresponding en
balance clearly establishes that, for a 54 nm~24 nm! thick
spacer layer, a 3D growth mode will appear with 1 ML~2
ML’s ! less Ge deposit than for a spacer layer 84 nm th
Consequently, it appears that the elastic interaction betw
the buried dots and the deposited islands that reduces
elastic part of the total energy of the system strongly low
the critical thickness for the second Ge dot layer deposit
compared to the first Ge dot layer. The calculation sho
qualitative agreement with the observed critical thickness
duction and its variations with the spacer thickness.

Here we have simply focused on the main mechani
which is related to the strain distribution in the system, it
clear that atomic segregation and roughening of the gro
front will also contribute to the modification of the growt
process, and these phenomena warrant careful studying
a theoretical point of view. This idea goes beyond the to
of this report and will be discussed later with the authors
Ref. 6.

Here we have considered Ge dots in Si matrices, but
study applies to every semiconductor multistacked s
organized quantum dots: the mechanism does not depen
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the considered materials. Only the numerical values dep
mainly on the mismatch between dots and substrate and
on substrate orientation. However, only for very low m
matches and alloy materials do additional mechanisms h
to be taken into account.

In order to summarize this study, two main points ha
been demonstrated.

~i! The surface strain distribution that comes from t
buried-dot layer is not sufficient to create so-called nuc
ation sites for isolated atoms or small clusters, but is v
efficient for organizing large enough 2D or 3D islands on t
surface ~for adequate spacer layer thicknesses!. This effi-
ciency is activated by the elastic interaction between the
posited island and the buried dots. In other words, the st
field induced by the surface island is the releasing point
vertical organization of quantum dots.

~ii ! This elastic interaction is capable of lowering the ela
tic energy of 3D nucleating island so efficiently that the cri
cal thickness can decrease by several monolayers.

The author thanks V. Le Thanh, V. Yam, and D. Bouch
for communicating unpublished results, Francis Mollot a
Geneviève Grenet for a critical reading of this manuscrip
and Alain Bourret and Daniel Bouchier for fruitful discus
sions.
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