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Abgtract : The stress and strain fieldsin self-organized growth coherent quantum dots (QD) structures are investiga
ted in detail by two-dimension and three-dimension finite element analyses for lensed-shaped QDs. The nonobjective
isolate quantum dot systemis used. The calculated results can be directly used to evaluate the conductive band and
valence band confinement potential and strain introduced by the effective mass of the charge carriersin strain QD.
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1 Introduction

Quantum dots have drawn great interest due
to their potential in the fabrication of a wide varie-
ty of novel photoelectric and microelectronic de-
vices,such as a light emitting diode (L ED) , solar
cell ,semiconductor quantum dot laser ,and single e
lectron transistor™™? . As it is well known, the
strain ,which originates from the lattice mismatch
between the quantum dot and the substrate materi-
al jis the driving force of the self-organize growth
style. Recent studies also show that the midit
strain has a great effect on the electronic structure
of the produced three-dimension (3D) quantum is
land in the Stranski- Krastanow (S K) growth.
Therefore ,the elastic field in and around the QDs
should be studied to give a good evaluation of the
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electronic structure and the performance of quan-
tum dot devices. In this paper ,we give detailed de-
scriptions of the elastic field of the lensed-shaped
quantum dot.

2 Modd building

The modeling of a strain due to lattice mis
match is straightforward,so long as the lattice re-
mains coherent (the strainis not relaxed by dido-
cation) . In this condition,strain calculation can be
made by either a continuum elasticity (CE) ap-
proximation or an atomic elasticity (AE) named
valence force field method. CE approximation cal-
culations are usually made with commercial finite
element software,such as ANSYS. The atomic lev-
el models are computationally more intensive and
limited to small systems,while CE calculation is
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fast and adept at multiple quantum dot systems
modeling. The strain results agree well except at
the edges of the structure,so the calculated band
structure modifications based on both methods are
small. In thispaper ,the CE calculation methodisa
dopted to analyze the strain field of the lensed
shaped QD. For smplicity ,the flowing smplifica
tions are used:

(1) atwo-dimension axis symmetrical model ;

(2) an isolated QD ,which ignores the elastic
interactions among the multiple QDs;

(3) the anisotropy characteristics of the mate-
rial ,either the QD or the matrix material ,are ig-
nored and we assume there are identical isotropic e
lastic coefficients.

The lensed- shaped quantum dots can be found
in Ref. [5]. Figure 1 shows a schematic cross sec
tional view of an isolated QD. The QD is grown a
long the (001) direction. As the calculations are
carried out with axial symmetry ,all results will be
displayed for y = 0. In Fig. 1,the highest value of
the quantum dot defined as from the top of the
wetting-layer to the top of the quantum dot is
5nm ,the thickness of the capper layer is 11nm de-
fined from the substrate to the top of the model ,
the thickness of the substrate is 30nm and the lat-
eral length of the substrate is 50nm.

Fg. 1
isolated quantum dot ,which have been meshed by AN-
SYS

Schematic of the two-dimenson lens shaped

In our axi-symmetric model systems,the sub-
strate ,wetting-layer ,the quantum dot ,and the cap
layer are built separately. We use the command

“ due’ of the ANSYSto merge them together and
form the shapes,as shown in Fig. 1. We treat the
whole system as a super cell. To solve the prob-
lem ,we apply digplacement boundary conditions to
the system. The boundary conditions cons st of the
following:for the lateral surface,the displacement
isfixed along the normal direction of the surface;
the bottom surface isthe substrate material and the
displacement isfixed in all degree;the top surface
isfreein all degrees. In Fig.1,theorigin of the co-
ordinate system is located at the left-bottom cor-
ner. The growth direction isalong the [001] direc
tion pointing upwards, which means the QD is
growing on the (001) surface. In discussons about
the tow-dimensonal model ,we do not discuss the
specified material , and we prescribe the Yong’
modulus and Poisson rate,which are E = 86GPa
and v = 0. 3, respectively. For the whole cell ,the
mismatch strain is€o = as - aw/aw = - 0 04,
where as and agp are the lattice parameters of the
substrate and the QD material. To model the lattice
mismatch that is regponsble for the idand forma
tion ,a pseudo thermal expanson of the island and
the wetting-layer is applied and thus makes each
section of the material experience a uniform ther-
mal expansonin all directions. The temperature is
raised by 1K and the material thermal expanson
coefficient is|€o] =0 04. Thus,the thermal strain
is defined as€ r = A T and no other load is applied
to the super cell.

Although the two-dimensional axi-symmetric
model is sufficient to give us an insgght into strain
distribution ,it reflects only one plane. The two-di-
mensonal plane is equivalent to the y =0 planein
the three-dimension model. As an example ,we give
the GaAs quantum dot growth on the InAs sub-
strate along the (001) direction. The schematics
are shownin Fig. 2 ,where we use the three-dimen-
sonal model and only the cap layer and the quan-
tum dot-wetting layer are shown. The sze of the
systemis shownin Fig. 1 and the material charac
teristic parameters are shown in Table 1. An ad-
vantage of the three-dimensonal model is that it
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gives a more complete picture of the strain distri-
bution of self-organized quantum dot systems,snce
the strain distribution of any arbitrary plane can be -

easly obtained.

Fg. 2
quantum dot

Schematic of three-dimenson lens isolated
(a) Cap layer;(b) The quantum dot and
wetting-layer

Table 1 Isotropic propertiesof GaAsand InAs
Material E GPa v L attice/ nm
GaAs 86. 96 0.31 0.565325
InAs 51.42 0.35 0. 605830

3 Resultsand discussion

The analysis model is a structure static me
chanics model ,in which we adopt the PLANE 183
as the element model. Figures 3 (a) and (b) give
the strain distribution in the super cell of the strain
component of € . ande€ . From Fig. 3(a) we can see
the maximum of the€ « strain is located near the
top of the quantum dot ,while the strain near the
wetting-layer is small compared with the area a
bove the QD. The strain component of € . is oppo-
ste of the strain distribution of € « ,with the mini-
mum position located on top of the QD and the
maximum area distributed around the QD that con-
tacts with the wetting-layer. Figures 4 (a) and (b)
show the stress distribution, which are approxi-
mately with the strain distribution. The strain and
stress penetrate into the substrate about the height
of about one or two times the QD height. Figure 5
gives the strain distribution of the QD aong the
central line form the bottom of the substrate to the
top of the cap layer. We can see thereisa big strain
value in the quantum dot region. However , the
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Fg.3 Contour plots of strain distribution of the two-
dimension axi- symmetri super cell in the components of
€ « (a) ande  (b)
are indicated in each plot respectively.

The maximum and minimum val ues

strain variation in this region is small enough that
one can think it is a uniform strain in either€ « or
€ components. There is a great variation of the
strain in both theinterface of the quantum dot with
the substrate and the quantum dot with the cap
layer. With the depth increasng along the sub-
strate direction ,the strain is gradually reduced to
zero ,as shown in Fig. 5. The€ x component in the
guantum dot experiences a compresson stran,
whilein the cap layer and the substrate the materi-
al experiences a tendle stran.

The hydrostatic strainis very important to the
conduct band confinement potentia'. In Fig. 6,
the hydrostatic strain along the central axisispres
ented. As can be seen,the confinement in the sub-
strate and cap layer isa very small value and can be
approximated as zero ,while in the quantum dot the
hydrostatic strainisjust like a potential well. Thus
the whole effect of the hydrostatic to the quantum
dot in the (001) directionisjust like afinite depth
potential well.
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FHg.4 Contour plots of stress distribution in the two-
dimension axi-symmetric super cell in the components
of 0« (a) ando, (b)
ue are indicated in each plot respectively.

The maximum and minimum val-
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Fg.5 Strain of €. and€ » distribution through the
center line of the quantum dot from the bottom of the
substrate to the top surface of the cap layer

For the three-dimensonal InAs GaAs/ quan-
tum dot system,the lattice mismatch is - 6 7 %.
The calculation of the three-dimensona model is
very time-consuming; however ,using the three di-
mension model ,we can analyze the stress or strain
distribution in any arbitrary plane. In Fig. 7 we
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Fig.6 Hydrostatic strain along the center line of the
quantum dot from the bottom of the substrate to the
top surface of the cap layer

show the € « strain distribution in the z plane,
which is about 6nm distance from the top of the
guantum dot. The tendle strain areas are located
just above the top of the quantum dot and the
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Fig.7 €« strain contour plotsin z =11 plane in the
three-dimenson model of GaAs/ InAs quantum dot sys
tem where the distance of the plane to the top of quan-
tum dot is 6nm

strain decreases gradualy in the plane. The other
strain componentsin the plane are shownin Fig. 7.
The strain distribution in the top surface plane
[001] is very important ,becausein the S K growth
model the continuous growth vertical ordering is
strongly influenced by the strain energy density in
the second wetting-layer. Generally ,nuclel are easy
to form in the location of an energy minimum. In
Fig. 8 ,we show the€,, and€ ., strain profilein the
whole three-dimensona model. For the three di-
mensional strain€y distribution ,thereisa symmet-
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rical-plane of y=0 ,whilefor the€, strain,thereis
no symmetrical-plane but the strain is still some-
what symmetrical and the strain value is opposite
besde the x =0 plane. The€, is amost twice as

A--.63682

B--.5485 |

-046018
- 037186
-.028354
019522
-01069
- 001858

006974

small as the€,, in most parts of the system ,exclu-
ding the part near to the interface of the quantum
and matrix material.
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Fig.8 €, ande€,, strain contour profile in the three-dimenson model of GaAs InAs quantum dot system

4 Conclusion

The hetero quantum dot system is analyzed u-
sng two-dimensonal axi-symmetrical modelsin a
general form. Although the model is smplified
greatly and the shape of the quantum dot is not al-
ways a regular lens shape ,as discussed above ,our
smulation in the system can easly be extended to
complex shaped quantum dots. As an example,in
the GaAd InAs quantum dot system we use the
three-dimensonal model. This model can not only
give smilar results to the axi-symmetrical models,
but also gives the strain distribution in the whole
system in the style of an equal-vale plane ,as shown
in Fig.8. Inthisform ,we can see more information
about the strainin theinner part of the system. De-
tailed strain information in the other arbitrary
plane can eadly be obtained by cutting the three
dimensional system ,as the calculation of the three-

dimensional model is very time consuming.
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