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Strained epitaxy has been shown to produce high quality InAs/GaAs quantum dot structures by
single step epitaxy. While effective mass-based approaches have been used for quantum structures,
the nature of the strain and quantum confinement in self-assembled dots is such that this is not a
good approximation. In this letter, we use an eight-blanglformalism to find the electronic spectra

in InAs/GaAs dots. The eight-band model shows that, in agreement with experiments, there are
indeed several bound states in the conduction band well. Our results show that the simpler effective
mass approaches cannot be used to quantitatively examine the physics of intersubband devices
based on self-assembled quantum dots. Intersubband optical matrix elements and Coulomb blockade
energy are also calculated in this letter. 197 American Institute of Physics.
[S0003-695(197)01748-9

Over the past decade a number of groups have showtinuum theory in the atomically thin limit. This model has
that high strain epitaxy can be exploited to produce quantunbeen used by Ref. 6 to calculate the strain distribution in
dot structures by single step epitaxy. It is also known experiQDs, and our results show much the same as Ref. 6.
mentally that these self-assembled dots have a pyramidal The problem of band structure in semiconductor quan-
shape and have a highly complex strain tensor. The stronym structures has usually been solved by decoupling the
strain tensor causes a very large change in the effective bandenduction and valence band problems. The conduction band
gap and transitions in the quantum dots. For example, iproblem is typically solved using a scalar effective mass ap-
InAs quantum dots on GaAs substratedthe ground state proach while the valence band problem is solved using a
transition energy is-1.05 eV even though the band gap of k- p approach which includes the heavy hole and light hole
InAs is 0.4 eV. This large strain driven effect suggests thatoupling. This decoupling is possible because in problems
the electronic spectra of the structure should not be calcuypically encountere¢for example, quantum wells and wires
lated by a simple effective mass approach. However, to simer even quantum dots with small strairthere is minimal
plify the problem calculations based on the effective massemote band influence on the conduction band. However, in
picture have been reported in the literatfit@lt is important  the self-assembled quantum dot this is not the case. We note
to verify how accurate such a picture is. the following: (i) the band gap of bulk InAs is 0.4 eV, while

In this letter we will address the following issue: What the effective gap of the dot is 1.0 eV; (ii) the nature of the
are the electron and hole spectra for InAs/GaAs quanturstrain tensor is such that there is a strong spatial variation in
dots and what are the differences between the theoreticatrain; (iii) the strain components are very large and the re-
results based on an effective mass approximataready sultant splittings in the bands are comparable to the interband
reported by several groups in the literajuend an eight- separations in the bulk material. All these considerations
band k- p approximation in which the influence of remote suggest that the simple decoupled conduction-valence band

bands is included? picture and the effective mass description may not be ad-
The lattice mismatch between InAs and GaAs-i§%  equate.
making the critical thickness-1.7 monolayers. It is found We use the eight-bankl- p description where the influ-

experimentally that once the thickness of InAs exceeds aence of remote bands on the conduction and valence band
few monolayers, InAs islands are formed on top of a wettingstates is included. The strain effect is included via deforma-
layer. For growth alond001] direction these islands are tion potential theory. The four-band Kohn—Luttinger pa-
small pyramidal shaped with a square base in 0@l rameters can be converted to eight-band parameters accord-
plane. The limiting planes of the islands vary for differenting to Refs. 9 and 10. The eight-band Hamiltonian includes
experiments:® For small base angle, it is reasonable to asthe effects of the valence states and the conduction states of
sume the strain is biaxial strain over all the dot area and thithe deformed structure. Thus there is no need tpriori
was done by Ref. 5. But if the base angle is not small, theassume an effective mass for any of the bands.
strain distribution is expected to be quite different from the  Both the conduction band states and valence band states
biaxial strain and this is verified by calculations done in Ref.can be derived from eight-band Hamiltonian. We use the
4 based on the use of elastic continuum theory. finite difference method to solve this equation numerically.
We use the valence force fie{FF) model by Keating  The distance between two grid points is chosen to be 5.65 A
and Martif to calculate the strain distribution. VFF model is (GaAs lattice constahin the z direction and two times this
a microscopic theory which includes the bond stretching andlistance in thex,y plane. Harmonic averagiftof the pa-
bond bending and avoids the potential failure of elastic conrameters is used in the interface region and the eigenvalue
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1.6 - FIG. 2. Electronic spectrum for a InAs/GaAs dot with base width 113 A and
®) height 56.5 A calculated using the eight-band model described in the
ni ) text.
Lok ] 0.023n,. The spectra in Fig. (b) are calculated using the
effective mass 0.04, for conduction band and four-band
1k 4 model for valence bands. The use of a larger effective mass
. gives two bound levels in the conduction band. However, as
3 08 - noted in Ref 6 a more sophisticated Hamiltonian is needed
M to shed more light on the excited states.
0.6 |- . In Fig. 2 we show the results obtained from the eight-
band model. We see that there are a number of excited states
04 . in the conduction band. Such richness of spectra is seen
qualitatively in experiments. From our calculations we find
0.2 . that the first and second transitions observed in Ref. 2 are
due to the ground electronic states to ground hole states and
0 excited electronic states to excited hole states. Unlike the

case shown in Refs. 2 and 4 the second transition is not due
FIG. 1. Electronic spectrum for a InAs/GaAs dot with base width 113 A andto the ground electronic states to excited hole states. An in-
height 56.5 A. Solid lines represents states that can be observed in Peresting feature of the calculated spectra is the near fourfold
zggggz ?;;d rgfihggzlg'nis fﬁprfjsgi ﬁséitesa;hdatai}%l:?zzbg_sozbgg:?d N §&generacy of the second excited states. These states have an
My, =0.0356M, for heavy hole.(b) m* = 0.04m, for conduction band and €Xact double degeneracy due to time-reflection symmetry
a four-bandk - p model for valence band. and are almost degenerate due to different excitation direc-
tions[110] or [110]. The second excited electronic state is 54
meV higher than the first excited states. There is consider-
able mixture of wetting layer states in this state because it is
) ) less confined. The direction of excitation is in thdirection.
In order to show the differences between eight-band; shoyid be noted for a dot with smaller base angiech as

k-p model and effective mass model, we will calculate thege case that the limiting plane {202) the second excited
band structure of a quantum dot using different models. Thejjrection is still in thex,y plane.

dot has a base width 113 A and a height 56.5 A with limiting  \we also calculated the Coulomb blockade energy ac-
plane in(101). The wetting layer is 1.5 monolayer. The dots cording to first perturbation theory. The Coulomb energy is
of similar size have been examined in Refs. 2 and 4 and i32 meV for the case both of the electrons are in the ground
Ref. 6 using effective mass model in order to understand therbital states. It changes to 26 meV for the case one is in the
experimental results. first excited states and another is in the ground states. Here
In Ref. 4 the conduction band states have been addressé@gis dielectric constant is used. It maybe pointed out that the
using an effective mass description with a mass of (@23  Coulomb blockade energy between ground states and excited
The valence band states are also calculated using a decastates is quite sensitive to the shape of the dots.
pled heavy hole light hole picture. The results shown in Fig.  As found by Ref. 6, we also find many confined hole
1(a) use this picture. This description gives a single boundstates. We find that the splitting between the ground and
state in the conduction band well. Recognizing that the efexcited states can change from 10 to 30 meV for different
fective mass should correspond to a larger gap material, r&kohn—Luttinger parameters. There are no wavefunction
sults given in Ref. 6 use the effective mass @ng4nstead of  overlap between second excited hole states and second ex-

problem is solved by the implicitly restarted Arnoldi/
Lanczos method¥
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0.6 — T excited states transition. It has a strong coupling with

(a) z-polarized light for the ground states to the second excited
os b | states transition. Here the FWHM 10 meV is assumed. Note
that the absorption coefficient is approximately
£ 6.3x10° |
N—g.“:” 03 b a~———cm>,
g 02|
where o is the linewidth in meV. The above value is calcu-
01l lated for a single dot. For a sample containing array of dots,
it has to be scaled with filling factor of the dots. As a result,
Doy the uniformity in dot sizes and the density of dots are quite
%0 20 w0 e w0 o100 120 140 160 150 critical.
In summary, we have calculated the strain distribution in
8104 T T T T T T a typical self-assembled InAs/GaAs dot using the valence
(b) force field method. The electronic spectra has also been stud-
T ] ied using an eight-barkl- p model. Our results show that the
In Plane Polarization| effective mass approach for the conduction band gives sig-
6.10% - T nificant errors and also suffers from the problem that there is
no nonarbitrary choice for the effective mass. The eight-band
. B0 i model gives a series of bound states in the quantum dot
"a a1t b i conduction band in contrast to the effective mass approach
1 which only gives one or two bound states. The experimental
3104 L 4 spectra show the presence of several electronic states in the
conduction band—a result that is explained by the eight-
2.10% |- e band model.
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