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We present a detailed model of the electronic properties of single and vertically aligned self-assembled pyramidal
InAs/GaAs quantum dots (SADs) which is based on the self-consistent solution of three-dimensional (3D) Poisson and
Schroedinger equations within the local (spin) density approximation. Nonparabolicity of the band structure and a contin-
uum model for strain between GaAs and InAs results in position and energy dependent effective mass. In single SADs, shell
structures obeying Hund’s rule for various occupation numbers in the pyramids agree well with recent capacitance measure-
ments. The electronic spectra of SADs of various shapes have been determined with intraband level transitions and mid-infrared
optical matrix elements. In the case of two vertically aligned pyramidal SADs, we show that quantum mechanical coupling
alone between identical dots underestimates the magnitude of the coupling between the dots, which in large part is due to
piezoelectricity and size difference between SADs.
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. dot showing that the dot filling indeed follows Hund'’s rule.

1. Introduction In the case of a stacked InAGaAs double-dot systefir®

Due to their small size, self-assembled quantum dots ofve calculate level splitting as a function of dot distance. The
fer an excellent opportunity to study the physics of highlyposition of the levels with and without considering strain
confined few-electron systems. Furthermore, possible appéinisotropy and piezoelectricity shows the contribution to level
cations of quantum dot structures such as laSessectral de- splitting of each of these effects. In addition, we also con-
tectors? and optical memori€s have spurred considerable sidere indium diffusion as well as dots of unequal size and
interest in those systems. shape.

Very recent works have demonstrated the electronic shell
structure and spin effects in lithographically defined quantur%' Model
dots containing more than 40 extra electr®hEhese “artifi- In the DFT framework, the three-dimensional Schrédinger
cial atoms” have shown shell filling with spin ordering pre-equation, written in the envelope function approximation,
dicted by Hund’s rule. In other experiments using small selfread$
assembled quantum dots containing up to 6 extra electons, h2
the shell structure in the dots displayed an energy spectrum {——V[M‘1V] + V(r)} Yn(r) = Enyn(r), 1)
very different from the simple Coulomb blockade picture ob- 2
served in metallic and mesoscopic structures. The combinghereM is the electron effective mass tensor and the poten-
tion of capacitance and far-infrared spectroscopy in these &fal energyV is given by
periment® has provided experimental information on level

separation, as well as on the electron-electron interaction en- V() = Vext(r) + Voir (1) + Ve(r) + Ve (1), @)
ergy of thes- and p-states within a single InAs-GaAs quan-whereVe,(r) is the potential due to an externally applied volt-
tum dot. age, Vo (r) is the conduction band offset,.(r) is the con-

In this study, we investigate the quantum mechanical progliuction band strain potential, anth (r) is the piezoelectric
erties and electron-electron interaction within a single quappotential. Due to strain, the electron effective mass becomes
tum dot as well as in vertically coupled quantum dbf8, anisotropic leading to a mass tensor given by ddy =
using a realistic structure with electron interactions treate@n,,myym;,) and zero off-diagonal term®) In the usual case
within the density functional theory (DFP).The structures of sample growth along the crystal direction (001), the elec-
are complete multilayer devices containing one or two pyrdron masses along the plane perpendicular to the growth di-
midal self-assembled InAs quantum dots embedded in a Gasestion are equal, i.en,, = Myy.
matrix (Fig. 1). The number of electrons in the dots is con- The strain tensor is obtained from the minimization of the
trolled by applying a voltage to a metal gate on top of the delastic energy of the systet®. This procedure provides the
vice. Strain in the pyramids, wetting layer, and surroundingtrain tensor componentg,, eyy, ande,,, as well as the shear
GaAs matrix is calculated using a continuum model describ@dmponentsyy, ., andey,. The hydrostatic and biaxial
previously® 19 The bulk electron effective mass and band dicomponents of the strain, defined as
agram are considerably modified by the strain in the region of
the dots, becoming position dependent. In order to accurately en(r) = exx(r) + eyy(r) + e22(r) ®)
determine the bias \_/(_)Itage at which charging occurs, we use £p(F) = exx(F) 4 £yy(r) — 2655(1), 4)
the concept of transition states. We use the local spin density
approximation (LSDA) to calculate the many-body interacrespectively, play a major role in the electronic structure of
tion*? and the energies of possible spin configurations in thtee dot. Ignoring the split-off bands, one can derive the band-
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edge energies at the Brillouin zone center( 0):1%

Ve(r) = Eg + acen(r)

(H — Eguesd¥' = ¢' 2, )

whereH is the Hamiltonian and the indexrefers to the it-
eration number. One problem with inverse iteration is that it
converges to the eigenstate corresponding to the eigenvalue
closest toEguess TO avoid missing states, we uBgyesslower
Vin(r) = aen(r) — S¢n(r), (%) than the eigenvalue corresponding to the eigenstate to which

whereE, is the unstrained band gap energy, adand Vi, the system is converging, and we orthogonalize the states af-

are the heavy hole and light hole bands. The deformatidff €ach iteration. A biconjugate gradient scheme is used to

potentialsa, a,, andb for InAs and GaAs are given in ref. 9. solve eq. (9).
The presence of the shear strains in the InAs-GaAs inter- . . L
faces leads to the appearance of a polarization charge andfits -0cal Spin density approximation

associated piezoelectric potential which reduce the symme-1he quantum mechanical correction of many-electron in-

try of the system, lifting some of the degeneracies calculatdgractions in the context of device physics is calculated using
for unstrained pyramidal quantum dot systems. Piezoelectf[i€ LSDA of the Kohn-Sham DF¥) In this approximation,
effects in single dots of realistic sizes are very small, chan{flé €xchange-correlation energ.[n”, n”] is a function

ing the eigenvalues of the system by less than 1 meV, and cthe «-electron ands-electron densities”(r) andn’(r),

be neglected® However, they may be considerably larger ifVherea andg denote up and down spins, respectively. The
systems of closely spaced dots since their amplitude is dff¥change term becomes not only a function of the total charge
ferent in each dot (see §3). The piezoelectric polarizafion d€nsityn = ny +n, but also a function of the polarization
and associated piezoelectric polarization chasgeare de- Parameter,

b
Vhn(r) = ayen(r) + Eeb(f)

fined ag® nt —nt
- {=- . (20)
pPZVP, P =Z’?4jk8jk, I, k:X’ Y, Z, (6) n
I] 2.2 Transition state
whereejx denotes the piezoelectric constamiss = €31 = The Kohn-Sham egs. (1) and (2) only provide the ground
es12. The piezoelectric potenti®lp is the solution of the Pois- state of the system and its total enefy. A rigorous way of
son equation determining the number of electrolsin a quantum dot with
V2o — _q ; 7 the electron charge as a good quantum number is to minimize
P= 8(r)pp( )- ™ Er(N),for N = 1, 2, .-, Nmax. This minimization should

Using time-independent perturbation theory up to the seR€ repeated whenever the external voltage Wids changed.

ond order, we obtain the following expressions for the diagd-"€ USe of only eigenvalues to determine the charge in the dot,
nal components of electron effective mass tefsor: where charging occurs whenever an eigenvalue crosses the
Fermi level, is only correct in the limit of weakly interacting

my(Ei, 1) =m*(Ve(r) — Vin(r))/Eg electron systems.
. * However, the Kohn-Sham theory is not restricted to integer
m; L (Ei, r) = m"(Vo(r) — Vhn(r)(Ve(r) — Vin(r ’ ) . . .
oy (B 1) (Ve(r) = Vo) (Ve(r) = V(1)) numbers of electrons in the system. Differentiatig with
/IEg(Ve — 0.75Vin(r) — 0.25Vin(r))1, (8)  respect to the noninteger occupation numipesf leveli one

WhereEé = Eg+E;i, E; is theith eigenvalue, and*(E;, r), obtains
m;(Ei, r), andmj , (Ei, r) denote bulk, perpendicular, and OBt —g. (11)
in-plane electron effective masses (the wetting layer lies in an;

the xy plane) of an electron with associated eigenvatije Equation (11), the Janak theoréf provides a meaning
The remaining components of the effective mass tensor atethe eigenvalues of the Kohn-Sham equation. Integrating
zero. The presence of the eigenenefgyn eq. (8) is for the ¢q. (11) betweeM andN + 1 one obtains the so-called Slater
correction of a large separation between the eigenstates ggfl, 1520
the conduction band edge. A detailed derivation of eq. (8) 1 1
including a comparison with an 8-bakd p calculation can Er(N+1) — Er(N) = / eLpoMdn=~e a0l =),
be found elsewher¥) 0 2

The Schrodinger equation is solved using the iterative 12)
extraction-orthogonalization method (IEOM). The major wheres a0 corresponds the eigenvalue of the lowest avail-
advantage of IEOM is its efficiency resulting from its abil-able orbital. The last step in eq. (12) is exactjfao is a
ity to generate an arbitrarily small number of eigenstddes linear function of the occupation number. In order to deter-
As a result, the method scalesl‘&% Ng, i.e., islinear inNg. mine if there areN or N + 1 electrons in the dot, one defines
Unfortunately, the convergence of IEOM also scales with thie transition state as the state containig- 0.5 electrons.
inverse of the separation between eigenvalues, which can Ibe(1/2) is positive therEr (N + 1)) Et(N) and the dot con-
very small for near degeneracies typical in weakly couplethinsN electrons, otherwise it contaimé -+ 1 electrons)
guantum dot systems. In order to improve convergence in
the coupled quantum dot system, we have implemented an
inverse iteration scheme which uses the approximate eigen-Figure 1(a) shows a single quantum dot device which con-
values of IEOM as a guesfy,essfor the eigenvalue$? sists of a highly doped (8/cm®) 420 A GaAs substrate, fol-

Results



Jpn. J. Appl. Phys. Vol. 38 (1999) Pt. 1, No. 1B J.-BBURTON et al. 359

@ metal gate 0.5 . . . .
GaAs (cap - 260 A) (@)
GaAs (300 A) 0.4}
InAs (WL -6A)
GaAs (300 A) 0.3
Al Ga, _As (450 A)

GaAs (bulk - 420 A)

Energy (eV)
o
N

~N
o
'y

N

0
metal gate
GaA - . : ' '
® s (cap) %d00 400 500 600 700 800
Aleal_xAs (barrier) Distance from top gate (A)
GaAs 0.08
(b)
InAs (WL) 20.07
GaAs E
£0.06}
InAs (WL) =
GaAs go.os
£
GaAs (bulk) 20.04t
B
D
z 50.03' 4 — In-plane m ]
' G mase
X

00%0 400 500 600 700 800

Fig. 1. Schematic representation of the self-assembled (a) quantum dot an Distance from top gate (A)

(b) stacked double dot structures used in the present work.

Fig. 2. (a) Strain potential; (b) perpendicular and in-plane electron effec-
] ) tive masses along direction through the tip of the pyramid (in units of
lowed by a 450 A A} 3Gay7As barrier layer. The active re- bare electron mass). The pyramid base size is 200A and the height is

gion consists of two 300 A-wide layers of undoped GaAs sur- 100A.
rounding a 6 A InAs wetting layer and a InAs pyramid. A
highly doped (18°/cm®) 260 A GaAs cap and a metallic gate
complete the device. We have assumed a conduction bageheracies observed in pyramidal quantum dot systems.
offset AE. = 770 meV between bulk GaAs and bulk InAs Figure 3 shows the first ten eigenvalues of empty dots as a
(ratio AE./AEg = 70%), and bulk electron effective massedunction of dot base length (also called base diameter), keep-
in GaAs and InAs of M67m, and 0023m,,'¥ respectively, ing the wetting layer width fixed. The eigen-values were cal-
wherem, is the bare electron mass. As described below, thesalated with respect to the average conduction band edge po-
effective masses and the conduction band offset change caition in the barrier. Figure 3 also shows the approximate
siderably as strain is considered in the calculation (the cadepth of the well and the energy difference between the first
culation of strain is indispensable for an accurate simulatiof® 0 0) and second (1 0 0) states, and between the second
of the InAs-GaAs heterostructure due to its rather large lagénd third (O 0 1) states. The notatiomf;ny) corresponds
tice mismatch, of the order of 7%). All the calculations weréo the number of nodes of the eigenfunction in ey, and
performed at 4.2 K. z directions, respectively. The eigenvalues were only calcu-
Figures 2(a) and 2(b) show the strain potential and electréated while the states remained bound or quasibound. As the
effective masses along tlzedirection, through the tip of the eigenvalues approach the top of the well, the slopes of the
pyramid. Notice the large value of the strain potential whicleurves tend to decrease, as a result of deeper wave function
reduces the conduction band offset between the two matepienetration in the barrier region. For energies above the well
als, and the considerable modification of the bulk effectivheight, the corresponding eigenfunctions spread over the wet-
mass, by a factor of two in average, which is in good agred¢ing layer, becoming a 2-dimensional electron gas.
ment with the work of Cusackt al?? The spikes near the  Neglecting piezoelectic effect, the Hamiltonian of the
tip of the pyramid have a numeric origin, and are caused lguantum dot is invariant under the symmetry operations of
the difficulty in calculating the strain components around théne groupCa,,?? which allows the wave functions to be sym-
edges of the pyramid. The presence of the shear strains in thetrized according to the irreducible representations of this
InAs-GaAs interfaces leads to the appearance of a polarizgroup. It can be easily verified that onfylike states (such
tion charge and its associated piezoelectric potential, whiels (1 0 0)) can be degenerate, while all other degeneracies
reduces the symmetry of the system, lifting some of the dare accidental. That explains why the states (2 0 0)and (0 2
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Fig. 3. Approximate well depth (thick solid line) and eigenvalues of the
Hamiltonian as a function of dot diametér The eigenvalues were cal-
culated with respect to the average conduction band edge in the region of
the pyramid. States represented, from low to high energy: (0 0 0), (1 O
0)/(010),(001),(110),(20®»020),(200-020),(10
1)/(0 1 1), and (1 1 1). The notatiomqnznz) denotes the number of
wave function nodes in the, y, andz directions. Degenerate states are
separated by a slash. Pyramid height d/2. Lines are guides for the
eye.

0) are not degenerate in a finite barrier pyramid, even thoug_p 4. Projections of the states (2 04@p 2 0) (top) and (2 0 G}(0 2

they are degenerate ina Square. Wel,l' In the last case, dege ) (bottom). Notice the lobes of the top state along the diagonals (crossed
eracy occurs because the Hamiltonian allows the separatiofnes) of the base of the pyramid (square box), lowering its energy with

of variables. One can also show that the irreducible repre-respect to the more confined bottom state.
sentation of those two states are the linear combinations (2
0 O+(0 2 0)and (2 0 0}(0 2 0), shown as the fifth and
sixth curves from bottom to the top of Fig. 3 (solid line within existing literature and as an aid in comparisons between
stars and dashed line with crosses, respectively). Perhaps thiss-like and pyramidal symmetry. In effect, the states in a
counterintuitive result can be more easily understood with tHens should be labeled by the irreducible representations of
help of Fig. 4. It shows that the projections of the states (2 theCy, group?® 1a;(1s), 1e;(2px, 2py) 1ex(3dxy, 3dy2_y2),
0)+(0 2 0)and (2 0 0)}(0 2 0) are very different, thus are and 2,(2s), where the expressions in parenthesis are the
affected differently by the pyramidal confining potenflahs  notations used by us. As mentioned before, for a pyramid
a result, the energies of the two states do not need to be the symmetry group i€,4, and proper labeling isak(1s),
same. Our calculations agree well with those of ref. 21 in thie; (2py, 2py) 1bp(3dxy, 3d2_y2), and Z,(2s). The effect
range of sizes investigated in that work. As discussed in 88f symmetry reduction from a lens to a pyramid is to break
these eigenvalues may change considerably if a full 8-batite degeneracy of ttakstates, leading to a lower energy state
k - p calculation is performedf) 3dyy with lobes in the corners of the confining potential, and
The quantum dot shape can sometimes be controlled darhigher energy stated_,» with nodes in the corners of the
ing the experiment but, particularly in the case of self asserpetential. The degeneracy in states with odd values of angular
bled dots, the shape is a result of the growth process and mogimentum is unaffected by a reduction to pyramidal symme-
be measured. Scanning tunneling microscopy (STM) andy. One weakness of our adopted notation is that thet&te
atomic force microscopy (AFMJ) have shown that dots can actually contains a linear combination of atomic-like hd
grow as faceted pyramids or with rounded lens shapes. TBgp, states, an effect which shows up in theolarized dipole
shape is dependent on the growth process and shape trasslection rules.
tions have been observéd . The reduced symmetry of square Figure 5 shows the comparison of the lowest single particle
dots causes degeneracy splitting, so that infrared absorptieigenstates for lens and pyramidal dots, as well as a couple of
and photoconductivity experiments may distinguish betweesimple theoretical models: a hard wall rectangular box and a
lens-like and pyramidal dots. parabolic potential. The box and parabolic potential exhibit
While atoms are characterized by three-dimensional rotan accidental degeneracy, due to the separability okthe
tional symmetry, leading to the quantization of angular moandz degrees of freedom in the single particle Schrdodinger
mentum and description in terms of theand m; quantum equation for these potentials. The box and parabolic wave
numbers, or equivalently the notatien p, d, f ..., quan- functions are often represented by the three quantum numbers
tum dots have reduced symmetry and should not be labeléd, n;, ny). States (1,0, 0) and (0, 1, 0) are degenerate, as are
in this manner. Nevertheless, we will adopt the notatiof2, 0, 0) and (0, 2, 0). The (1,0, 0), (0, 1, 0) pair corresponds to
1s, 2px, 2py, 3dxy, 3Px, 3ds2_y2, and 3 describes the six the (2p«, 2px) degenerate pair present in both the square and
lowest states so that our results may be compared to thasecular symmetry, but the (2,0, 0), (0, 2, 0) pair must be re-
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Fig. 5. The single particle energies of different shaped potentials fi
200x200x 100 A3 dots withme = 0.05. The round lend = 200A
h = 100 A and parabolicyy = wy = 0.25w, —meV) dots have degener-
ated-states, and the reduced symmetry of the pyramid and box cause th
3dxy state to lie below the®>_, » state. The separable potentials for the
box and parabolic potentials have an additional degeneracy betwees the 2
and meyZ states, which is lifted by interactions.

cffig. 6. Computed dipole matrix elements for transitions between different
states for lens- (a) and pyramidal-shape (b) quantum dots. Transitions from
e3d-states up have not been considered.

6

combined to get thedz_,» = [(2, 0, 0) — (0, 2, 0)]/+/2 st —Hundsnle
and 3 =[(2, 0, 0) — (0, 2, 0)]/+/2 states. Thus these sepa-
rable potentials contain an accidental degeneracy between the g 4
3d,2_,2 and Z states that is lifted by a slight change in the =
confining potential or the introduction of interactiofs. '53-

The selection rules for dipole-allowed transitions are de- §
termined by the requirement thad;|r - & W) be nonzero, 32.
whereé is the electron polarization operator, afrdand W ¢ w
are the many-body initial and final states, respectively. For |
circular symmetry, the allowed transitions aké, = +1 for
X, Yy polarization andAl, = O for z polarization. In the case .
of square symmetry, group theory gives the rulexas> —8.1 0.1 0.2 0.3
{a1, &, by, by} becaus«, y polarization andz-dipole tran- Vg (V)

sitions only occur between states of the same symmetry. Hy. 7. Number of electrons in the dot as a function of gate voltdge
the case of charged quantum dots, the same transition rules fon the case of obeying Hlund’s rule (second level population following the
both shapes, y transitions Py, <> {1s, 3dxy, 3dx2—y2’ 2s) spin sequencepﬁZpJ,pr 2p$), and disobeying Hund's rule (second level

and one allowed transition. & < 2s. exist spin sequencerﬁ 2p¢2p12p¢). The dotted curve coincides with the solid

. . curve whenever the dots are not visible. Pyramid base=§i@6 A and
We show calculated infrared absorption spectra for a pyra-peigne=70 A.

midal dot in Fig. 6. Hartree energy shifts the energy of the
1s state more that other states, since this state sits in the cen-
ter of the dot. The result is that thes k> 2p,, transition four-fold degenerate second level follows the spin sequence
overlaps the energy of the transitions from thg 2 state®®  2p}2p)2px2py. The curve that does not follow Hund’s rule
This can give the appearance of a single transition, when was obtained by charging the second level according to the
fact, several transitions contribute to a spectral line. Also, &pin sequence;ﬁZp&ZpﬁZpﬁ,. The third possibility, namely
would be possible to incorrectly associate these evenly spadbé spin sequencepininJpr, , was not considered be-
transitions in this pyramidal dot as indicative of a parabolicause it will clearly be unfavorable due to the intense coulomb
confining potential. The prominent split of the energy for theepulsion between therﬁ and the :bi electrons resulting
transitions to the &, and 3l,2_,» states in our calculations from their large wave function overlap. The step size obtained
show the breaking of the axial symmetry in the dot. with LSDA corresponding to the charging of the fourth elec-
Figure 7 shows the number of electrons in a 200 A bageon (N = 3) is longer for the charging of the dot according
diameter and 70 A height pyramidal quantum dot as a funte the spin sequences'ils'2p}2py than for k'1s'2p}2p;,
tion of gate voltagé/y. Two curves are shown, correspondingndicating that indeed Hund's rule is followed by this system.
to charging sequences which obey and disobey Hund’s rulehe electron-electron interaction energy difference between
When Hund’s rule is obeyed it means that the charging of thee two spin configurations for four electrons in the dot is



362 Jpn. J. Appl. Phys. Vol. 38 (1999) Pt. 1, No. 1B J.4BBURTON et al.

~3meV. which provides an exact treatment of the many-body inter-
The addition of the fourth electron following Hund’s rule actions®? Figure 8 shows the values of the different com-
is less costly because of the presence of exchange interponents of the total energy as a function of dot occupation.
tion (attractive) in this case but not if the spin of the fourttDifferences between LSDA and QMC are not apparent on the
electron is different from the spin of the third. Analogouslyscale of the figure. This figure clearly shows that the external
the step corresponding to the charging of the fifth electropotential energy and kinetic energy are much larger than the
(N = 4) is shorter for the sequencw@ZpﬁpﬁZW because interactions. In other words the interactions may enter as a
the fifth electron, either in thef® or 2p§, state, interacts by perturbative effect from the noninteracting system. The rea-
exchange with one of the two electrons already in the secosan for this can be seen from the scaled electron density. Then
level, while according to Hund'’s rule, the fifth electron doe€nergy and length scales for the electron interaction are scaled
not interact by exchange with any of the other two because by the dielectric and mass, so that the effective Bohr radius is
their different spin states. aj = e/Mag ~ 150 A and the effective Hartree energy is
We have estimated pairwise electron-electron interactipiy* = ¢~2m x Ha ~ 7meV. If we approximate the elec-

energies. Table I summarizes and compares those results ##fs as uniformly occupying the interior of the dot, we ob-
the values inferred from the capacitance data by Fritk&> tain an effective electron density of ~ 0.46N /3, which is

Differences between energies obtained from calculations aagher high. In fact, the electron gas has a well-known ground
inferred from measurements may result from our assumptitite energy expansion for smaft?
that the different types of interactios £ s, p—s,orp— p) 5 .
remain unchanged as more electrons are added to the dof & 2209957 — 0.91635 " — 0.094+0.0622An(rs) + - --
second source of error in our calculation is the exclusion of (13)
interdot repulsion, which should push the electrons closer tehere the first term is the kinetic energy, the second term is
gether inside the dot. However, as we have already pointiéd exchange, and the remaining terms refer to correlation en-
for dot densities of 1¥/cn?, the inclusion of interdot effectsergy. For the case of six electrons in the dot~ 0.25 and
should change our results by less than 1 meV by pushing the expansion givegx = 1440 meV,Ex = 151 meV, and
electrons in the dot closer together. Finally, the approximé; = 0.6 meV. Although the comparison between these very
tion used to calculate the hartree energy may lead to sadiféerent electronic systems cannot be stretched too far, this
correction in our calculation. As far as the analysis of the edees show that our energy scales are reasonable for a highly
perimental data is concernéit included the image chargeeffective electron density. The leading effect of the interaction
effect but excluded interdot repulsion. In fact, these two coiisthe Hartree energy, with small corrections for exchange and
peting effects nearly cancel each other for dot densitiesviery small correlation corrections.
the range of 1-16« 10'%/cn?. The analysis of the experi- Figure 1(b) shows the double quantum dot structures which
mental data also excluded the presence of a charged interéatesist of two pyramidal shaped InAs quantum dots and their
between the gates (the layer of dots charged with one elemrresponding wetting layers embedded in a GaAs matrix.
tron each). Indeed, the presence of the layer of charged ddie base lengths and heights of the dots are variable. The
between the gategecreaseshe electron-electron interactiormaterial layers, from top to bottom, are: a metal gate, 50 A
energy by~ ygot x 3meV, wherepgor = ydor x 101%/c?  GaAs, 300 A Ap3Gay7As barrier, 210 A GaAs with the first
is the density of dots in the plane. Because this correcti®®A eight pyramid embedded, a 6 A wetting layer, a GaAs
is considerably large and linear gny, it is clear that the ex- barrier of variable thickness with the second 60 A height pyra-
traction of the electron-electron energy from the experimentaid embedded, a second 6 A wetting layer, and a 200 A GaAs
data requires precise knowledge of the dot density.

The local density approximation DFT, has been widely
used to calculate the electron-electron interaction in

dotg12.17.26-29)phecause of its simple implementation and 1.0 - °
negligible demand for computer time. However, LSDA is °
an approximate theory well known for high-accuracy calcu- 0.5 - .
. . . . . *
lations as well as wrong predictions of the physical properties = . o . - »
of some system¥) In particular, the experience with LSDA 2 00 ———o—o—¢
on atoms and molecules may not carry over to quantum dots o) 2 .
since the confining potentials and electron densities can be E -05 - N " . . .
very different. In Fig. 8, we compare the results obtained with = — N
. . . e Kinetic
LSDA in self-assembled quantum dots against those obtained -10 + Haru'iaeu a
. . . o
with the diffusion quantum Monte Carlo (DMC) method, s §orfeation .
= Total
=15 s External Potential e
l l 1 1 I l
1 2 3 4 5 6
Table I. Charging energy per electron pair (inmeV) in single SAD. N
Interaction type Calculated Measured Fig. 8. Contributions to the energy of a 20R00x 100 A3 pyramidal dot
s—s 22 ~23 as a function of occupation N, calculated by both LSDA and QMC. Dif-
s—p ~15 ~7 ferences between LSDA and QMC are not apparent on the energy scale
b—p 13 18 considered in this figure. This clearly shows the small effect of interac-

tions beyond the Hartree (mean field) level.
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buffer region. This sequence of materials is similar to whatppearing on the edges of the square bases nearly cancel out
one would find in typical experimenté However, the highly the four bigger lobes along the diagonal edges of the lower
doped GaAs substrate that would follow the last epitaxigyramid, resulting in the eight lobes displayed in Fig. 10(b).
layer in some experiments has been replaced in our simulBhus, the piezoelectric potential along the diagonal edges of
tions by a grounded metal gate. the lower pyramid is smaller than along the diagonal edges
Figure 9 shows a contour plot of the strain distributiorof the upper pyramid and is not visible in Fig. 10(b) due to
around the two pyramids. Despite the obvious strain potentidile particular value of the energy cutoff used in this figure.
anisotropy in the GaAs surrounding the dots, the value of the addition, the lobes add up in the regions above and below
strain potential in those regions is smak (10 meV), as in- the two dots, enhancing the piezoelectric effects in those re-
dicated by the values of the isosurfaces. Inside the pyramidgons. The piezoelectric anisotropy leads to nonidentical con-
where the strain potential attains significant values, the diffefining potentials which, as we shall see, strongly influence
ences in the strain potential distribution of the two dots bdevel splitting.
comes almost insignificant. Therefore, one should not expectFigure 11 shows the position of the bound levels of the
the strain potential to produce any unexpected features froncaupled dot system as a function of dot separation (tip-to-
calculation only involving a constant shift (of the magnituddase). In this figure, we do not consider the strain field in
of the average shift obtained from the exact strain calculatiodgtail but just shift the conduction band edge in the pyramids
of the conduction band edge in the region of the dots and wethd wetting layers by 400 meV, which is comparable to the
ting layers. However, the same cannot be said with respectdiift caused by the exact strain as shown in Fig. 9. By only
the piezoelectric potential. Figure 10 shows all the points ishifting the InAs conduction band edge, we wish to avoid the
space where the piezoelectric potential is greater than 50%adfects of strain anisotropy, allowing us to identify the dif-
its maximum for both isolated and double dots, correspondirigrent sources of level splitting. The triplets in parenthesis
to~ 50 meV and~ 70 meV for the isolated and double dotsrefer to the number of wave function nodes in each spatial di-
respectively. The lobes in Fig. 10(b) are bigger than those maction ky-plane parallel to the wetting layers—see Fig. 1).
Fig. 10(a) because the piezoelectric potentials generated Agtually, the shapes of the wave functions are difficult to de-
the stacked dots add up in the regions above and below the
two dots. Shades of gray correspond to different signs of the
potential. As discussed by Grundmaenal.’® concerning
isolated pyramids, piezoelectric charge, accumulates mostly
along the pyramid edges, excluding the edges of the square (a)
base (due to the presence of the wetting layer). Charge of dif-
ferent signs accumulates in the inside and outside of the pyra-
mids generating four outer potential lobes along the diagonal
edges, as well as four smaller lobes parallel to the the edges of
the square basis. The signs of the smaller potential lobes are
rotated by 90 from the bigger lobes (Fig. 10(a)). However, in
the double dot system (Fig. 10(b)) the piezoelectricity is a lot
more intense around the top pyramid than around the bottom 400
one due to the near cancellation of the piezoelectric charge < 300
accumulated between the dots. Indeed, in closely spaced £/
stacked dots the four smaller lobes from the upper pyramid 200
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X (;\) Fig. 10. Piezoelectric potential distribution of points at a potential greater
than 50% of the maximum, corresponding to {&§0 meV in the isolated
Fig. 9. Contour plot of the strain potential for the stacked double quantum dot, (b)~70meV in the double dot system. Black and gray spots corre-
dot structure. The indicated magnitudes of the isosurfaces are in eV. Dotspond to negative and positive potentials, respectively. Dot separation is
separation is 15 A. 15A.
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Fig. 11. Eigenenergies as a function of dot separation assuming a constaigt 12. Eigenenergies as a function of dot distance considering both the
shift of the conduction band edge of 400 meV in the region of the pyramids exact strain distribution and piezoelectricity. Indium diffusion was not
and wetting layers. Indium diffusion was not considered. considered.

scribe in terms of the number of nodes, except for the first _g 4¢

and second pairs of levels in Fig. 11, which closely resemble (110)-a

s and p states, respectively. In order to observe level split- —0.18/

ting experimentally, it is necessary that the level separation is (110)-b (010)-a

bigger than 2-3 meV's because of the inhomogeneous broac -020p _ __ — ——

ening resulting from size fluctuations. Thus, Fig. 11 shows S — (100)-a
that only for separations less than 50 A sizable level separa %’0'2 I (019-b

tions would be observed. It should be pointed out that a level g’_o 247— (100)-b
crossing occurs between the statgs 2 b = (001) — b and g

3dyy — a = (110 — a for a separation= 50 A, where—b _0.26}

and—a refer to bonding and antibonding states, respectively,

even though it is hardly visible in Fig. 11. An indication that ~ -0.28} (000)-a

such a crossing is possible is that those two states do not sha I ©00)-b

the same irreducible representation of the quantunz-@ods -0.30; 5 10 15 ) 25 30
symmetry groufCa,. Diffusion length (A)

When piezoelectricity is considered as well as the exa F
strain field, the changes in all the levels are marked (excep
for the Is state) as shown in Fig. 12. The reason for this is the
reduction of thez-axis symmetry fronC,4, to C,, leading to
a level splitting between the® = (100 and 2py = (010  indium conservation, implying that the indium that is added
states in each dot. Not only do the Btates split, the split- to the barrier comes from the pyramids and wetting layers.
ting is not the same for the bonding and antibonding statd$e result is a decrease of the pyramid size as more indium
due to the anisotropy of the piezoelectric potential, as showdiffuses out (longer diffusion length in Fig. 13) pushing up
in Fig. 10. We can therefore conclude that level splitting ithe energy levels.
stacked quantum dots is mostly influenced by piezoelectric- Another possibility concerning indium diffusion is
ity. anisotropic diffusion. In this case, the diffusion length is dif-

A second major cause of level splitting comes from the poderent for the cases of indium diffusing upwards and down-
sibly different geometries of the dots within the same stack. &vards. A consequence of this effect is the observation of an
common cause for such geometric differences is anisotropitcrease of dot size for dots belonging to the last grown lay-
indium diffusion resulting from different indium diffusion ers%3”) Most of the indium seems to come from detached
lengths for indium diffusing from the upper and lower pyrapyramid tips, resulting in more rounded structures in the
mids?!? lower layers. Electronic coupling in this case occurs between

Indium diffusion is expected to occur during the epitaxiahon-identical structures. We modeled this effect by assuming
growth of quantum structuréé-3®Figure 13 shows the effect isotropic diffusion with a diffusion length of 10 A and remov-
of indium diffusion on the position of the levels and their seping the tip of the lower pyramid. Figure 14 shows the position
aration according to the model developed by us in a previows the levels as a function of the lower pyramid tip truncation
papert? The diffusion is assumed isotropic, namely the dififength measured from the tip. A truncation lengthmeans
fusion length is the same for both upper and lower pyramidbat up toh; of the lower pyramid from its tip has been cut off,
and wetting layers. Even though indium diffusion smoothiaving a truncated pyramid with the same square base but a
out the sharp edges of the InAs-GaAs interfaces, the levdlat square top at a distanbe— h; from the base, where is
move up as the diffusion length increases. This is becausetbe original pyramid height. While changing the truncation

. 13. Eigenenergies as a function of indium diffusion length for a con-
tant dot separation of 25A.
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