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A single-band, constant-confining-potential model is applied to self-assembled InAs/GaAs pyramidal dots in
order to determine their electronic structure. The calculated energy eigenvalues and transition energies agree
well with those of more sophisticated treatments which take into account the microscopic effects of the strain
distribution on band mixing, confining potentials, and effective masses. The predictions of the model are
compared with several spectra reported in the literature by different authors. Very good agreement with both
energy position and number of peaks in such spectra is found. The hole energy splitting between ground and
first excited states deduced from capacitance and photoluminescence measurements is in excellent agreement
with our calculated values. The simplicity and versatility of the model, together with its modest computational
demands, make it ideally suited to a routine interpretation and analysis of experimental data.

[. INTRODUCTION overview of the method, while Sec. IV presents a critical
view of the experimental situation and of the problems con-
Spatially quantized systems have attracted large interestected to the interpretation of the experimental spectra. Fi-
since the development of molecular-beam epitdMBE) nally, in Sec. V we present the results, compare them with
made possible the fabrication of atomically sharp heterojuncthe available experimental data, and discuss the method
tion interfaces. Recent studies proved three-dimensiondlighlighting the most relevant features.
(3D) confinement of charge to be attainable within strained
islands of many semiconductor heterostructui@d’s) that Il. THEORY
form on the surface of a substrate during the . ) o
Stranski-Krastanohgrowth method. This growth mode pro- _ The Schrdinger equation for the envelope function in the
ceeds via successive MBE layer depositions of the SH offfective mass approximation can be written as
material 1 on a material 2 SH substrate. Due to the lattice 72
mismatch between deposited material and substrate, after a — —
critical thickness is reached, which depends on the particular
heterostructure, the two-dimensional growth changes into a —E¥(xy.2) 1)
three-dimensional one and coherfefdislocation freg is- Y2).
lands of material 1 with a pyramidal shape form spontaneThis form ensures, among other things, that it is Hermitian,
ously (with a thin wetting layer left under the islandS’he  that the wave functions are orthogonal, and that probability
guantum dot(QD) island is then coveredcapped with a  current is conserved at the interface of the heterojunction.
layer of the substrate material. The envelope function of the pyrami®/(x,y,z), is then
The energy levels of such structures cannot be easily cakxpanded in terms of a COS of solutions of the cuboidal
culated, both because of the finite-potential confining barrieproblem with infinite barrier height, i.e.,
(often of the order of 200—400 me\and the nontrivial ge-
ometry of the dot. The Schdinger equation must thus be \p(xyy,z):% Amntimn(X,Y,2), 2

solved by means of a numerical method.
Gershoniet al® developed a numerical method in which where
Vs mr
L—ySIﬂ( mar L—y)

V;V> T(x,y,2)+V(X,y,2)¥V(X,Y,2)
m*(x,y,2)

they expand the envelope function of a rectangular quantum

wire (2D confined systejrusing a complete orthonormal set 2 1 X

(CO9 of periodic functions, which are solutions for a rect- Pimn= L—sm |7T(§— L_)

angular wire with an infinite barrier height and suitably cho- X X

sen dimensions. The advantage of this method is that it can \/? r{ 1 z
X L—SI I’MT(

be applied to structures of arbitrary shape. Moreover, all the ST 3
matrix elements can be calculated analytically. Gango- z
padhyay and Ndgextended this method to study 3D con- We have chosen the domaing—L,/2L,/2] and
fined structures such as parallelepipeds and cylinders but, fo-L,/2,L,/2] for the variation ofk andz, and[0,L] for that
our knowledge such an approach has not been presented gby (see Fig. 1
far for pyramidal structures. Care has been taken to move the bounddrigsL,, and

The aim of this paper is to extend Gershaetial's L, away from the pyramid, so that the energy eigenvalues are
method to determine the energy levels of pyramidal shapedssentially independent of their choice. An attraction of this

(self-assembledinAs dots. In Secs. Il and Il we give an approach is that there is no need to explicitly match wave

z
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TABLE I. Calculation parametersng, barrier region effective
mass;myy, well region effective mas&ll in units of the bare elec-
tron masamg); V,, carrier confining potentialin meV).

Ly

Electron Heavy hole

ParametrizatiorC Parametrizatiorc
0.0665 0.040 450 0.3774 0.59 266 0.3774 0.341 316

h
"""""""""" > /o
-L./2 passing from the well region into the barrier region. To over-

come this we split the integral into three parts, within each of
which the effective mass is constant: first, we take an integral
with m* =mg over the whole cuboidi.e., barrier plus well
regions; second, we subtract the integral withf = mg over
~ L./2 the well region; and third, we add the integral with*

Z Lo 2 =my, over the well region. The same procedure has been

FIG. 1. Schematic representation of the theoretical configuratior?domed for the Int_egral contalnlng th_e potential, WhICh IS
used in the calculations. zero in the well region, leading to the final expression

-L,/2

: - R2@% 1 (17 mm  nn’
functions across the boundary between the barrier and dot M imntmin =| —— — | — + —— +—— | +V
materials. This method is thus easily applicable to an arbi- moemn 2 mg\LZ L2 L2
trary confining potential. Substituting expressi@into Eq.

R B . : ) a2l 11
(1), multiplicating on the left byj;, ., » and finally integrat X 811 Sy Sy + = | — — —
ing over the cuboid.,LL,, yields the matrix equation 2\my mg

(Mminmi7nr = ESmmy Sit Snnr) @imn=0, (4)

where use has been made of the orthonormality of the wave
functions. The matrix elementd |, are given by

X f V! Vibmadxdydz-V
W

h? 1
Mlmnl’m’n’:_7f lﬁr,m,n,V(*—Vlmmn)dXdde . . ) .
m*(X,y,z) where the subscriptV in the integrals means that the inte-
gration is over the pyramiddivell) region. A very relevant
+f l/fﬁmranl/flmndXdde (5) feature of this method is that all the integrals in E8). can
be performed analytically. We have used a basis of 19 wave
Carrying out the derivation, the first integral of E&) be-  functions in each direction for expanding the envelope func-
comes tion, which is the minimum number required to achieve con-
vergence for the electron energy eigenvalues to within less
N than 1 meV. Equation4), where M mnirmn IS @ 6859
f Y Vm (Vihimn)dxdydz X 6859 matrix, is then solved by using standard mathemati-
o cal software such asapACk.®

hZ
2

+f l/jl*’m’n’—m*(x 2 V(V‘ﬁlmn)d)‘dyd%- (6) Iil. MODEL AND ITS APPLICATION

Energy levels of pyramidal shaped InAs/GaAs dots have
been calculated using the parameters values listed in Table. I.
In the dot material the compressive stress alters the curvature
of the bulk bands, causing the effective masses to differ from
the unstrained ones. We have used the value oind;QRef.

6) for the effective mass of InAs in the conduction batite

We then integrate by parts the second integral of(Eg.one
term (the nonintegral one coming from the partial integra-
tion, vanishedremember that the wave functions vanish at
the boundaries of the cuboldL L), and another term can-
cels the first integral of Eq6), so that we are left with only
one termbesides the one containing the potential in &)].

We finally obtain unstrained value is 0.028) to account for the strain, as
suggested by Cusack al.” Most authors use two different

h2 1 . values for the hole effective masses, one along the symmetry
Mimni'm’n =?j WV¢|,m,n,V¢|mndxdydz axisz and the other along the plamg normal to that axis, to

account for the mass anisotropy. This choice while on one
hand increasing thecomputational complexity of the treat-
+f zpl*,m,n,vw,mndxdydz (7) ment, on the other hardly improves the approximation, the
mass for the motion along transverse directignbere the
The problem here is still the spatial dependence of the effedioles spend the most of their tinstill being undefined.
tive mass in the integral, i.e., the discontinuity of its value inAccurate pseudopotential calculations in quantum Wells
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have revealed the in-plane masses, , of electrons, light TABLE Il. Dimensions of the structures studied.
holes, and heavy holes to be similar to those commonly ac

cepted for the motion along the z axis. The values for the  Structure b(A) h(A)

heavy-holes effective masses in InAs along [B81] and 1 60 30

[111] directions, i.e. My, , andmyp .y, used by Grundmann 2 80 40

et al® in their calculations, differ by only 2.5%, whereas 3 100 50

Cusack et al!® predicted very different valuesmyy,, 4 120 60

=0.590 andmy,, ., = 1.347. In the latter work, however, the 5 140 70

difference for the light-hole effective masses along the 6 160 80

growth and the in-plane directions is only about 7%. Aiming . 180 %

at a realization of a simplébut not necessarily less reliable 8 200 100

or less accurajemodel, every unnecessary complication
which, after confirmation, does not significantly improve the
agreement with experiment or introduce addlt!onal physmahre in thestrong confinement reginté the size quantization
effects, has been avoided. We therefore restricted ourselv‘?épresenting the main part of the carrier eneftiyeir effec-

to only one value for the hole effective mass, i.BWn e radius is small compared to the bulk exciton Bohr ra-
=Mhhz- . . o dius).

Performing empirical pseudopotential aa initio local- Since it has been reportethat the strain distribution in a
density calculations for the band structure of InAs ””derquantum dot does not depend on the acsisdof the dot but
strain, Cusaclet al. 'estl.mated the mass for the heavy holes, its shape (provided that the aspect ratio of half base and
along the[001] (2) direction to be 0.59@,, near the center peight also remains constddt the same values for effective
of the pyramid in structures with an aspect ratio of 1. On theyasses and potential have been used throughout the calcula-

9
other hand, Grundmanretal” used a value ofMn,  ton for all the dot sizes considerdgee Table ).
=0.341 in their calculations, also for pyramids with an as-

pect ratio of 1. We performed our calculations using both,
aiming to decide after comparison with experimental results
which one was better suited for describing the system. For
the heavy-hole effective mass in the bar(i@aAs material, A huge quantity of experimental data are available on
the commonly accepted value afig ,,=0.3774 has been |nAs/GaAs QD'’s since the fabrication of samples with nar-
taken. row size and uniform density distribution has been made
The strain affects the confining potential of the carriers agasy to achieve by the Stranski-Krastanov growth method.
well, which becomes a piecewise continuous function ofislands of various sizes and shapes have been reported, de-
position, and differs from the square well formed by the pending on the growth conditions, such as temperature, InAs
difference in the absolute energy of the conduction- orcoverage, growth rate, time delay before GaAs regrowth, etc.
valence-band edges in the bulk dot and barrier material. Thghe dots grown by Grundmaret al!? have been observed
square well (constant potential approximation, however, to be square-based pyramids by high-resolution transmission
still gives good results for the conduction bahthus the  electron microscopy, whereas the same shape for the dots
electron confinement potential has been taken as the averaggidied by Moisonet al'* has been evidenced by atomic
over the QD, i.e.Vo=450 meV? Even though the same force microscopyAFM) images. Fricket al'®and Leonard
treatment is less suitable for the hole’s confining potentialset al1® estimated their InAs islands to be lens shaped from
their shapes being more complex, we assumed them to k&omic force micrographs. Finally, Sauvageal 1° reported
constant within the dot. The average heavy-hole confininghe dots investigated in their work to have a square base
potential relative to each of the mass values has been detgsyramidal shape before GaAs regrowth, and a lens shape
mined by performing several calculation sets, for all dot di-after that, with a smaller size than what is observed by AFM,
mensions considered, with different values \bf,,, and  due to the quenching of their evolution by the GaAs deposit.
choosing the potential value which gave the best agreemefthe effect of capping could result on another hand in a slight
with the theoretical results reported in the cited papers. Welongation of the dots as a reminder of the extreme anisot-
therefore determined two different parametrizati@res, two  ropy of InAs islands on GaAs for submonolayer coverage, as
different pairsVon, and myy,,), for the heavy holegsee  suggested by Nabetaet all’ and Frickeet al,'® who re-
Table ): C (after Cusaclet al, the results of which are well ported experimental evidencéar-infrared FIR spectia
reproduced by this set of valieand G (for Grundmann about the associated breaking of the symmetry in the first
et al, this set giving the best agreement with their calcula-and second excited electron states.
tions). The tools employed to investigate the size and shape of
The strain also induces a piezoelectric polarization, whiclthese islands can be divided into two groups: On the one
results in a piezoelectric potentisd,(x,y,z). However it hand there are techniques such as scanning tunneling micros-
generally affects the energies of levels involved in opticalcopy and AFM which allow the dots to be seen directly but
transitions by less than 1 me\therefore, it has been disre- need them to be uncapped, whereas the samples used in the
garded in our calculations. The inclusion of such a potentiahctual measuremenftsf photoluminescencéL) spectra, for
would reduce the symmetry of the pyramidal dot fr@y), to  instancé are all cappedthe usual way to proceed is to grow
C,, ., leading to a lifting of degeneracies. The Coulomb in-two samples in the same conditions and to cap one of them
teraction has also been neglected since the QD’s considerdor the measurements, leaving the other uncapped for the

IV. EXPERIMENTS AND THEORETICAL
CALCULATIONS
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FIG. 2. Electronic energy levels as a function of base length, for FIG. 3. Heavy-hole energy levels as a function of base length,
InAs square-based pyramidal QD’s, with respect to the unstraineébr InAs square-based pyramidal QD's, with respect to the un-
GaAs conduction band. Comparison of our res(ifidl line) with strained GaAs valence band. Comparison of our resfits (pa-

those of Ref. Adiamond$ and Ref. 9(circles. rametrizationC) and dashedparametrizatiorG) lines] with those

) o o ) ) of Ref. 7 (diamond$ and Ref. 9(circles.
AFM investigations. As it is clear from the preceding discus-

sion however, the capping process may introduce both sha

and size variations in the island©n the other hand, analy- R&lative to the unstrained GaAs conduction-band edge, and

. h as TEM . tructural inf i ompare them with the results of Refs. 7 and 9. Despite the
SIS such as can give structural information on cappe implicity of our calculations, which do not account for band

Q.D S, but the images tend to overestlmate the dot's d'r.n.enfnixing and the spatial variation of the confining potentials
sions and do not give g_ood_ estimates of the compositiony g 45 strain, but assume a constant avetayained poten-
Another structural investigation technique, scanning trans '

. lect . i aghich tial throughout the dot, the ground-state electronic energies
MISsion electron microscopy, was recently prop e iven by our method agree very well with those, more so-

allows more detailed estimates of the size and shape of g gicated, theoretical studies which take into account all
dots to be made, avoiding the problems associated with t ese features

usual TEM. . . . Our model predicts no bound electron states for base
An accurate estimate of size a}nd shap_e of the 'Slandﬁéngths smaller than about 60 A, and three electron levels
emitting a given PL gpectrurﬁwhlch IS esse"!“"’!' for theoret- for structures with base dimensions between approximately
ical calculations to give an accurate description of the elec-120 and 160 A. This number increases for bases larger than
tronic strupture of the QD, anq therefore to succgsfully 160 A up to te'n bound states for 200 A. As in Ref. 7. the
produce its spectral featujesis nevertheless still very first and second excited electron states have been found to be

difficult to obtain. Moreover the situation for the theorist is degenerate, as expected, due to @ symmetry of the
made even more complex by the shape of the PL spectra: due 9 ' P ' y y

) Y : . idal dot.
to the size distribution of the dots in the sample, in the best”"aM : . .
cases they have a full width at half maximL(ElWHM) of By choosing two different couples(andG in Tables |
and V) of well effective masses and average confining po-

about 50 meV, which is too broad an energy range to rEzprefentials, the heavy-hole ground-state eigenenergies obtained
sent a severe enough test for a theoretical model.

So far we have considered only the main feature of the PLEéhZ)p;exéotfelyc(;rceli;tegsrgﬂgfgigs\flgr l)t‘ejgrl)r\e/rirot?a(ns:ie_

spectra, where the strong signal is attributed to recombinat-ion in each structure consequently agree well with those

tion from the dot ground state. The origin of higher-energyvalues

spectral features is still the subject of some debate at the .

. 9 - - In Ref. 20, Grundmanet al. compared the results of their

present time. Grundmanet al” attributed them to transi- . . . . .
%alculatlons with experimental PL data. Their model predicts

tions between the electronic ground state and several ho )
states, allowed by the lack of symmetry along the growthonly one bour_lq electron state, therefore the peaks are attrib-
axis. whereas Schmidt al® identified them with transi. Uted to transitions between the ground-state electron level

tions between states with the same quantum numbers. and ground or excited hole states. Unfortunately Grundmann

Aware of all these limitations we have tried to apply our et al. did not give the exact dimensions of the QD the PL

simple model to interpret the experimental features of Sevg,pectrum refers to. They referenced a previous paper of

eral PL spectra, not pretending to be able to reproduce thelibaem'rsieb\lljvtitthhgzzrtgeg 2reesoesri1tt§3 :Sisaasigliﬁtlolslpgcz?nm ofa
in great detail, but aiming at putting our theory to the test, in P 9 P RS- 1. ’

order to determine its range of applicability and its potenti-(base 121 nm, height 5-1 nm), whereas the PL spec-

ality. In Sec. V we compare our predictions with those 01‘2“&n Odetﬁf. 20 refe_rs tto %@vzl'q nm ??ﬁpf't\/ge have
two other different theoretical approaches as well. deduced the approximate dimensions ot the dot by compar-
ing the values they presented in the diagram for the transition

energies as a function of pyramid size and the values they

reported on the PL spectrum as their predicted transition en-
In Fig. 2 we present the results for the InAs QD electronergies. In Table Il we report the energetic positions of the

energy levels as a function of the base dimension, plotte®L peaks together with our theoretical predictions for a

V. RESULTS AND DISCUSSION
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TABLE Ill. Transition energies: comparison between experi- TABLE V. Transition energies: comparison between experi-
mental valuegdeduced from PL spectra reported in Ref),28nd mental valuegdeduced from PL and PLE spectra of Ref),2dnd
our theoretical predictions obtained using different values for theour theoretical predictions obtained using different values for the
pair's confining potential and effective mass: my, ,,=0.59, V pair confining potential and effective mass: my, ,,=0.59, V

=266 meV.G: my,hh=0.341,V=316 meV. =266 meV.G: my ,=0.341,V=316 meV.
Transition Eexp (€V) Eg (eV) Ec (eV) Transition Ec (eV) Eg (eV) Eexp (8V)
0—0 1.1 1.112 1.144 0—0 1.199 1.168 1.220
0—1(2) 1.17 1.176 1.197 1—-1 1.288 1.261 1.270
0—3 1.24 1.224 1.236 2—2 1.306 1.280 1.284
3—3 1.360 1.338 1.332
4—4 1.363 1.341 1.340
square-based pyramid with=110 A andh=60 A. The 5—5 1.398 1.378 1.380
agreement obtained with parametrizati@ns very good for 6—6 / / 1.412

all three peak positions, whereas in this particular case, pa
rametrizationC only gives a good estimate of the transition

energy to the third excited statsince our model predicts the thjs error it is hardly possible to decide which of the two

first and second excited hole states to be degenerate, the thigdrametrizations usede., which pairVypy,, or myy, ,) is the

peak has been attributed to a transition to the third excite¢host suitable one for describing this éystem. ’

hole level in Table II). _ The calculated energy splitingsE§,,,=22 meV and
For an InAs pyramidal dot withb=200 A and h AES,,n=29 meV between the ground and first excited

=70 A, our calculations, unlike those of Refs. 21,7, and 9eayy-hole states in this structure are also in excellent agree-
which, as they themselves admittedre unable to reproduce ment with the experimentally estimated value SESE,

this feature, predict five different electron statastually we —27 meV, obtained by combining capacitance and PL

predict six bound states, the first and second excited Stat?ﬁeasuremenfé The predicted electron energy splitting

being degenerate in our model, so that there are only fiveA . .
o Eq1e however, is about two times largét04 me\j than
distinct energy leves The PL spectrum of such a sample Waglgetermined to be by capacitajr?caﬁqdélfar-infrz;)r}e?.iz’15

grown by Schmidtet al® shows five peaks which they at- easurementdi.e., ~50 meV) on the same or similar
tributed to transitions between electron and hole states with o

the same quantum numbers and therefore are consistent wi?ﬁrgglrﬁsa' s, as pointed out by Nishiguchi and Yfan
the existence of five different electronic energy levels in the PS, P y g

QD. They also mentioned the existence of the double degerﬁa_nergy-dependent effective mass would improve the agree-

eracy of the first electron and hole excited states. with ment with the experimental data, reducing the energy-level
y : ' ... _separation which is overestimated by the usual effective-
+1. Moreover, as can be seen in Table IV, the transitio

energies we predict for such a QD with both parametriza. ass approximation. The constant confining potential ap-

tions are in qood aareement with the experimental value roximation, which is the other main assumption our calcu-
9 9 P ations are based on, should not significantly influence the

g?r(ijzlgii)igosme;rr:wi l:OLbsg?ﬁg; ;?Jitg'bslep?(;tr'iﬁf;giﬁéﬁggﬂglectronic level separation, as its actual value is always al-
most constant throughout the dot, but is expected to affect

t_he ground state recombination energy, where_as parametnza,]-e hole level alignment because of the more complex shape
tion G appears to be more appropriate for excited level tran-

sitions. It is worth mentionina. however. that in both the of its real profile in structures with an aspect ratio of 1. It
sam Iés used by Schmiet al tgh’e substrat’e was not rotated should be a better approximation for flatter structures with
durirf)g the InAsydeposition lallowing the formation of dots high aspect ratios, where both the electron and hole confin-
with a wide range of sizes and densities. As a result a broad[]g potentials have almost a square well shétpe.

. . . . In a more recent paper, Noea al2* reported six excited
ening of the PL peaks is obtained, with a FWHM of the " . . " o
Gaussian best fit to experimental data of about 60 meV. Alevel transitions, which they identified as transitions between

: : ) T - "\3xcited states of electron and holes with the same guantum
discussed in the above Sec. 1V, this again implies that W'th"humber. In Table V we present a comparison between their
experimental values and our theoretical predictions obtained

TABLE IV. Transition energies: comparison between experi-by using the usual two parametrizatio@sand G, for the
mental valuegdeduced from PL spectra of Ref.)1@nd our theo-  transition energies of a rectangular-based pyramidal QD of
retical predictions C: my,,p=0.59, V=266 meV. G: Mywnn  height 30 A and base dimensions 250 and 300 A along

=0.341,V=316 meV. [110] and [110] directions, respectively. In this case our
model predicts the first and second excited levels not to be

Transition Eexp (V) Ec (&V) Ec (V) degenerate, because of the different symmetry of the system
0—0 1.01 1.017 0.979 (i.e., the pyramid is not square bagel must be mentioned
1-1 1.10 1.143 1.112 that the transition between the electron and hole states
22 1.17 1.239 1.214 |100),|110), and |020) (reported in Table V as 41, 3
3.3 1.23 1.262 1.237 —3, and 5-5) do not appear in the PL spectrum as visible
4—4 1.29 1.288 1.264 peaks, but were identified by No@# al. as hidden peaks by

means of a careful comparison between theoretical and ex-
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perimental studies of the PL and photoluminescence excitanass pairs that have to be chosen for different aspect ratios
tion polarization properties, which permitted the modes ofof the dots. Thus our method for computing energy eigen-
the higher energy levels of the PL spectrum to be assignedtates and eigenvalues for pyramidal quantum dots can in
They suggested that the weak emission of these hidden peaksnciple be applied to any pyramidal structure with any as-
could be due to the strong interaction with phonons, since thpect ratio, but the accuracy of the results depends strongly on
energy difference betwed00) and|100) in the conduction the particular choice of the confining potentials and strictly
band is close to twice the InAs LO-phonon energy. related effective masses to be used in the calculations. Nev-
Again parametrization C gives a good estimate for theertheless, the values,, ,,=0.59 andv=266 meV(param-
ground state energy levels, while the values calculated witleterizationC) have proved to reproduce well the ground
parametrization G are in excellent agreement with the transtate energies of all the experimental spectra considered,
sition energies between excited states. Our model predictshile the pairmy ,,=0.341 andvV=316 meV (parametri-
six bound electron states, thus the absence of any value faation G) gives a good agreement with the transition ener-
the transition between the sixth excited electron and heavygies between excited states.
hole energy levels. However, No@#a al. mentioned that this
last peak may be due to the wetting layer signal as well.
The sample grown very recently by Murrayal.? using
a relatively high substrate temperature and a very low growth A single-band, constant-confining-potential model has
rate, presents a very small linewidth of only 24 meV, whichbeen applied to self-assembled InAs pyramidal dots in order
indicates a small size distribution of the dotthis has been to determine their electronic structure. By choosing different
confirmed by atomic force micrographs that evidenced ispair of heavy-hole confining potential and effective masses,
lands with a mean height of 7 nm and a diameter of 40,nm the calculated energy eigenvalues and transition energies can
and an emission wavelength for the ground-state transition dfe tuned to agree with those derived by means of more so-
1.29 um (=961 meV, as obtained from a PL spectrum at phisticated treatments which take into account features such
room temperature. The emission from the first excited statas the microscopic details of the strain, the mixing between
is present around 1.2cm (=1033 meV. For a square-based light-hole and heavy-hole bulk bands, and the variation of
pyramid of the same dimensions, our mogErametrization the confining potential as a function of position inside the
C) predicts such transition energies at 962 and 1025 meWot. The predictions of the model have been compared with
respectively. This is an astonishingly excellent agreementseveral spectra reported in the literature by different authors.
and means that QD’s grown under such conditions are veryery good agreement with experimental values of the tran-
stable, and their dimensions are not altered significantly bition energiegdeduced from PL spectrdas been found.
the capping process. Furthermore the number of peakise., transitions between
Another spectral position well reproduced by our model iselectron and hole states of the same quantum number, as
that obtained by Todat al?® in near-field magneto-optical identified by the experimentali$tsn such spectra matches
spectroscopy measurements of single self-assembled QD'the theoretically predicted number of bound states for the
The structures they investigated have lateral size200 A considered structuréa feature which other more complex
and height of~20 A, as indicated by AFM studies of un- models fail to reprodugeand the hole energy splitting be-
capped layers. The typical magnetic-field dependence of thisveen ground and first excited states deduced from capaci-
peak energies from a single QD they showed has a value dénce and PL measurements is in excellent agreement with
about 1347 meV for zero magnetic field. The values calcuour calculated values. The model therefore has proved to be
lated with our model are 134€parameterizatiorC) and  suitable not only to predict ground-state eigenenergies but
1321 meV (parameterizationG). We calculate only one also the number and energy values of the transitions between
bound electron state for such structures. It is worth mentionbound excited state@vith the same quantum numbett is
ing, however, that the spatially resolved luminescence spegostulated that an energy dependence for the effective mass
trum reported presents a number of sharp emission lines exa the Hamiltonian could improve the agreement with the
tending from~ 1260 to~1350 meV. energy separation between ground and first excited electron
We would like to stress that even though our theory is notstates.
directly affected by the particular aspect ratio of the dots

VI. CONCLUSIONS
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