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Using a pseudopotential plane-wave approach, we have calculated the electronic structure of strained InAs
pyramidal quantum dots embedded in a GaAs matrix, for a few hefghta-baseb) ratios, corresponding to
different facet orientation§101}, {113}, and{105. We find that the dot shafd@ot just siz¢ has a significant
effect on its electronic structure. In particular, while the binding energies of the ground electron and hole states
increase with the pyramiglolumes(b?h), the splitting of thep-like conduction states increases with facet
orientation(h/b), and thep-to-s splitting of the conduction states decreases abése siz€b) increases. We
also find that there are up to six bound electron stét@scounting the spin and that all degeneracies other
than spin, are removed. This is in accord with the conclusion of electron-addition capacitance data, but in
contrast with simple-p calculations, which predict only a single electron ley&80163-18208)50516-4

Growth of semiconductor quantum dots via controledrameter of the dots in consideration is the ratio between the
coarsening of lattice-mismatched fillnsroduces coherently height () and the base widthb): The pyramidal dots with
strained islands. These “self-assembled” dots, capped by101}, {113}, and {105 facets are characterized Hyb
another semiconductor, exhibit rich spectroscopic features:0.5, 0.25, and 0.2, respectively. Thus the higher the facet
including explicit evidence of quantum-confinemé@ngjize index, the flatter the dot. In all cases, we assumed that the dot
and shape effects on the spectrtifremission from higher is capped by GaAs barrier and lies on a wetting layer. We
excited state$,interband absorption into up to eight exci- use a direct-diagonalization multiband ~pseudopotential
tonic levels, intraband absorption within the conduction and approact®~*  avoiding effective-mass®® or k-p

within the valence bandsand electron-addition Coulomb apprOX|mat|on§. We uncover the basic trends between
various features of the electronic structure and the main geo-

blockade’ The shape of these dots, and in particular, the g - Ut ;
facet orientation, is, however, unclear. For example, fofmetrical parameters andb, thus facilitating future compari-

8 } _son with experiments.
ImnﬁjSS/Gviﬁfe ﬁgjbnedg:;jl Sll.rereg):;ed{ ﬁg?nigascibi?{ f{;}a The _electror_wic structure o_f th_e pyra_lmidal dots is described
. - reported pyramid ~ here using a direct-diagonalizatiémultiband approach®~2°

facets, slightly elongated along th&10] direction. In addi- {5 the single-particle Schdinger equation,
tion, pyramidal shapes witfl05} facets have been reported
by several experiment§-12 Often, capping of the dot
changes its shagé. Theoretical models of equilibrium —3V24+ D v(Ir—Ren) (D =€ i(1), (@]
facetting*~1’ have not predicted consistently the observed na
facets, suggesting that perhaps both the kinetic and thermo- . . )
dynamic factors are at play. wherev, is a §creened _e_mplrlcal pseudopotentla}l of atom

Whether the observed facets represent equilibrium condfYP€ @ andR,, is the position vector of atom type in cell
tions or not, the optical and transport properties of the dot§- A Néw strain-dependent pseudopotential is fitted to the
must reflect their shapdghus, the facet orientatiorfor the measured bull_< band structu_res, hydrostatic and biaxial defor-
following reasonsfirst, the facet orientation determines the Mation potentials, and strain-dependent band offSexe .
smallest dimensiofi.e., height of the dots and therefore the neglef_tzgspln-orbn coupIT_gze_but do not use an effective
confinement energy of the electronic sta®sconddifferent mas_% ork-p ap_pr(_)acﬁ in which the microscopic po-
facets correspond to different anisotropic strain inside thdential =n.v, is eliminated andy; is restricted to be de-
dot. Finally, different dot shapes have different position- Scribed by a fewl'-like bulk states. The atomic positions
dependent effective masses of electron and holes and diffefRan} are obtained by minimizing the elastic energy using
ent strain-modified band offsets between the dot and its baKeating's valence-force-fiel/FF)*"**model. The resulting
rier. For these reasons, the energy level structure of dots mayStem has &, symmetry instead of,. This is because the
depend orshape not just on size. Unfortunately, the shape[110] and [110] directions in the zinc-blend surface are
and size of currently grown ‘“self-assembled” dots is un- symmetry inequivalent. The single particle wave functions
known experimentall 23 and theoretically*~*" so a direct are expanded in a plane-wave basis. We use the “folded
comparison of calculated energy levels for given size angpectrum method®® implemented on a massively parallel
shape with experimental spectroscopic and transport data @mputer to find the band edge eigenstates of (Eg.The
difficult. To address this problem, we study theoretically thesublinear scaling of this algorithm with the number of atoms
electronic structure of InAs square-based pyramidal dots asallows us to handle systems containing as many-~dsf
function of facet orientation. An important geometrical pa-atoms. We perform supercell calculations with periodic
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{101} facets | {113} facets | {105) facets]

FIG. 1. (Colon Dot confined electron states. Isosurfaces of the three lowest conduction (sltews at 0.2%y|2,, and green at

0.75¢2,44) for pyramidal dots whose base size is 11.3 nm. Relevant energies are given in Table I.

boundary conditions in all three principal directions. We useby changing the size of the supercell, and is found to be very
[100]x[010] X [001] supercells fo{101} and{105 pyra- small(causing less than 1 meV eigenvalue differences
mids, with a supercell size of 4X40ax40a (where a Figure 1 shows the isosurfaces of the three lovedst-
=5.65 A is the GaAs lattice constanfor the{113 pyra-  tron wave functions in dots with different facet orientations
mids, the[110]x[110]X[001] supercell is used with a su- but with the same base sibe=11.3 nm. We see that regard-
percell size of 68/+/2x 60a/\/2% 40a. Possible dot-dot in- less of the facet orientation, the lowest electron staselilse
terference in the periodic boundary condition has been testefC,). This C state is localized mainly inside the dot for

{101} facets {113} facets {105} facets

FIG. 2. (Colon Dot confined hole states. Isosurfaces of four highest hole staediew at 0.2%y|2., and green at 0.782,,,]) for
pyramidal dots whose base size is 11.3 nm. Pair states that would have been deger@yatgnimetry are connected by arrows, of
{101} facet forms a pair wittV, that is not shown here.
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TABLE I. Single particle energies of GaAs-covered InAs pyra- we have investigated. THdj,, decreases as the facet orien-
mids with different facet orientations corresponding to base Isize tgtion goes td105. The existence of more than one electron
and height. Eg a“dEgyare_gfound hole and electron state e“frgiesstate agrees with recent electron-addition capacitance experi-
respectively. The dot's single particle band gapEg=E;—Ep.  ments showing three or more excited electron states. It dis-

The centroid of thep-like glectroncstatef iﬁ_,ﬁE(ECJrE;J/Z- agrees withk- p calculationé* predicting a single confined
The p-like state splitting isé,=|E; . —E;_|. We also give the electron state.

number of InAs moleculesNy) in each dot and the numbhig,, of (i) The binding energy of the-like conduction state,
confined electron statdsvithout counting spin |E§—Ecbm(GaAs)|, and the binding energy of the highest
hole statesEy— E,,m(GaAs), both increase with the number
10 11 10 0 =vbm\ = e
{10% {113 {109 N,, of InAs molecules in the ddi.e., the volumeb?h of the
b (nm) 90 113 9.0 113 113 dot). Therefore, the same is true for the band gap+= Eg
h (nm) 4.5 5.6 2.1 2.7 1.1 — Eg,
Np, 8273 6171 1629 3146 1603  (jji) Thes-p energy differencel;— ES (between the cen-

v bulk,
Eg_ESEm(GaAS) (mev) 265 288 224 244 222 g of the electrorp doublet and the lowest electranstate
Es—Edm(GaAs) (mev) —177 -231 —-119 -177 -94 decreases as thmse size bncreases.

Eqy (eV) 1.08 1.00 117 110 120 (iv) The splitting 5, between the twg-like conduction

E;,—ES (meV) 113 97 100 9 72  states increases with tliacet orientation Iib, and is almost

8, (MeV) 28 27 9 9 5 independent of the dot size for fixed facet orientation. Thus

Niot 3 =5 3 4 3 measurement o6, could be used to assess the facet orien-
tation.

(v) The changeAEy g of the hole binding energies with
{101 and {113 faceted dots, while it also has significant dot sizes is, however, weaker than the chan@&.g of the
amplitude in the barrier for thl05 faceted dots. The shape electron binding energies with the dot size. The overall
of the C, states is slightly elongated along th#l0] direc- change in band gap is distributed asEy~2/3AEcg
tion due to theC, symmetry of the dot. The second and third + 1/3AE,g.
lowest conduction states form a nondegenerate pair, charac- (vi) We find many confined hole statgs>6 without
terized by a single nodal plane, either in #4410, or in the  counting spin for all the dots we have investigated. The
{110} plane passing through the center. We denotepttike  energy splittings between nearest hole st@tage of the or-
state with the{110} nodal plane asC, =p,—py, and the  ger of a few meV, much smaller than tisep splitting E;
p-like state with the{110} nodal plane a€,, =p,+p,. In  _ EC of the electron states.
C. symmetryl/_gtsssgmed_ in previous nonatomistic continuum A5 indicated by(ii), the energy gap decreases as the dot
calculations;'~*° this p-like pair would have been unphysi- \o\yme increases, irespective of shape. The energy gap of
cally degenerate. Our calculation predicts th_at_ all spatial dege dots containing about 3000 InAs molecules is 1.1 eV, in
generacies are rem(C)ved. We denote the splitting,pf and 4504 agreement with the experimental gaps of similar size
Cp+ aséd,=|Ep, —Ep_| and the centroid of their energies as gots*1916 Oyr calculation agrees well with the capacitance
E,=(E,_+E,)/2. Table | gives the position of the; and  measurements in the presence of the magnetic fields by
C, state, thep state splittings,,, the valence state energy Miller et al’ in that there are as many as six dot electron
0. the band gajE,= ES—Ep, and the numbeNg,, of the  states(counting the spin up and down degree of freegiéon
confined electron states. the large dots. The symmetries of the three lowest conduc-
Figure 2 shows isosurfaces of four highésile wave tion states also agree with those identified by these authors.
functions. We see that hole states tend to be more confinéd/e estimate frordiii ) Ef,,— Ec~50 meV atb=20 nm for
inside the dot and more compact than the electron states. TH&13 facet. This equals the experimental v&l{80 me\)
symmetry and shape of hole states is different for differenfor the same base size quantum dot.
facet orientations. We do not find localization of the hole There are two conflicting views in interpreting the photo-
wave functions along the pyramidal egdes or around the pyluminescencéPL) spectra: Modéf* A suggests that the PL
ramidal tips as found in previous: p calculations* As is  involves transitions from the ground electron stéxe (the
the case for th€, andC,, electronstates, pairs of states only confined electron steth to the ground hole stat¥,
also exist for thehole states, as showgby arrows in Fig. 2. and to the excited hole stafeg; - - - V5. Model* B suggests
For exampleV, andV, for {101} faceted dots form a pair, that the PL spectra are due to the ground electron-hole tran-
in that they would have been degenerateCip symmetry.  sitions (Cs—V,) and excited electron-hole transition€
The hole states do not have the simple symmetries obtainedV,). From our calculated results, we see that if the split-
in continuum approximatior~2This is because in our cal- ting of PL peak was due to different hole state, it would only
culation afew Bloch states are allowed to couple in forming be about a few meV, much smaller than the experimental
the dot stategother calculations restrict the couplingnd  values. Thus, we attribute the experimentally observed PL
because of the existence of inhomogeneous strain. peaks to the splitting of electron states. Note that in model B
The main trends in the energy level structure in relation toC,—V; is predicted to be forbidden.
the basic geometrical parameters of the pyramidal dots are Figure 3 shows a few possible optical transitions involv-
the following: ing the three lowest conduction stat€s,, C,_, andC, ,
(i) There are as many as six confined electron stét2s and a few highest hole states for the dot wits11.3 nm
states if the spin is countgd\Ng,,, in the larges{101} dot  and different orientations. We define the dipole moments as
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[(113) facet | (105} tacet | faceted dot. On the other hand, we find three transitions,
Cs— Vi, Cp-—V3, andC, . —V,, that are polarized along
] — [ z direction for the{101} faceted dot.
Cpr e = HE (d) Due to theC, symmetry, transitions fronCg to the
Cp- T 91 IR pair hole states connected by arrows in Fig. 3 are allowed
¢ dr 1 T HiE = and activated by different polarizations, e.g., for {€5
R K i | O ;;— faceted dot, PL signals by transitions fradq to V, andV,
N ; Bk £ are polarized along thB, and along theP _, respectively.
i E ! | (e) Transitions from the paip-like conduction states to a
Vo St ul L | Hi . hole state are activated by different polarizations. For in-
V3 —+F — 8 -5 stance, transition€,_—V, andCp, —V, of the{113 fac-

eted dot are both allowed but are activated by different po-
FIG. 3. Allowed dipole transitions connecting the three lowestlarizations.

conduction states and a few highest valence states. The energy dif- In summary, we have compared the electronic structures

ferences between the neighboring states are given in meVPThe  of strained InAs pyramidal dots embedded in GaAs with

P_, andP, indicate the transition polarizations. different facet orientations. Our calculations show that an

accurate description of the atomistic potential, inhomoge-

P.=(C|P,+P,|V,), P_=(C|P,—P,JV,), and P, Neous strain, and multiband couplings are cruqial in deter-

=(Ci|P,V,), wherex,y andz denote thé 100], [010], and ~ Mining the'symmetry and shape of the cpnductlon and hole

[001] directions, respectively. We find the following: wave functions. The calculations provide important trends of
(a) For the{101} faceted dots, the transitions from the the binding energies, band gaps and level splittings, in regard

ground electron staté, to the ground hole statd/g) and to  to the facet orientations.

the excited hole stated/¢{ andV,) are allowed. Their tran-

sition dipole moments strongly depend on the polarization, The authors would like to thank P. M. Petroff, K. H.
the Co—Vy, Co—V,, and Co—V, transitions are allowed Schmidt, D. Bimberg, A. Madhukar, and O. Stier for helpful

for polarizationP. , P,. andP_, respectively discussions of the experimental data. This work was sup-
(b) For the{1 1+3§1 fazc,ete d dat’s the transitién fro. to ported by the United States Department of Energy-Basic En-
V, is forbidden(dark exciton whi7le it is allowed for{lsb]} ergy Sciences, Division of Materials Science, under Contract
agd{105}~ faceted dots ' No. DE-AC36-83CH10093. The computational aids were
(c) There are no dipole-allowed transitions polarizedprovided by the National Energy Research Scientific Com-
along thez direction (P, transitions for the flatter{105  Puter Cente(NERSQ.
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