






































energy difference betweek-p bands relative to the exact
ones. Nevertheless, the p bulk bands depart significantly

ard et al!® -iii! The overall agreement between tkep
and the direct diagonalization results for valence states is
better in CdSe dotsFig. 9 than in InP dotsFig. 3.

The bulk band contributio®\;(n) (Eq. ~26% to the near-
edge states of CdSe dots are illustrated in Table VII. In this
table, the contributions from two bulk bands split by spin-
orbit coupling are summed, and the summed contribution is
assigned to one band in order to facilitate a direct compari-
son with Table Ill for InP dots. The projection distributions
in Table VII for CdSe are quite similar to those in Table Ill
for InP, i.e., the lowest dot conduction state has a dominant
contribution from the lowest bulk conduction band, while the
dot valence states come mainly from the three highest bulk
valence bands. The significant difference is that, the contri-
bution of the bulk band bjto thes-like dot valence state in
CdSe is significantly smaller than in InfFable III!. This is
due to the large spin-orbit splitting, in CdSe, moving bp
to deeper energies. Since,bias a large error in bulk-p
~Fig. 8!, the smaller participation of lin forming the dot’s
s-like state alleviates thk-p error in this dot state.

The projection amplitude into specific bulk bands and dif-
ferentk points are shown in Fig. 10. Again, we see that the
bulk band bb in CdSe-~Fig. 10 does not contribute as sig-
nificantly as in InP-Fig. 5! in forming the dots-like valence
state.

The above comparison between CdSe and InP quantum
dots shows that thk-p performance on CdSe dots is better
than on InP dots for two reasons:i! Considering the bulk
band structures, the more ionic nature of CdSe flattens the
band dispersion relation, so the overall difference between
the predictions of thé- p bulk bands and the pseudopoten-
tial bulk bands is smaller;ii! Considering the bulk wave
function contribution to the dot states, the large spin-orbit
splitting in CdSe moves the poorly-described bulk bang bb
to deeper energies, and reduces its contributaom errot to
the dot'ss-like state.

V. SUMMARY AND CONCLUSIONS

Thek-p method and the direct-diagonalization pseudopo-
tential method are used to calculate in parallel the electronic

from the pseudopotential bands away from the Brillouin-structures of InP and CdSe quantum dots. By using the

zone origin.
Figure 9 compares the-p and the direct-diagonalization

pseudopotential-derived - p

results on the orbital energies of CdSe dots of different sizes.

For the LUDO, we see that! the infinite barriekk - p model

predicts much higher confinement energies than the exact

diagonalization method, while the finite barrlerp calcula-
tion improves the resultii! Using pseudopotential-derived
k-p parametersTable I, we find that, similar to InP, the
HODO in k-p calculation isp-like while the HODO in
pseudopotential calculation slike. This holds using our
bulk-derivedk - p parametergy;52.52 andg,50.83-Table
I1. Using instead thé-p parametersfit by Norris and Ba-
wendi to the experimental data on dotsg;52.04, g,
50.58 gives thes-like level above the-like level just like

our direct diagonalization. While the two sets of parameters

give similar effective massesee Table I, the ensuing elec-

tronic structures of dots can be, however, quite different.

This illustrates how sensitive the p calculations are to the

Luttinger parameters for CdSe dots as pointed out by Rich-
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be accurately described by a small numbeGdike Bloch  make it less deepef2! couple the valence bands to the con-
basis set. This kind of error can only be reduced by increasduction bands. However, direct-diagonalization provides an
ing the size of the basis. accurate and practical replacement to khe.

~vi! Error ~b! results specifically from ~1! the fact that
the s-like dot valence state has a significant contribution
from bulk band bk, which thek-p model predicts at too
deep energies2! the fact that thep-like dot valence state We thank S. H. Wei, Y. Zhang, and J. Kim for helpful
has large contribution from oft- part of bulk band structure discussions, and thank A. Franceschetti for his comments on
whose dispersion is poorly described byp; ~3! inclusion  the manuscript. This work was supported by the U.S. Depart-
of the valence-conduction coupling affects differently the en-ment of Energy, OER-BES, under Grant No. DE-AC36-
ergies of thes-like and p-like dot states, thus changing their 83CH10093.
energy separation.

~vii! k- p errors in CdSe dots appear to be smaller than in
InP dots due to the more ionic nature and the large spin-orbit
splitting of CdSe material.

~viii ! The wave function and energy analysis suggests that Using the bases],J ¢ in Eq.~12!, thek-p Hamiltonian
in order to improve thek-p performance in quantum dots, (Eq. ~7%# can be obtained, after a unitary transform of the
one needs tel! correct the second lowest bulk band, andmatrix in Eq.~8!, as follows:
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APPENDIX A: Kk -p HAMILTONIAN MATRIX
FOR BULK IN 1J,J,) BASES
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Here, the related paramete®,U,V,T,Q,R,S,Z% are func- S5 gskk2ik,!,

tions of the ensemblyy,, g,, g3, A8, P andDgk in Egs.~9!

and-~10!, and are explicitly written as 252%DOZ%gl~k§lk§1k§!52D02%gl~k§1k§1k§!,

Y5 e, 0L A8-kZ1kI 1Ko !15 6,1 AB-kZLKZ 1KY, -A2!
where ¢4 is band gap. After the spin-orbit coupling, the
us \/giPkZ, valence-band maximum becom&s Dy, and is taken as en-
ergy zero point in the most right-hand-side equations for
V5 LiP-k, 2ik,!, parametery, T, andZ. Equation.sAl! and-~A2! constitute
\/; X the 838 bulk k- p method, cast inJ,J,§ representation.
Do, 29 1129 121 L 214 1121 112
T51 2 120:-Kaky1k:!S2010 kKK LKL, APPENDIX B:  SUBMATRICE OF ISOTROPIC k -p
HAMILTONIAN

2 2 2
Q5%92~kx1ky22kz!' In the irreducible representatiaifr,F,,J,L& §Eq. ~15H4,
5 the isotropic Hamiltonian~with g,5g;5g,! is block-

2 o K25L21 50 diagonal for differen$F,F%. By using Eqs-~13! and~15!
RS2 2 8ok 2Ky 1221 gkykyt, and Eq.-Al!, the submatrixH,:,,:Z corresponding tdF5 3









