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dot~Secs. Il A and Il B. Then we solve the “two-particle”
problem by calculating the energy of the electron-hole exci-
tations of the systenSec. I1 Q.

A. Single-particle calculation

We use a pseudopotential Hamiltonian to model the
single-particle electronic structure of the system
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The spin-orbit interaction is represented by a nonlocal
pseudopotentiaV,,on10ca( G, G’), Which is evaluated in real
space using the linearly scaling small box method from Ref.
22. This method applies the nonlocal pseudopotential to each
atom in turn. For each atom, a new wave functiog,,(r)
=¢;(r) is defined within a small box around the atom.
Chox(r) is periodically repeated and then fast Fourier trans-
forms are used to generatg,,(G). The non-local pseudo-
potential is then applied by
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The InAs dots, surrounded by barrier material, form a
supercell that is periodically repeated. Sufficient barrier at-
oms are used, to ensure that the interactions between an InAs
dot and its periodic images are negligible. The total number
of atoms-In, As, and barridr in the largest supercell is
25000 atoms, which is too large for the Hamiltonian in Eq.
~1! to be solved by conventional diagonalization methods.
We thus use the “folded spectrum methot®#* in which
one solves for the eigenstates of the equation
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wheree,; is a reference energy. By placirgg.;



F~F+1!=< ( Un ofO|-F+Fy!



separated byr=6-8 A, e(r) approaches the particular
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This difference can be attributed to the fact that the pseudo- -~2! As a result of the small band gap of bulk InAs, there is
potential calculated hole states are derived from a mixture o& strong coupling between the electron and hole states. Ap-

the bulk heavy and light hole states. proximately 20% of the weight of the lowest enemggctron
statesin the dot is derived from the split-off, heavy and light
B. The nature of the single particle wavefunctions hole (Gg, +G7,) bulk states. This valence-conduction mix-

ing explains why the &6 k-p method, which ignores such
The results of the single-particle wave-function analysis g &xp y b g

| e o A di Y=>"Scoupling, fails to describe these states in InAs dots.
from Egs.-8!—10! is given for the 42.2 A diameter dotin 3y The pighest energy hole states in the dot have signifi-

T_able V. Details of the analysis for th_e other d_ot sizes argant weight from both the and p envelope functions from
given at Ref. 35. Only thg states which qontnpute to theyoih heavy- and light-hole bulk states. They therefore cannot
excitonic peaks discussed in Sec. Il C are listed in the tablg, described, even qualitatively, by a single-band model. The

For each state, the fraction of the wave function derived fron\/BM of the 42.2 A diameter dotsee Table V has 50%s

the bulk G-like split off, heavy Gg,) and light hole G7,) 404 2996p character. Similarly, the lowest electron state in
and lowest conduction band{) states is givensee Fig. he qot has 27% noa-character, originating from valence
11. For each of these bulk states, the fraction of the total, 4s sch as-p mixing is largely absent in current theo-

wave function derived from envelope functions wsttp, and retical descriptions of InAs dots via the p methodt:

d symmetry is also given. The significant contributions 10 ~_z The order of the electron and hole states changes with
each state are marked in bold. Contributions less than 0.0 éze' This reflects different size scaling of the quantum con-

have been set to zero. For example, the highest energy ho
state has a fraction of 0400.02+0.02=0.04 derived the
bulk split-off band, 0.56-0.29+ 0.09=0.89 derived from the
bulk heavy and light hole bands and 6.0.02+0.0=0.02
derived from the lowest bulk conduction band. The remain-
ing 0.05 fraction is derived from bulk bands further from the
band gap, and from higher angular momentum envelope
functions.

Analysis of the results in Table V and those for the other
size dots reveals several interesting properties of the single
particle wavefunctions:

~1! The origin of the lowest lying electron states in the dot
follows qualitatively the predictions of single-band effective
mass theory. For example, the lowest electron state of the
42.2 A diameter dotsee Table Vis 69% derived from the
bulk conduction band edge statég() with an s-like enve-
lope function. The next two highest electron levels are 64%
derived from the same bulk Bloch state, but witlpdike
envelope functions.



8-al—-8-d!. The identities of each of the major peaks in the
spectra were determined by examining the nature of the ini-
tial and final single-particle states contributing to each peak.



conduction state is the same as in peak In the approxi-
matek- p language this transition is closest to thg, to S;»
transition.

~d! “peak d” is a transition with very weak intensity. For
the largest dot with 42.2 A diameter this transition merges
with “peak c” and is no longer distinguishable. The initial
valence state associated with this peak is a doubly degenerate
hole states with a mix of mostlg and d character. It is
derived from the bulk heavy- and light-hole states. This ini-
tial state has a total angular momentum that ranges from 2.48
to 3.25. The final conduction state is the same as in palak
In the approximatd- p language this transition is closest to
the S5/, to Sy, transition.

~el “peak e” has a similar origin to “peak d” and also
has a very weak intensity. It also merges with “peak c” in
the largest dot with 42.2 A diameter. The initial valence state
associated with this peak is a singly degenerate hole state
with a mix of s, d, and somey character. It is derived from
both the bulk spin-orbit, heavy- and light-hole states. This
initial state has a total angular momentum that ranges from
3.03 to 3.75. The final conduction state is the same as in peak
~al. In the approximat&- p language this transition is closest
to the S;/, to Sy, transition.

~fl “peak f’ corresponds to a transition with very weak
intensity that is only observed in the two smaller dots. It has
the same initial state as “peak a,” but the final state is the
next highest conduction state. This conduction state is a tri-
ply degenerate state, with @like envelope function and a
total angular momentum that ranges from 2.15 to 2.19. In the
approximatek- p language, this transition is closest to the
Ss/p 10 Py transition.

-..gl






P-RI= e~ (R-Ro)?2sg, -321

2psg

In Fig. 11-a! we plot ensemble absorption spectra calculated
from Eq.~24! for quantum dots with a mean diameter of
23.9 A and standard deviationsg, of 0, 5 and 10% of the
mean size. The functioh(E,R) in Eq.~24! was obtained by
fitting the size dependence of each of the pegks,Fig. 9 to
Ei(R):EiO-i- aRN and then summing the contributions from
all the peaks so that

I-E,RI= g a + o=> > >
peaksi



close to the experimentéls peak. For the two smaller dots,
the peak splits into two peakg! and-~h! with different size
scaling behavior.

~5! Peak-~j! is only resolvable from peakg! and-h! in
the two smaller dots, where it could correspond to either the
experimentaEg or E; peaks.

~6! The weaker peakd!, ~e!, and-~k! are not individually
resolvable for any size of dot in the ensemble spectra.

IV. CONCLUSIONS

We have performed pseudopotential calculations of the
electronic structure of both the ground and excited states of
free standing InAs quantum dots for a range of experimen-
tally realistic sizes. Using calculated electron-hole Coulomb
energies and dipole matrix transition probabilities we have
constructed single-dot absorption spectra for 4 different sizes
of quantum dot. These spectra exhibit a series of clearly
resolvable exciton peaks. The size dependence of the spacing
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