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Atomistic pseudopotential many-body calculations of excitonic~X! recombination in charged, self-
assembled InxGa12xAs/GaAs dots predict and explain remarkable trends.~i! The redshift of the exciton energy
upon negative charging is rapidly reduced with increasing the In content and increasing the dot height. The
opposite behavior is observed upon positive charging.~ii ! The recombination peak energies of different charge
states show intriguing symmetries and alignments, e.g.,X2 aligns withX22 andX32 aligns withX42. ~iii ! The
X32 spectrum shows that a triplet initial state is lower in energy for flat dots~yielding two spectral lines!,
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Coulomb and like-particle exchange terms, neglecting
very small electron-hole exchange termsKeihj

~included in
Figs. 1 and 2!. We can now interpret the main splittings
terms of specific interactions: The two main peaks forQ
5even reflect like-carrier exchange interactions: theXa

22

2Xb
225C2 splitting is 2Ke0e1

, whereas theXa
422Xb

425D

splitting is 2Ke0e2
. On the other hand, the 0→(61)→

(62) shifts reflect direct Coulomb energy differences. T
X02X25A2 shift is Je0e0

2Je0h0
, theX02X15A1 shift is

Jh0h0
2Je0h0

, and theX22Xa
225B2 shift is Je0e1

2Je1h0
.

Thus, whereas the splitting of theQ5even peaks reflect ab
solute exchange energies, the shiftsA2, A1, B1, B2 reflect
relative Coulomb energies that vanish at zero order. Inde
if the hole and electron wave functions were the same~as is
assumed in single-band effective mass models with infi
wells!, thenA25A15B15B250.

While Fig. 3 neglects the effect of correlations, these
taken into account in Figs. 1 and 2. To understand the ef
of correlations we compare in Fig. 1 the full CI results~black
peaks! with the spectra calculated without correlatio
~dashed lines!. The effect of the exchange and scatteri
terms can be seen by comparing the dashed and the
black lines~neglecting correlations and exchange integra!.
Whereas the direct Coulomb energies merely shifts the
peaks, the exchange interaction splits (Xeven) and shifts
(X63, X64) peaks. Correlation effects tend to shift peaks
the red by as much as 2 meV in the present dots. In f
neglecting the effect of correlations would result in a dow
ward shift by about 2 meV of theA1 andA2 curves in Fig.
2 and leading to the wrong conclusion that In rich dots
hibit a blueshift~redshift! of theX2 (X1), sinceA2 andA1

would be negative. TheB1 andB2 curves are nearly unaf
fected by correlations.

Our foregoing analysis of the origins of the spectra allo
us to comment on the spectroscopic observations~i!–~iii !
made above.

~i! Trends in X0→X2 and X0→X1. We saw that the
shifts A1 andA2 in Fig. 3 reflect the balance between lik
particle (e02e0 or h02h0) and different-particle (e02h0)
Coulomb interactions. In the lower panels of Fig. 4 the d
ference between the electrone0 and holeh0 densitiesrdiff is
plotted for a pure InAs and for an In60Ga40As dot. It shows,
for both dots, thath0 is morelocalizedin the growth direc-
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tion thane0 sincerdiff has a negative value~characteristic for
h0) in the center of the dot. However, in the pure InAs d
@panel~b!# h0 is moredelocalizedin the ~001! plane thane0.
In contrast, for the In0.6Ga0.4As dot,e0 andh0 have equiva-
lent localization in this plane. This effect can be apprecia
by the percentage of the charge density inside the phys
dimension of the dot. This yields 90.1%~88.4%! for the first
hole state and 82.4%~82.8%! for the first electron state in the
pure ~onion! dot. For the onion dot, the stronger hole loca
ization contributes to a negative value forA2 ~sinceJe0h0

is

larger thanJe0e0
) and a positive value forA1 ~sinceJh0h0

is

larger than Je0h0
). The physics underlying the observe

trends is therefore related to the degree of localization of
wave functions and can be understood as follows.~1! The
reduction of size~reducing the width of the potential well!
increases the confinement energy of both electrons and h
i.e., their single particle levels move up and down, resp
tively. Thereby, their wave functions become more deloc
ized. This effect is more pronounced for the electron than
the hole state: The electrons tend to be more delocalized
the holes when the size is reduced.~2! The reduction of the
In content lowers the band offsets between the material in
dot and the surrounding GaAs. This reduction delocali
electrons more strongly than holes: The electrons tend to
more delocalized than the holes when the In concentratio
reduced.

~ii ! Alignment of peaks in different charged states.The
alignments evident in the spectrum of the negatively char
dot ~Fig. 1! can be understood from the different integr
contributions shown in Fig. 3: TheX2, Xa

22 , X32, andXa
42

peaks are predicted to be shifted from the fundamentalX0

transition by A2, (A21B2), (A212B22Ke0e1
), and

(A212B22Ke0e1
1Je0e2

2Je2h0
), respectively. For certain

heights and compositions,B25Je0e1
2Je1h0

is close to zero

which results in the alignment of the ofXa
22 andX2 peaks.

For B2 to vanish, the statese0 and h0 do not necessarily
need to be identical. Unlike the shiftsA1 and A2 that in-
volved integrals overSandB2.98761 93 ToverS




