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We calculate the height dependence of recombination energies, polarization, and radiative lifetimes of the
optical transitions of various excitonic complexes: neutral excitons �X0�, negatively �X−� and positively charged
�X+� trions, and biexcitons �XX0� in lens-shaped, self-assembled In0.6Ga0.4As/GaAs quantum dots. By using an
atomistic pseudopotential method combined with the configuration-interaction method, we predict the follow-
ing. �i� The recombination energy of the lowest transition of X− blueshifts as height increases, whereas that of
X+

http://dx.doi.org/10.1103/PhysRevB.72.245318


�e0 ,e1 ,e2 , . . . � form a basis for the excitonic states. We
indicate the dominant single-particle configuration of each

excitonic level by e i
pe i�

p�hj
qhj�

q�, where p, p�, q, and q�
�=0,1 ,2� indicate, correspondingly, the occupation of the
electron levels ei and ei�, and hole levels hj and hj�. Figure 1
illustrates the excitonic manifolds using a 75 Å-tall lens-
shaped In0.6Ga0.4As/GaAs quantum dot �base diameter b
=252 Å�, as obtained from configuration-interaction calcula-
tions based on the pseudopotential single-particle descrip-
tion.

Monoexciton. The monoexciton X0 has a ground-state
���0��X0�
 created by occupying h0 and e0, denoted e0

1h0
1

�Fig. 1�a��. However, configuration-interaction17 �CI� also
mixes into ���0��X0�
 other states such as e0

1h1
1 ,e0

1h2
1 , . . .. This

is done by expanding the monoexciton states �������X0�
�
��=0,1 ,2 , . . . � in a basis of Slater determinants �configura-
tions� ����X0�
� constructed in the subspace of Ne and Mh

electron and hole confined single-particle levels, respec-
tively,

������X0�
 = �
	

C 	
����X0���	�X0�
 , �3�

where C 	
����X0� are the CI coefficients and 	 is a composite

index that labels each Slater determinant. Since e0 and h0 are

each twofold degenerate due to spin, e0
1h0

1 has fourfold de-
generacy at the single-particle level of Eqs. �1� and �2�. We
next allow Coulomb electron-electron and hole-hole interac-
tions. Direct Coulomb is given by J ij;ji

�

� and exchange by
J ij;ij

�

�, with the Coulomb scattering matrix elements given by

J ij;kl
�

�� =�� dRdR�

��i
�
��R��*�� j

�
���R���*��k
�
���R�����l

�
��R��



the ground-state levels shown in Fig. 1�a� is 84 
eV. The
magnitude of this splitting increases up to 178 
eV for a
20 Å-tall dot. At T�0 K only the dark states are populated,
thus, the transition to the ground state e0

0h0
0 is long-lived.

Figure 1�a� �shaded area� shows transitions 
20 and 
30 from
the bright states to e0

0h0
0. The low-lying excited states of the

monoexciton correspond to excitations of the hole, i.e., e0
1h1

1,
e0

1h2
1 and e0

1h3
1, due to the much smaller spacing of hole



allowed �bright�.21 Figures 1�a�–1�d� indicates with arrows
thelowest bright recombination transitions of exciton � q, for
a 75 Å tall lens-shaped In0.6Ga0.4As/GaAs dot with base di-
ameter b=252 Å. The final states upon electron-hole recom-
bination are presented in the shaded area of Fig. 1. Figure 2
shows the recombination energies 
00�X−�, 
00�X+� and

03�XX0� calculated at the many-particle, configuration-
interaction level as a function of dot height. These recombi-
nation energies are shown relative to the lowest recombina-
tion energy 
 �� and
X



= �500±30� Å� with exciton emission at 1.428 eV �Ref. 26�.
Our results also agree satisfactorily with the value of
−2.7 meV measured by Findeis and co-workers in dots �size
unspecified� with monoexciton emission energy at 1.284 eV
�Ref. 8�.

C. Binding energies

The binding energies of excitons �q are defined as

��X0� = �E 0
�e� − E 0

�h�� − E�0��X0� ,

��X−� = �E 0
�e� + E�0��X0�� − E�0��X−� ,

��X+� = �− E 0
�h� + E�0��X0�� − E�0��X+� ,

��XX0� = 2E�0��X0� − E�0��XX0� . �12�

Exciton � q is said to be bound when the binding energy
��� q� is positive. Conversely, ��� q��0 implies the exciton
is unbound. Note that the binding energy is defined with
respect to the ground-state energy of dissociated excitonic
complexes. For instance, the binding energy of X0 is defined
with respect to the energy of a non-interacting electron-hole
pair. In turn, the binding energy of the biexciton XX0 is de-
fined with respect to the total energy of two non-interacting
monoexcitons �Eq. �12��.

Figure 3 shows ��X0�, ��X−�, ��X+�, and ��XX0� as well
as E�0��X0� as a function of dot height. ��X0� decreases with
increasing height, and it is well approximated by J 00

�eh� as
correlation effects are relatively small ��2 meV�. The height
dependence of the binding energy of X−, X�



Pi�T;� q� = N exp�− �E�i��� q� − E�0��� q��/kBT� �16�

is the occupation �Boltzmann� probability of the initial state
���i��� q�
 at temperature�



is a characteristic property of the transition ���i��� q�

→ ���f��� q−1�
. On the other hand,(O)0(n)-311.9(the)-79+jal.9(the)-radiativ1.9(the)-life-
time� �� q� of exciton � q



� �XX0� �
1

4
� �X0� . �22�

Figure 6�b� shows that at T=10 K the calculated � �XX0�
depends weakly on height, changing by about 0.1 ns in
the entire range of heights studied. � �XX0� is in excellent
agreement with the value of 0.5 ns measured by Ulrich
et al. in an �In,Ga�As/GaAs quantum dot �b=150–200 Å,
h=10–20 Å� with an exciton gap of 1.337 eV �Ref. 33�.

Trions. Both X− and X+ have a two-fold degenerate
ground state that is bright �Figs. 1�c� and 1�d��. In each of
these excitons, there are four lowest transitions; namely,

00�X−� �Fig. 1�c��, 
10�X−�, 
01�X−�, and 
11�X−�; and

00�X+� �Fig. 1�d��, 
10�X+�, 
01�X+�, and 
11�X+�, for X−

and X+, respectively. In turn, each of these transitions have a
corresponding characteristic radiative lifetime. For the latter,
our calculations predict �00�X−�=�11�X−� and �01�X−�
=�10�X−� as well as �00�X+�=�11�X+� and �01�X+�=�10�X+�.
Thus, at T=0 K, the radiative lifetimes of X− and X+ are
given by

� �X−� = 	1

2
� 1

�00�X−�
+

1

�01�X−��+
1

2
� 1

�10�X−�
+

1

�11�X−��
−1

=
�00�X−��01�X−�

�00�X−� + �01�X−�
, �23�

� �X+� = 	1

2
� 1

�00�X+�
+

1

�01�X+��+
1

2
� 1

�10�X+�
+

1

�11�X+��
−1

=
�00�X+��01�X+�

�00�X+� + �01�X+�
. �24�

Figure 6�a� shows the height dependence of �00�X−� and
�01�X−�, and �00�X+� and �01�X+�. These characteristic radia-
tive lifetimes depend strongly and non-monotonically on
height. This nonmonotonic dependence translates into a
rather simple and monotonic � �X−� and � �X+�, as shown
in Fig. 6�b�. For flat dots � �X−��� �X+�, whereas for taller
dots these lifetimes become slightly different. Our predicted
� �X−� are in satisfactory agreement with the value of
0.6 ns recently observed by Smith and co-workers in
InxGa1−xAs/GaAs dots �size unspecified� with exciton
ground-state emission at �1.318 eV �Ref. 1�. We find that
the radiative lifetimes of the charged trions satisfy the rela-
tionship � �X0��� �X−��� �X+��� �XX0�.

V. COMPARISON OF X0, X−, X+, AND XX0 IN LENS-
SHAPED PURE InAs/GaAs WITH Aal459.7566 413.7392 TmÅ4363 0 TD
2857 495 1 62 PURE(Œ0 0 6.4857 491 18hereas)-37In3 110.8(846 0 TD
2857 492)Tj
f
6.4857ƒ0 0 6.4857 491 18hereasAND



height. Thus, correlation becomes capable of binding X+ and
XX0 in the pure, nonalloyed dot. �b� For the 35 Å-tall
InAs/GaAs dot, we find ordering reversal, i.e. ��X+�
���XX0����X−�. In In0.6Ga0.4As/GaAs dots, this ordering
is attained at h=50 Å �Fig. 3�.

�iii� In contrast to the findings in In0.6Ga0.4As/GaAs dots,
transitions 
20�X0� and 
30�X0� are fully polarized along

�110� ��=1� and �11̄0� ��=−1�, respectively, regardless of
height. Consequently, 
03�XX0� and 
02�XX0� are fully po-

larized along �11̄0� and �110�, respectively. These polariza-
tions are indeed expected from a dot with C2v symmetry, like
a lens-shaped pure InAs/GaAs dot.

�iv� Radiative lifetimes � �X0�, � �X+� and � �X−�, and
� �XX0� are similar to those in In0.6Ga0.4As/GaAs dots
with the same geometry. For instance, � �X0�=2.8 ns
and � �XX0�=0.7 ns for h=35 Å; and � �X0�=2.9 ns and
� �XX0�=0.6 ns for h=20 Å.

VI. SUMMARY

We have addressed the height dependence of recombina-
tion energies, polarization and radiative lifetimes of the low-
est optical transitions of the neutral exciton �X0�, negatively
�X−� and positively charged �X+� trions, and the biexciton
�XX0� in lens-shaped, self assembled In0.6Ga0.4As/GaAs
quantum dots. We have predicted the following.

�i� The recombination energy of the lowest transition of
X−, X+ and XX0, correspondingly, 
00�X−�, 
00�X+� and

03�XX0� shows qualitatively different behavior for each ex-
citonic complex. Namely, 
00�X−� blue-shifts as height in-
creases, whereas that of 
00�X+� red-shifts. On the other
hand, as height increases, 
03�XX0� shows a red-shift at

small heights, reaches a maximum shift, and then blue-shifts
for taller dots. This behavior is explained by the height de-
pendence and relative magnitude of J 00

�ee�, J 00
�hh� and J 00

�eh�.
�ii� The binding energies ��X−�, ��X+� and ��XX0� follow

the height dependence of the emission spectroscopic shifts.
Changes in the dot height drives a bound-to-unbound cross-
over for each of these complexes.

�iii� The in-plane polarization anisotropy � of the lowest
transitions of X0 �
20� and XX0 �
03� strongly depends on dot
height as well as on alloy randomness �disorder realization�.
In contrast, the lowest transitions of X− and X+ present neg-
ligible � regardless of height.

�iv� The ground state of X0 encompasses four states that
split off in a low-energy pair that is dark and a high-energy
pair that is bright, with a bright-dark splitting that increases
as height decreases. Thus, at T=0 K the radiative lifetime
� �X0� of X0 is long. On the other hand, at T=10 K both dark
and bright states are populated; so, � �X0� becomes fast, mod-
erately decreases as height increases, and its magnitude
ranges from 2–3 ns. In contrast, � �X−�, � �X+� and � �XX0�
are fast even at T=0 K, as a consequence of these excitons
having ground states that are bright. These radiative lifetimes
depend weakly on height. Further, � �X−��� �X+��1.1 ns,
while � �XX0��0.5 ns.

We have compared these predictions with available data
and have found them in satisfactory agreement. In addition,
we compared with results in pure, nonalloyed InGa/GaAs
quantum dots.
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