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Quantum dots can be charged selectively by electrons or holes. This leads to changes in the intensity of
interband and intraband optical transitions. Using atomistic pseudopotential calculations, we show that �i�
when carriers are injected into dot-interior quantum-confined states, the intensity of interband transitions that
have those states as their initial or final states is attenuated �“Pauli blocking”� and �ii� when carriers are injected
into localized states near the surface of the dots, the electrostatic field set up by these charges attenuates all
optically allowed interband transitions. We describe and explain these two mechanisms of intensity attenuation
in the case of charged PbSe quantum dots. In addition, this study reveals a new assignment of the peaks in the
absorption spectrum. The absorption spectrum of charged PbSe dots was previously interpreted assuming that
all injected electrons reside in dot-interior states. This assumption has led to the suggestion that the second
absorption peak originates from Sh-Pe and Ph-Se optical transitions, despite the fact that such transitions are
expected to be dipole forbidden. Our results show that the observed bleaching of absorption peaks upon
electron or hole charging does not imply that the Sh-Pe or Ph-Se transitions are allowed. Instead, the observed
bleaching sequence is consistent with charging of both dot-interior and surface-localized states and with the
assignment of the second absorption peak to the allowed Ph-Pe transition.

DOI: 10.1103/PhysRevB.76.161310 PACS number�s�: 73.21.La, 71.15.�m, 78.20.�e

One of the interesting aspects of quantum-dot physics is
the ability to load a significant number of electrons or holes
into them, and measure for each charge state the change in
free energy �“charging energy”�
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on the intensity of interband transitions, and a quantitative
determination of the relative importance of Pauli blocking
and electrostatic attenuation have important implications for
the development of nanoscale optical devices. In this work
we use atomistic pseudopotential calculations to investigate
the effects of charging on interband optical transitions in
PbSe colloidal quantum dots. PbSe quantum dots happen to
be experimentally very well studied in this respect. More-
over, unlike the case of CdSe quantum dots,16 the physical
origin of the absorption peaks of PbSe quantum dots is still
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where �0�Nh ,Ne� is the ground-state, many-particle wave
function of the dot with Nh+Ne spectator carriers. Finally,
the absorption spectrum is calculated as
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We consider here a PbSe quantum dot of radius R
=30.6 Å �Pb2046Se2117�. The dot has the rocksalt lattice struc-
ture �lattice constant a=6.117 Å�, and is constructed by plac-
ing a Se atom at the center of a sphere with an effective
radius R and then adding Pb and Se atoms within R accord-
ing to the rocksalt structure. For such large dots, the elec-
tronic properties do not change much if we place a Pb atom
at the dot center. The dangling bonds at the surface of the
quantum dot are passivated by “ligand potentials,” in order
to remove all surface states from the dot band gap to �1 eV

away from the band edges. Reference 23 depicts our calcu-
lated interband spectra as well as intraband excitations using
this approach.

Results. Figure 1�a� shows the calculated optical absorp-
tion spectrum in the presence of Ne spectator electrons occu-
pying the dot-interior Se levels. When spectator electrons oc-
cupy dot-interior states, wave-function rearrangements
induced by the spectator charges are small, so the CI Hamil-
tonian was solved in the single-configuration approximation.
Figure 1�b� shows the calculated full-CI absorption spectra
in the presence of a single negative pointlike charge trapped
near the surface of the quantum dot. Referring to the ques-
tions raised in �i�–�iv� above, we find the following.

�a� Effects of occupying dot-interior, quantum-confined
levels by spectator electrons. We see from Fig. 1�a� that �i�
the intensity of the first interband transition �Sh-Se� is attenu-
ated by a factor �1/8 for each electron injected into the Se
states, as expected from Pauli blocking. The intensity attenu-
ation scales approximately linearly with the number of
loaded electrons. �ii� The intensity of the second interband
transition �Ph

� -Pe
� � is unaffected by charging the Se levels. �iii�

There is no oscillator strength in the intermediate energy
between Sh-Se and Ph

� -Pe
� , as expected from the forbidden

nature of the Sh-Pe and Ph-Se cross transitions. �iv� The spec-
tral shift upon charging is negligible, in agreement with
Schaller et al.27 Note that the intensity of the Ph

� -Pe
� absorp-

tion peak is lower than that of the Sh-Se peak, because of the
smaller oscillator strength of P-P transitions and the fact that
many of the fine-structure transitions under Ph

� -Pe
� are dark

due to electron-hole exchange interactions.28

�b� Effects of occupying localized states near the surface
of the dot. Figure 1�b� shows the calculated optical absorp-
tion spectrum of a R=30.6 Å PbSe dot, where a negative
pointlike charge has been placed near its surface. We see that
�i� the intensity of both the first �Sh-Se� and the second
�Ph

� -Pe
� � absorption peaks are attenuated in response to charg-

ing. Thus, whereas charging of dot-interior Se quantum states
	Fig. 1�a�
 can Pauli-block only interband transitions that
have Se as their final states �i.e., Sh-Se but not Ph-Pe�, charg-
ing of localized states near the surface of the dots 	Fig. 1�b�

can attenuate all interband transitions, including the Ph

� -Pe
�

transition. The degree of bleaching of a given absorption
peak can be computed by taking the area of the peak with
�As� and without �A0� spectator electrons. We find that
As /A0 
0.91 for the first absorption peak, and As /A0 
0.79
for the second absorption peak. �ii� In the presence of a
charge localized near the surface of the dot, there is an in-
tensity buildup in the energy range between the Sh-Se and the
Ph

� -Pe
� absorption peaks. Analysis of the eigenvalues contrib-

uting to transitions in this energy window shows that this
intensity build-up is associated with the Sh-Pe and Ph-Se in-
terband transitions, located around 0.9–1.0 eV. Indeed, we
find that transitions that are dipole-forbidden in a neutral dot
�e.g., S-P

e

e.g.,P-S

0

�e.g.,

�



10 meV for the Sh-Se absorption peak and 7 meV for Ph
� -Pe

� .
This redshift is due to the electrostatic field induced by the
surface charge. Effects �i�–�iii� discussed above decrease in
magnitude as the distance of the charge from the surface of
the dot increases. However, due to the long-range nature of
the Coulomb interaction, these effects will still be present
even if the charge is localized at a distance of several Å from
the surface of the dot.

Previously, numerous authors4,17–21 have interpreted the
first and second absorption peaks as originating from the
Sh-Se and Ph-Se �or Sh-Pe� transitions, respectively. This was
initially based on the coincidence of the measured position of
the second peak with the calculated Ph-Se and Sh-Pe transi-
tion energies in a k ·p model calculation.17 However, more
accurate, atomistic pseudopotential calculations23 have
shown that the energy of the second measured absorption
peak agrees with the calculated Ph

� -Pe
� transition. Indeed, we

found23 that the Sh-Pe and Ph-Se transitions have extremely
low intensity in a neutral PbSe dot, and one cannot attribute
the observed second absorption peak to those transitions.
Thus, we have interpreted23 the first and second absorption
peaks as being Sh-Se and Ph

� -Pe
� , respectively. This assign-


