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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 S,-P, and P,-S, 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 S,-P, or P,-S, 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 P,-P, transition.
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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”) and the change in the optical
excitation spectrum.'~8 Charging has been accomplished in
colloidal dots via injection of carriers from an STM tip'~ or
via electrochemical methods,* and in self-assembled epitax-
ial dots via metallic gates.>® Such experiments, and corre-
sponding theories,”!'? have demonstrated a nontrivial depen-
dence of the addition energies on the number of added
carriers, including the emergence of “Coulomb blockade’
and the violation of Hund’s rule’ and the Aufbau principle.®?
Less explored are the effects of dot charging on the intensity
of the optical transitions. Such effects are important because
many applications of quantum dots rely on absorption or
emission of light. Here one can anticipate interesting effects,
depending on the nature of the states occupied by the added
charges:

(i) Attenuation of the intensity of the lowest-energy inter-
band absorption peak. Such attenuation can occur due to
filling of the band-edge states by electrons or holes (‘“Pauli
blocking”). This effect is analogous to the “Moss-Burstein”
shift'" in doped semiconductors, where occupation of the
conduction band by carriers attenuates the corresponding in-
terband transitions. Trapping of carriers near the surface of
the dot can also attenuate the first interband absorption peak,
because the electrostatic field set up by the trapped charge(s)
tends to spatially separate the photogenerated electron-hole
pair.

(ii) Attenuation of the intensity of higher-energy interband
absorption peaks. If the injected carriers occupy dot-interior
states, only interband transitions that have those states as
initial or final states will be attenuated by Pauli blocking.
Thus Pauli blocking of high-energy interband transitions re-
quires loading multiple carriers into the dot. On the other
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hand, if the injected carriers occupy states localized near the
surface of the dot, the intensity of every absorption peak will
be attenuated by electrostatic effects. Thus a few carriers
trapped near the surface will cause electrostatic attenuation
of high-energy interband transitions.

(iii) Shift of interband transition energies due to charging.
An electron loaded into a quantum dot creates an electro-
static field that repels the photogenerated electron and at-
tracts the photogenerated hole. If the electron is injected into
a dot-interior state (e.g., el), the fundamental e0—h0 exciton
energy will shift by J,; ,o—J/.1 0. Depending on the relative
degree of localization of the electron and the hole wave func-
tions, this could result in either a redshift or a blueshift of the
fundamental exciton. If the electron is injected in a localized
state near the surface, the resulting electrostatic field will
lead to a Stark shift of interband transitions.

(iv) Symmetry lowering of orbitals due to surface charg-
ing. If the loaded charge is sufficiently localized, its associ-
ated electric field could deform the orbitals so as to render
otherwise forbidden transitions (e.g., S-to-P or P-to-S) al-
lowed.

(v) Blinking of photoluminescence intensity. In addition to
changes in the absorption spectrum, charging may lead to
blinking and spectral diffusion of the emission spectrum.
These effects have been reported for many semiconductor
nanocrystals, and have been attributed to the presence of
charges either in the interior of the nanocrystal,'? or at the
surface of the nanocrystals.'3

Effects (i)—(v) are general phenomena that occur in all
colloidal quantum dots. Pauli blocking and electrostatic at-
tenuation of optical transitions are detrimental to any appli-
cation of quantum dots in optical devices requiring light ab-
sorption, such as quantum-dot-based solar cells,'*!> because
they tend to reduce the absorption coefficient of the dots.
Thus, a fundamental understanding of the effects of charging
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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,'¢ the physical
origin of the absorption peaks of PbSe quantum dots is still
controversial. Indeed, the second absorption peak has been
attributed by several authors*!’-?! to the S,-P, and P,-S,
interband cross transitions, despite the fact that such transi-
tions are parity forbidden, and therefore should have negli-
gible oscillator strength. This assignment was supported by
recent experimental measurements of the absorption spec-
trum of charged PbSe quantum dots,* although none of the
existing studies has been able to clarify the mechanism by
which an optically forbidden transition becomes allowed.
Our results show that the observed bleaching of absorption
peaks upon electron-hole charging* does not imply that S,,-P,
or P,-S, transitions are allowed in PbSe quantum dots. In-
stead, 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 P,-P, transition.

The band-edge states of PbSe dots are fourfold degenerate
(eightfold degenerate including spin), because they derive
from the four degenerate L valleys of the fcc bulk Brillouin
zone.”? Above this set of eight S-like states lies a set of 24
P-like states. Since the bulk L valleys have anisotropic ef-
fective masses, the P-like states split into a group of eight
states derived from the parallel component of the L valley
(P", and a group of 16 states derived primarily from the
perpendicular component of the L valley (P). In the absorp-
tion spectrum of a neutral PbSe quantum dot,? the first al-
lowed interband transition (@) occurs between S, and S,, and
has 64 fine-structure components, on account of the eightfold
degeneracy of both S, and S,. The second allowed transition
(B) is P}-P!, while the third allowed transition (&) is PP .
The P)-P; transition (), located above S, is only weakly
allowed, while the S,-P, and P,-S, cross transitions are or-
bitally forbidden, and do not carry oscillator strength.

Our study of the effects of charging on the interband op-
tical transitions shows that (i) carriers injected into dot-
interior S-like states attenuate the first (S,-S,) absorption
peak (Pauli blocking), but do not attenuate the second
(P}-P") absorption peak. However, (ii) if the injected charge
is localized near the dot surface, the resulting electrostatic
field attenuates both the first and the second absorption
peaks, in agreement with the experimental results of Wehren-
berg and Guyot-Sionnest.* (iii) Loading electrons into the dot
interior shifts the S-S, transition by a few meV, while the
redshift due to surface charging (Stark shift) is ~10 meV.
(iv) Surface charging renders the S-P and P-S interband tran-
sitions weakly allowed, because of field-induced orbital dis-
tortions. These transitions occur at slightly lower energies
than the P,-P, transition.

Method. We use the following two steps to calculate the
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optical absorption spectra of charged quantum dots.

In step 1, we solve for the single-particle energy eigen-
states of a quantum dot using the effective Schrodinger equa-
tion:

T i)+ Vit Vo0 [ = e, (1)

where the single-particle wave functions i,(r) are expanded
in a plane wave basis set, V,.(r) is the local pseudopotential,
V,, is the spin-orbit operator, and V., (r) is the electrostatic
potential generated by an external charge distribution. The
local potential, V),.(r), is represented as a superposition of

screened atomic pseudopotentials for atom species « at sites
R

n,a

Vloc(r) = E va(|r - Rn,a|) . (2)

The atomic pseudopotentials are fitted to reproduce bulk
properties accurately.”> Whereas dot-interior states are easy
to characterize experimentally and theoretically, localized
states in the matrix are not universal, and their nature has not
been fully clarified. Thus, to study the effects of localized
carriers trapped in the matrix surrounding the dots, we con-
sider a pointlike charge distribution located near the surface
of the dot. This approximation is appropriate, because the
effects of dipole and multipole moments on the dot-interior
states that contribute to the absorption spectrum are small.
The resulting electrostatic potential V,,(r) is obtained by
solving the generalized Poisson equation

V- e(r)VVey(r) =4mp(r -y, 3)
where p(r—r,)=Ae~ "W is 4 normalized Gaussian charge
distribution of width W centered at r;, and e(r) is the
position-dependent macroscopic dielectric function. First-
principles calculations>*?> have shown that &(r) converges
rapidly to its bulk value as the interior of the nanostructure is
approached. Thus we use the dielectric function profile
1/e(r)=1/ey+[1/€,—1/ €, Jm(r), where €,=22.9 is the
bulk PbSe macroscopic dielectric constant, and €,,=1
(vacuum). The mask function m(r) decays sinusoidally from
1to0ina ~2 A thick transition region near the dot surface,
to mimic the gradual variation of the dielectric constant at
the surface of the dot.>*?* Equation (3) includes surface-
polarization effects via the position-dependent dielectric
function e(r). The electrostatic potential V., (r) obtained
from the Poisson equation [Eq. (3)] is then used in the solu-
tion of the Schrodinger equation [Eq. (1)].

In step 2, we calculate the electron-hole Coulomb and
exchange integrals using the single-particle wave functions
#(r) of Eq. (1). The excited-state energies E,(N,,N,) and
wave functions W (N,,N,) of a quantum dot containing N,
electrons and N, holes are obtained by diagonalizing the
configuration-interaction (CI) Hamiltonian in a basis set of
Slater determinants obtained by placing N, electrons in the
conduction band and N,, holes in the valence band.?® The CI
basis set was constructed using 40 valence states and 16
conduction states. The dipole matrix elements between
many-particle states are given by
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FIG. 1. (Color online) Calculated optical absorption spectra of a
30.6 A PbSe quantum dot. (a) Absorption spectrum of the neutral
exciton (X7), and the negatively charged excitons (X~-X°7). (b) Ab-
sorption spectrum in the presence of a negative point charge local-
ized near the dot surface. The transitions were broadened using a
20 meV wide Gaussian convolution function, to account for inho-
mogenous broadening due to size-distribution effects.

M, = (¥((N;,,N,)[r|¥ (N, + 1N, + 1)), (4)

where W((N,,N,) is the ground-state, many-particle wave
function of the dot with N,+N, spectator carriers. Finally,
the absorption spectrum is calculated as

I(w) ~ 2 M, 8(ho - E,+ E). (5)
Y

We consider here a PbSe quantum dot of radius R
=30.6 A (PbyyeSes ;7). The dot has the rocksalt lattice struc-
ture (lattice constant a=6.117 A), 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
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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 N, spectator electrons occu-
pying the dot-interior S, 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 (S,-S,) is attenu-
ated by a factor ~1/8 for each electron injected into the S,
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 (P}-P") is unaffected by charging the S, levels. (iii)
There is no oscillator strength in the intermediate energy
between S-S, and PL-PQ, as expected from the forbidden
nature of the S)-P, and P,-S, cross transitions. (iv) The spec-
tral shift upon charging is negligible, in agreement with
Schaller er al.?’ Note that the intensity of the P}-P! absorp-
tion peak is lower than that of the S;-S, peak, because of the
smaller oscillator strength of P-P transitions and the fact that
many of the fine-structure transitions under P}-P! are dark
due to electron-hole exchange interactions.”

(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 A PbSe dot, where a negative
pointlike charge has been placed near its surface. We see that
(i) the intensity of both the first (S)-S,) and the second
(PL—PLL) absorption peaks are attenuated in response to charg-
ing. Thus, whereas charging of dot-interior S, quantum states
[Fig. 1(a)] can Pauli-block only interband transitions that
have S, as their final states (i.e., S)-S, but not P,-P,), charg-
ing of localized states near the surface of the dots [Fig. 1(b)]
can attenuate all interband transitions, including the Pj-P!
transition. The degree of bleaching of a given absorption
peak can be computed by taking the area of the peak with
(A,) and without (A,) spectator electrons. We find that
A,/Ap=0.91 for the first absorption peak, and A;/A,=0.79
for the second absorption peak. (i) 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 S-S, and the
P','I-Pg absorption peaks. Analysis of the eigenvalues contrib-
uting to transitions in this energy window shows that this
intensity build-up is associated with the S,-P, and P-S, 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., §y-P, or P;-S,) are enhanced when surface charges are
present. The reason is that the electrostatic field set up by
localized surface charges causes the S and P envelope func-
tions to have finite, nonzero overlap. (iii) In the presence of
a localized surface charge, the absorption peaks are red-
shifted relative to the neutral dot. The calculated redshift is
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10 meV for the S-S, absorption peak and 7 meV for P',L—P'l,.
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 A from
the surface of the dot.

Previously, numerous authors*!'”-?! have interpreted the
first and second absorption peaks as originating from the
S-S, and Pj-S, (or S)-P,) transitions, respectively. This was
initially based on the coincidence of the measured position of
the second peak with the calculated P,-S, and S)-P, transi-
tion energies in a k-p model calculation.!” However, more
accurate, atomistic pseudopotential calculations?® have
shown that the energy of the second measured absorption
peak agrees with the calculated PQL-PQ transition. Indeed, we
found?’ that the S,-P, and P,-S, 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 interpreted®® the first and second absorption
peaks as being S-S, and PQL-PQ, respectively. This assign-
ment agrees very well with recent tunneling spectroscopy
measurements.' In those experiments the authors first mea-
sured, via single electron tunnelling, the energy differences
between the P, and P, levels, and between the S, and P,
levels. Then, by comparing these energy differences with the
peaks in the absorption spectra, they were able to ascertain
that the second absorption peak corresponds to the P,-P,
energy difference obtained from tunneling, whereas the
S,-P, energy difference obtained from tunneling fell short by
a few hundreds meV from the energy of the second absorp-
tion peak.
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Wehrenberg and Guyot-Sionnest* observed a concurrent
reduction in the intensity of the first and second interband
absorption peaks in PbSe quantum dots as electrons or holes
were loaded into the dots. They concluded that the second
absorption peak must involve S, final states, which are di-
rectly populated by the injected electrons. However, as noted
above, the intensity reduction of the second absorption peak
upon electron charging does not necessarily imply that this
peak originates from interband transitions into the S, states.
For example, if some of the injected charges occupy the S,
states and others are trapped in localized states near the sur-
face of the dots, one would observe attenuation of both the
S-S, transition and the P)—P! transition, as the effects of
interior charging and surface charging would add up. Indeed,
Fig. 1(b) demonstrates that if some fraction of the injected
carriers ends up in localized states near the surface of the
dots, both the first and second absorption peaks are attenu-
ated, even though the second peak (P}-P!) has a different
final state than the first peak (S,-S,). We conclude that the
theoretical evidence is fully consistent with the interpretation
that the first and second observed peaks correspond to the
S-S, and P‘,L—Pi transitions, respectively, and that the S,-P,
and P,-S, cross transitions have vanishing intensity, unless
some charge is trapped near the dot surface, breaking the
symmetry.
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