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Structural and electronic properties of PbSe nanocrystals from first principles
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This work reports density-functional calculations of the structural and electronic properties of PbSe nano-
crystals ranging in radius from 8.4 to 14.8 A. We considered nearly spherical, rocksalt-structure nanocrystals
with 1:1 Pb:Se stoichiometry and no molecular species adsorbed at the surface. We found that: (i) The Pb-Se
bond lengths and bond angles are significantly distorted compared to those in bulk PbSe, in an ~8-A-thick
shell near the surface of the nanocrystal. (ii) Even in the absence of surface passivants, there are no surface
states in the band gap of the nanocrystals. (iii) The nanocrystal band gap undergoes a significant redshift
(Franck-Condon shift) when an electron is promoted from the valence band to the conduction band. For
nanocrystals of radius R=8.4 A, the calculated Franck-Condon shift is ~0.18 eV. (iv) The calculated elec-
tronic density of states shows a significant asymmetry between valence and conduction states, suggesting that
the postulated “mirror symmetry” between valence band and conduction band does not exist.
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I. INTRODUCTION

The potential application of semiconductor quantum dots
as light absorbers in third-generation solar-cell devices has
attracted considerable interest in recent years, particularly
after the discovery!? of efficient multiple-exciton generation
in PbSe and PbS nanocrystals (NCs). This phenomenon,
which was later reported also in CdSe,® PbTe,* InAs,>¢ and
Si (Ref. 7) NCs, opens up the possibility of generating mul-
tiple electron-hole pairs from a single, high-energy photon,
thereby potentially increasing solar-cell efficiency. The use
of semiconductor NCs for solar-energy conversion requires a
good match between the NC absorption spectrum and the
solar spectrum. Taking into account that quantum-
confinement effects tend to open up the band gap, NCs made
of narrow-gap semiconductors—such as lead chalcogenides,
group-III antimonides, Ge, and InAs—are potentially more
suitable for solar-cell applications. Among those, PbSe NCs
have received perhaps the most attention, both experiment-
ally®=23 and theoretically.>*—8

Bulk PbSe has unique structural and electronic properties,
which in turn are expected to lead to unusual properties in
PbSe NCs:

(i) PbSe has a strong ionic character and crystallizes in the
rocksalt lattice structure. This is expected to lead to different
surface properties and different equilibrium shapes of PbSe
NCs compared to those of other semiconductor NCs.

(ii) Both the valence-band and conduction-band edges of
bulk PbSe are located at the L point of the fcc Brillouin zone
and are therefore fourfold degenerate (eightfold degenerate
including spin). In PbSe NCs, such degeneracy is lifted by
intervalley and intraband couplings, induced by the lack of
translational symmetry. However, the resulting energy split-
tings are expected to be small compared to the energy-level
spacings. Thus, the band edges are expected to retain their
high degeneracy.

(iii) The electron and hole effective masses of bulk PbSe
are rather small: m;=0.034my, m)=0.068m,, m>=0.040m,,
and m!=0.070m.>* Upon quantum confinement, light effec-
tive masses are expected to lead to widely spaced energy
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levels, both in the conduction band and in the valence band.

(iv) The electron and hole effective masses of bulk PbSe
are similar. In PbSe NCs, this is expected to lead to a “mir-
rorlike symmetry” between conduction-band and valence-
band density of states, whereby the manifold of valence-band
energy levels is a mirror image of the conduction-band en-
ergy levels.

(v) Bulk PbSe has a large dielectric constant (g,=23).
Thus, carrier-carrier interactions are expected to be strongly
screened.

These expectations have come to constitute the “standard
model” of the structural and electronic properties of PbSe
NCs, which has often been used to interpret and analyze
experimental data.">!%15 Some recent experimental results,
however, have proved difficult to reconcile with this model.
For example, the intraband electron relaxation rate is ex-
pected to be small in PbSe NCs because of the large electron
level spacing [point (iii) above], which prevents efficient
phonon-assisted relaxation, and the equally large hole level
spacing [point (iv) above], which makes electron-hole Auger
scattering®® inconsequential for electron relaxation. Never-
theless, relatively short (~1-5 ps) electron relaxation times
have been reported in PbSe NCs,!*!5!7 raising the question
of the validity of the standard model of the electronic struc-
ture of PbSe NCs.® Indeed, atomistic pseudopotential
calculations® have recently shown that some of the predic-
tions of the envelope-function approximation®* result from
an oversimplification of the energy-level structure. In par-
ticular, the commonly accepted predictions of mirror symme-
try between valence and conduction states [point (iv)] and of
large hole spacing [point (iii)] are based on the assumption of
a single valence-band maximum and a single conduction-
band minimum. This assumption does not take into account
the fact that several valence-band maxima exist in an energy
window of ~1 eV near the top of the valence band of
PbSe,3#! thereby increasing the valence-band density of
states. First-principles calculations, which do not require ad-
justable parameters fitted to experimental results, would be
particularly valuable to clarify these open issues.

Recently, time-dependent density-functional calculations
of carrier relaxation rates in small PbSe clusters (up to 136
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atoms) have been reported in the literature.’>3¢ Kamisaka et
al.® calculated the vibrationally induced dephasing rates of
single excitons and biexcitons in Pb;sSe;¢ and PbggSeqg clus-
ters. They found that the dephasing times depends weakly on
the excitation energy and are faster for multiexcitons than for
single excitons. Kilina et al.3® reported first-principles simu-
lations of phonon-assisted relaxation of carriers in Pb¢Se;q
clusters with the zinc-blende lattice structure. The authors
found a short, picosecond time scale for carrier relaxation,
which they rationalized in terms of the relatively large elec-
tron and hole densities of states.

In this work we report density-functional calculations of
the structural and electronic properties of relatively large
PbSe NCs, ranging in radius from 8.4 to 14.8 A. We con-
sider nearly spherical, rocksalt-structure PbSe NCs with 1:1
stoichiometry and no molecular species adsorbed at the sur-
face. We find that: (i) The Pb-Se bond lengths and bond
angles are significantly distorted compared to those in bulk
PbSe, in an ~8-A-thick shell near the surface of the NC. (ii)
Even in the absence of surface passivants, there are no sur-
face states in the band gap of the NCs. (iii) The band gap
undergoes a significant redshift (Franck-Condon shift) when
an electron is promoted from the valence band to the con-
duction band. For NCs of radius R=8.4 A, the calculated
Franck-Condon shift is ~0.18 eV. (iv) The calculated elec-
tronic density of states shows a significant asymmetry be-
tween valence and conduction states, suggesting that the pos-
tulated mirror symmetry between valence and conduction
manifolds does not exist.

II. METHOD

The calculations were performed using density-functional
theory in the generalized-gradient approximation.*> The Per-
dew-Burke-Ernzerhof (PBE) energy functional*® was used to
approximate the exchange-correlation energy. Electron-ion
interactions were described using the projector-augmented
wave method,** and the electron wave functions were ex-
panded in a plane-wave basis set with an energy cutoff E
=212 eV. Periodic boundary conditions were enforced by
considering a cubic array of PbSe NCs, separated by a suf-
ficiently large region of vacuum to effectively decouple the
NC wave functions. Spin-orbit coupling was not included in
the calculations. Spin-orbit effects lead to energy-level split-
tings both in the valence band and in the conduction band.*!
They are therefore important for the spectroscopy of NCs.
However, they have only a minor effect on the structural
properties of bulk PbSe,* and we expect the same to be true
for PbSe NCs.

To determine the ground-state geometry, all atomic posi-
tions were relaxed according to the quantum-mechanical
forces acting on the atoms. The excited-state geometry was
calculated by promoting one electron from the highest occu-
pied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO) of the NC and keeping the elec-
tronic configuration fixed while relaxing the atomic
positions.*® This approach provides a good approximation
for the excited-state geometry of the NCs.*® Detailed first-
principles calculations for bulk PbSe—using PBE and other
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FIG. 1. (Color online) Atomistic structure of three PbSe NCs of
different sizes. The dark circles denote Pb atoms and the light
circles, Se atoms. The atoms have been fully relaxed to their equi-
librium positions.

energy functionals—were presented in Ref. 47.

We have considered nearly spherical PbSe NCs ranging in
size (radius) from 8.4 to 14.8 A. The initial atomic configu-
ration of the NCs was constructed by cutting a spherical
segment from bulk PbSe in the rocksalt lattice structure, cen-
tered halfway between a Pb atom and one of the neighboring
Se atoms. The resulting NCs are stoichiometric (equal num-
bers of Pb and Se atoms) by construction. The NC diameter
R was derived from the number of atoms, N, as R
=(3N/32m)Pay, where ay=6.21 A is the calculated bulk
lattice constant. No passivating species were added at the
surface of the NCs. Indeed, it is well known that because of
the ionic character of the Pb-Se chemical bond, the PbSe
[001] surface is free from gap states.*® The surfaces of stoi-
chiometric PbSe NCs are also expected to be free from gap
states, as discussed in Refs. 28, 35, and 36. We have also
considered nonstoichiometric PbSe NCs, following the re-
sults of recent mass-spectroscopy measurements by Moreels
et al.,*! which showed that the surface of PbSe NCs is Pb
rich. However, we found that in the absence of passivation,
Pb-rich NCs have a large density of states in the band gap.

III. STRUCTURAL PROPERTIES

Figure 1 shows the calculated equilibrium geometry of
three PbSe NCs: Pby,Sey, (radius R=8.4 A), Pb;4Se s (R
=12.3 A), and Pby,Se,yo (R=14.8 A). Although the Pb and
Se atoms in the NCs retain the cubic coordination of the
rocksalt lattice structure, the Pb-Se bond lengths and bond
angles are significantly distorted compared to those in bulk
PbSe. This is illustrated more clearly in Fig. 2, which shows,
for each of the three NCs of Fig. 1, the length of the Pb-Se
bonds as a function of the distance of the bonds from the
center of the NC. The Pb-Se bond lengths are close to the
bulk equilibrium bond length (calculated value: d=3.103 A)
near the center of the NCs, whereas they deviate significantly
from the bulk value as the surface is approached. Specifi-
cally, in an ~8-A-thick shell near the surface the bond
lengths follow a bimodal distribution (see Fig. 2), with val-
ues ranging from ~2.7 A (=12% deviation from the bulk
equilibrium bond length) to ~3.6 A (+16% deviation).
However, in the presence of surface passivants, the devia-
tions from the bulk equilibrium bond length are expected to
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FIG. 2. Ground-state bond-length distribution of PbSe NCs. For
each Pb-Se bond, the corresponding bond length is shown as a
function of the distance of the bond from the geometric center of
the NC. The dashed lines indicate the calculated bulk Pb-Se bond
length (d=3.103 A).

be smaller.*’ Interestingly, significant bond-length variations
(on the order of *10% with respect to the bulk bond length)
have been experimentally observed®® and theoretically
predicted®! for the PbTe (001) surface and have been attrib-
uted to a combination of surface relaxation and surface
“rumpling.” A similar effect was recently reported in the case
of the (001) surface of PbSe.>?

The average Pb-Se bond length of the NC in the ground-
state geometry (d,,) is slightly smaller than the bulk equilib-
rium bond length and decreases as the size decreases: d,
=3.030, 3.063, and 3.078 A for R=8.4, 12.3, and 14.8 A,
respectively. Note that a simple ionic model of the NCs, in
which the surface energy is estimated using the Madelung
model, would predict an increase in the average lattice pa-
rameter with decreasing NC size,>® in contrast with the
present calculations.

The formation energy of a PbSe NC is given by AE.
=Enc—Nepu, Where Eyc is the total energy of the NC, ey
is the total energy per atom of bulk PbSe, and N is the total
number of Pb and Se atoms in the NC. The formation energy
can be further decomposed into a surface contribution and a
relaxation contribution:

AEF = AEsurf"' AErIX' (1)

Here AE,, is the formation energy of the NC calculated
with the atoms fixed at their equilibrium bulk positions, so it
accounts for the increase in energy due to the broken bonds
at the surface of the NC. AE,, is the energy gain due to
atomic relaxations both at the surface and in the interior of
the NC. The calculated values of AE s, AE,,, and AEy are
shown in Table L.
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TABLE I. Calculated formation energies of PbSe NC. The total
formation energy AEy is decomposed into a surface contribution
(AEg,s) and a relaxation contribution (AE,,).

Radius AE ¢ AE,, AER
(A) (eV/atom) (eV/atom) (eV/atom)
8.4 0.32 -0.14 0.18
12.3 0.23 -0.11 0.12
14.8 0.21 -0.10 0.11

We see that both the surface contribution and the relax-
ation contribution decrease in magnitude approximately as
1/R as the NC size increases, as one might expect based on
the ratio between the numbers of surface and interior atoms.
Indeed, the Madelung model of ionic NCs predicts a 1/R
scaling of the surface energy with the NC radius.>® However,
we find that the Madelung model overestimates the surface
energy AE,,. For example, in the case of a R=12.3 A NC,
we find that AEM*'=1.28 eV/atom, compared to the ab ini-
tio value of 0.23 eV/atom (Table I). Thus, we conclude that
simple ionic models are unable to accurately describe the
structural properties of PbSe NCs.

IV. ELECTRONIC STRUCTURE

The PBE approximation correctly locates the band gap of
bulk PbSe at the L point of the fcc Brillouin zone*® but
significantly underestimates its magnitude, sgiﬁlk:—O.IZ
eV,* compared to the experimental band gap of 0.145 eV at
4 K. When spin-orbit coupling is neglected, the calculated
band gap of bulk PbSe increases to 0.30 eV,* thereby over-
compensating for the PBE error. A similar qualitative cancel-
lation of errors can be expected in our PBE calculations for
PbSe NCs. Table II summarizes the calculated, no-spin-orbit,
uncorrected HOMO-LUMO gaps (&,) of the PbSe NCs con-
sidered in this work. The HOMO-LUMO gaps of the unre-
laxed NCs (where the atoms are kept fixed at their ideal,
bulklike positions) are also shown in Table II. Note the sig-
nificant increase in the HOMO-LUMO gap upon relaxation.

To investigate the spatial localization of the band-edge
wave functions, we show in Fig. 3 the projection of the band-
edge states on the surface atoms (defined as atoms with co-
ordination number smaller than 6) as a function of energy.
We find that in the relaxed geometry the band-edge states are
localized primarily in the interior of the NCs. When the at-

TABLE II. Calculated HOMO-LUMO gap of PbSe NCs before
(") and after (8,) atomic relaxations. The calculated Franck-
Condon shift (AEFC) and the difference between the absorption and
emission HOMO-LUMO gaps (ASEC) are also shown.

Radius agmlx g, Aagc AEFC
(A) (eV) (eV) (eV) (eV)
8.4 0.97 1.39 0.16 0.17
12.3 0.81 1.15 0.03 0.03
14.8 0.33 0.85 0.02 0.02
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FIG. 3. (Color online) Projection of the band-edge states of
PbSe NCs on the surface Pb and Se atoms. The reference energy
level is the HOMO of the relaxed NCs.

oms are in their ideal, unrelaxed positions, the LUMO en-
ergy, and consequently the HOMO-LUMO gap, is signifi-
cantly smaller than in the relaxed geometry (see also Table
II). However, we find the LUMO—as well as the unoccupied
electronic states just above the LUMO—is still mostly local-
ized in the interior of the NC. Thus, PbSe NCs have a fun-
damentally different electronic structure from that of CdSe
NCs, which are quasimetallic when the atoms are in their
ideal, bulklike positions, and they develop a midgap state
when the atoms are fully relaxed.>*

Experimental results for small PbSe NCs such as those
considered here are relatively scarce. Lipovskii et al.® mea-
sured the lowest excitonic energy of PbSe NCs embedded in
a phosphate glass. They found excitonic gaps of 1.2 eV for
NCs of radius R~9 A and 1.0 eV for R~ 17 A. Schaller et
al.'7 reported a value of 1.25 eV for the lowest-energy ab-
sorption peak of PbSe colloidal NCs of radius R~ 14 A,
while Moreels et al.>' reported a band gap of 1.0 eV for
quasispherical PbSe NCs of radius R~ 16 A. These results
are in qualitative agreement with the present calculations
(Table 1), especially considering the relatively large spread of
the measured gaps for NCs of similar size. Note that exci-
tonic effects (electron-hole interactions) are relatively small
in PbSe NCs because of the large dielectric screening.’

The emission peak of semiconductor NCs is usually red-
shifted with respect to the lowest-energy absorption peak
(Stokes shift). Lifshitz er al.'® measured the Stokes shift of
PbSe NCs and PbSe/PbSe,S;_, core/shell NCs as a function
of size, shell thickness, and shell composition. They reported
Stokes shifts ranging from 100 meV for PbSe core NCs of
diameter D=4 nm to —10 meV (anti-Stokes shift) for D
=6.1 nm. Several different contributions to the Stokes shift
in PbSe NCs have been discussed in the literature, including

PHYSICAL REVIEW B 78, 075418 (2008)

size-distribution effects'® and electron-hole Coulomb and ex-
change interactions.** Here we focus on the Franck-Condon
shift, which was shown to be significant in small Si NCs
(Refs. 46 and 55-57) but has never been calculated for PbSe
NCs. The Franck-Condon shift AEFC was calculated from
total-energy differences, as discussed in Ref. 46. Denoting by
{Rss} the set of equilibrium atomic positions in the elec-
tronic ground state and by {Rxs} the equilibrium atomic po-
sitions in the excited state, we have

AE™C =[Exs(Rgs) — Es(Rgs)] — [Exs(Rxs) — Egs(Rxs)],
(2)

where Egg and Exg are the total energies of the NC in the
ground and excited states, respectively. Alternatively, the
Franck-Condon shift can be calculated as the difference be-
tween the HOMO-LUMO gap calculated at the ground-state
geometry and the excited-state geometry:

Aey" = £,(Rgs) — &,(Rxs). (3)

The Franck-Condon shifts of PbSe NCs, calculated using
both of Egs. (2) and (3), are summarized in Table II. Note
that the two approaches [Egs. (2) and (3)] give very similar
results, in contrast to the calculations of Degoli et al.,’® who
found significant differences between AEFC and Ae"C in the
case of small Si NCs. For the R=8.4 A PbSe NCs, our cal-
culated Franck-Condon shift is 0.18 eV. For larger PbSe
NCs, the calculated shift is 0.02-0.03 eV. These results sug-
gest that the Franck-Condon effect provides a sizable contri-
bution to the Stokes shift in small PbSe NCs. We find that the
Franck-Condon shift of PbSe NCs is similar in magnitude to
that of Si NCs of similar size.*%5

One of the most debated aspects of the electronic struc-
ture of PbSe NCs is the existence of “mirror symmetry” be-
tween valence-band and conduction-band levels. This sym-
metry was initially postulated based on the similarity of the
electron and hole effective masses at the L point of the bulk
Brillouin zone.’* Interestingly, many experimental results
concerning the electronic and optical properties of PbSe NCs
have been interpreted assuming the existence of such mirror
symmetry. For example, Schaller et al.! explained the ob-
served 3E, photon-energy threshold for carrier multiplication
by suggesting that because of the mirror symmetry of the
valence and conduction states, the excess energy of the pho-
togenerated electron-hole pair is partitioned approximately
equally between the electron and the hole. Thus, only ab-
sorbed photons of energy 3E, or larger can create carriers
with excess energy equal to E,, necessary to initiate carrier
multiplication.! An et al.’® recently disputed the assumption
of mirror symmetry between valence and conduction states.
Using empirical pseudopotential calculations of the elec-
tronic structure of PbSe NCs, the authors showed that the
existence of several valence-band maxima in an energy win-
dow of ~0.5 eV below the top of the valence band of bulk
PbSe results in a denser valence-band manifold compared to
the conduction-band manifold.’® On the other hand, recent
first-principles calculations for small Pb,sSe;q clusters®®
found little asymmetry between the densities of states of the
valence and conduction bands.
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FIG. 4. Density of states of a PbSe NC of radius R=12.3 A.
The zero of the energy scale corresponds to the HOMO energy. The
energy levels were broadened using a 100-meV-wide Gaussian con-
volution function.

Figure 4 shows the calculated density of states (DOS) of a
R=12.3 A PbSe NC (representative of the other NCs con-
sidered here). The narrow band between 6 and 8 eV below
the HOMO is due to the Pb 6s levels, which are pulled down
into the valence band by relativistic effects.*!*¢ The valence
band extends to about 4 eV below the HOMO and is com-
prised primarily of Se p states. The conduction band consists
mainly of Pb p states. The DOS of PbSe NCs is qualitatively
similar to the DOS of bulk PbSe,* although the valence
band is narrower (~4 eV versus ~5 eV in bulk®).

To investigate the existence of mirror symmetry between
the valence-band and conduction-band manifolds, we show
in Fig. 5 the integrated valence-band (VB) and conduction-
band (CB) densities of states of the PbSe NCs considered
here, plotted as a function of the energy separation from the
HOMO and the LUMO energies. The integrated VB DOS
Ny(e) and CB DOS N(¢) give the number of single-particle
energy levels in the energy intervals eyomo—€ and &
—erumo» Trespectively. We see from Fig. 5 that Ny(e) in-
creases at a much faster rate than N(g), meaning that the
VB DOS is larger than the CB DOS. For example, for &
=0.5 eV, we find that the ratio Ny/N, is 1.7 for a R
=84 A NC, 2.2 for R=12.3 A, and 2.5 for R=14.8 A,
whereas the existence of mirror symmetry would imply
Ny/Nc=1.

The present results are consistent with the empirical
pseudopotential calculations of An et al.,>® who found a
dense valence-band manifold for R=30.6 A PbSe NCs. In-
terestingly, we find that the ratio Ny/N, at €=0.5 eV de-
creases as the NC size decreases, which may explain why
Kilina et al.’® found little valence-conduction asymmetry in
small Pb¢Se ¢ clusters. Our first-principles calculations sug-
gest that for PbSe NCs of realistic size, there is no mirror
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FIG. 5. (Color online) Integrated VB and CB DOS of PbSe
NCs, normalized to the number of atoms in the NC. The VB and
CB energies are measured from the HOMO and the LUMO,
respectively.

symmetry between valence-band and conduction-band lev-
els.

V. CONCLUSIONS

Using first-principles, density-functional-theory calcula-
tions, we have investigated the structural and electronic
properties of nearly spherical PbSe NCs ranging in radius
from 8.4 to 14.8 A. We found that: (i) The Pb-Se bond
lengths and bond angles are significantly distorted compared
to those in bulk PbSe, in an ~8-A-thick shell near the sur-
face of the NC. (ii) Even in the absence of passivants, there
are no surface states in the band gap of the NCs. (iii) The
band gap undergoes a significant redshift (Franck-Condon
shift) upon optical excitation. For NCs of radius R=8.4 A,
the calculated Franck-Condon shift is 0.18 eV. (iv) The cal-
culated electronic density of states shows a significant asym-
metry between valence and conduction bands, suggesting
that the postulated mirror symmetry between valence and
conduction states does not exist.
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