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The effect of quantum confinement in PbSe quantum wells and dots is studied using tight binding calcula-
tions. Compared to zinc-blende semiconductors, unusual physical properties are predicted for rock salt PbSe
nanostructures. The energy gap increases as the inverse of the size both for wells and dots. For PbSe nanoc-
rystals, the luminescence lifetime, the confinement energy, and the intraband optical properties are in good
agreement with experiments. The high quantum yield observed experimentally can be explained by the absence
of surface dangling bonds in these systems. The origin of the second peak measured in the absorption spectra
is discussed, whereas S-P interband transitions exhibit very small oscillator strength. The full frequency-
dependent dielectric functionesvd is calculated for PbSe quantum wells. Its imaginary parte2svd is strongly
anisotropic and shows large variations with respect to its bulk value even far from the gap region.
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I. INTRODUCTION

The effect of quantum confinement in semiconductor
nanostructures has been intensively studied for more than
two decades. On the experimental side, whereas most of the
works have concerned III-V and II-VI semiconductors with
zinc-blende or wurtzite structure, IV-VI semiconductors with
cubic rock salt structure presently receive increasing atten-
tion due to their peculiar properties. In particular, PbSe, with
its narrow gap(<280 meV at 300 K1) at theL point of the
Brillouin zone and its large dielectric constantse`<23d, is a
very promising material for opto-electronic applications.
Owing to its small electron and hole effective masses
(,0.1 m0

1,2), the gap of confined PbSe structures can be
tuned with size from its bulk value to about 2.0 eV.3–15 The
large exciton Bohr radiuss46 nmd offers the possibility to
study the strong confinement regime in relatively large
structures.16 Interesting optical properties have been ob-
served in PbSe quantum wells made by molecular-beam
epitaxy15 and in nanocrystals, either electrodeposited on gold
surfaces,17 formed in an oxide glass host,3–7 or obtained by
colloidal chemistry in liquid solutions.9–13 In the latter case,
band-edge fluorescence is observed with a very high effi-
ciency but with a long lifetime.10,11 Infrared stimulated emis-
sion and optical gain have been reported in quantum-well-
based devices18–20 and in PbSe nanocrystals/sol-gel
nanocomposites.21 Intraband transitions have been also char-
acterized by optically induced absorption.10 Recent works
have shown that the quantum confinement has also an impor-
tant influence on the dielectric function far from the bandgap
region,17 in the visible and UV spectra.

On the theoretical side, PbSe nanostructures have been
studied mainly using the envelope-function approximation
andk ·p Hamiltonians.22–24 These approaches are very con-
venient to describe the physics of quantum confinement, but
it is well-known that they may not be sufficiently accurate
when the confinement energy becomes of the order of a few
hundred of meV.25,26 In addition, the optical properties of
PbSe nanocrystals are not fully understood, and the predic-

tions of k ·p calculations have been questioned.10,11 Indeed,
the origin of the second peak in their absorption spectrum
remains unclear: it is assigned either to the 1Ph-1Se and
1Sh-1Pe transitions that are, in principle, parity forbidden,8,11

or to transitions toward states resulting from the anisotropy
of the band structure.23 In addition, an inherent limitation of
the envelope-function approximation is that it describes the
electronic states only near the gap, and it does not allow one
to calculate the full frequency-dependent dielectric function.

Thus, our aim in this paper is to study theoretically the
electronic structure and the optical properties of PbSe nano-
structures in a wide spectral range, from the infrared to the
UV, which requires describing the full band structure of the
material. Therefore, becauseab initio methods are presently
limited to small systemss&200 atomsd, we present tight
binding calculations25,26 that allow us to address these prob-
lems for structures with sizes accessible to experiments. In
the case of PbSe nanocrystals, we compare our results to
those obtained previously on the basis of ak ·p Hamiltonian.
We show that tight binding calculations predict confinement
energies, fluorescence lifetimes and intraband optical proper-
ties in good agreement with experiments and we discuss the
issue related to forbidden transitions in the absorption spec-
trum. In the case of PbSe quantum wells, we show that the
confinement has profound and unusual effects on the optical
transitions involving electronic states which are deep in the
bands, i.e., far from the gap region.17

The paper is organized as follows. In the next section, we
describe the tight binding method and the formalism used to
calculate the optical matrix elements. We discuss the elec-
tronic structure and the optical properties of bulk PbSe to
validate the method and to emphasize some unusual proper-
ties of the material. In Sec. III, we consider PbSe quantum
wells. We present the evolution of the complex dielectric
constant as a function of the width of the wells, and we study
the anisotropy of the optical response. Section IV is devoted
to the interband and intraband transitions in PbSe nanocrys-
tals. We conclude the paper in Sec. V.

PHYSICAL REVIEW B 70, 245321(2004)

1098-0121/2004/70(24)/245321(9)/$22.50 ©2004 The American Physical Society245321-1



II. BULK SEMICONDUCTOR

A. Tight binding calculations

The electronic structure of PbSe is calculated in tight
binding, following the method described in Ref. 25. The
Hamiltonian matrix is written in asp3d5s* basis, the overlaps
are neglected, and the hopping integrals are restricted to first
nearest neighbor interactions. Because Pb is a heavy ele-
ment, we include the spin-orbit coupling which requires dou-
bling the basis set. The parameters(Table I) are obtained by
fitting the experimental effective masses and a reference
band structure at the main points of the Brillouin zone and in
a large energy range. This reference band structure was cal-
culated using theab initio pseudopotential codeABINIT 28,29

in the local density approximation. The band structure ob-
tained in tight binding[Fig. 1(a)] is in good agreement with
those previously reported in the literature.30–34We obtain an
energy gapEg of 0.176 eV, but it is important to point
out that experimentally the energy gap of bulk PbSe
is strongly dependent on the temperaturesEg=125
+Î400+0.256T2 meVd,1,33 and that in quantum dots this
temperature variation is size dependent.5

In the case of quantum wells and dots, the tight binding
parameters are transferred without change from the bulk situ-
ation using the appropriate boundary conditions. Since PbSe
is a strongly ionic material, we do not passivate the surfaces
as in the case of III-V semiconductor nanocrystals for which
pseudo-hydrogen atoms are required to saturate the dangling
bonds and to push the surface states far from the energy
gap.25 We will discuss the consequences of this assumption
and the influence of surfaces later. To account for the elec-
tronic relaxation near the surfaces, we apply an intra-atomic
potential of −0.18 eV on each surface atom to achieve charge
neutrality.35

B. Complex dielectric function

Once the electronic structure is obtained, we calculate the
complex frequency-dependent dielectric functionesvd
=e1svd+ ie2svd. In the case of interband transitions, its
imaginary parte2svd is given by

e2svd =
4p2e2

m0
2v2V

o
i,j

dsEc,i − Ev,j − "vd 3 ukuc,iue ·puuv,jlu2,

s1d

whereuc,i anduv,j are the conduction and valence wave func-
tions of energyEc,i andEv,j, respectively.V is the volume of

TABLE I. Top: first nearest neighbor tight binding parameters
for PbSe. The notation is that of Slater and Koster(Ref. 27) (a
=anion, c=cation). D is the spin-orbit coupling parameter. Bottom:
longitudinal (l) and transverse(t) effective masses for the conduc-
tion (e) and valence(h) bands at theL point in units of the free-
electron mass.

Tight binding parameters for PbSe

Intra-atomic terms:

Es
a=−11.45405 eV Es

c=−5.07781 eV

Ep
a=−1.47533 eV Ep

c=4.33168 eV

Ed
a=12.13125 eV Ed

c=10.97439 eV

Es*
a =17.60374 eV Es*

c =24.35922eV

Da=0.24000 eV Dc=0.55000 eV

First nearest neighbor interactions:

Essssacd=−0.36267 eV

Es*s*ssacd=−0.93835 eV

Ess*ssacd=−1.12089 eV Ess*sscad=−1.29525 eV

Espssacd=1.20593 eV Espsscad=1.31029 eV

Es* pssacd=2.51117 eV Es* psscad=2.27510 eV

Esdssacd=−0.83693 eV Esdsscad=−1.71725 eV

Es*dssacd=−0.92754 eV Es*dsscad=0.18794 eV

Eppssacd=1.71542 eV Epppsacd=−0.38235 eV

Epdssacd=−1.07458 eV Epdsscad=−2.13886 eV

Epdpsacd=−0.14844 eV Epdpscad=0.73701 eV

Eddssacd=−0.27384 eV Eddpsacd=1.48923 eV

Edddsacd=−0.35624 eV

Effective masses:

mt
e=0.0462 mt

h=0.0472

ml
e=0.0374 ml

h=0.0468

FIG. 1. (a) Band structure of bulk PbSe. The zero of energy
corresponds to the top of the valence band.(b) Same but with
Eppssacd=2.5 eV,Ep

c−Ep
a=1.5 eV and the spin-orbit coupling keep-

ing its bulk value, all other interatomic terms of the Hamiltonian
being set to zero.
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the system, ande is the polarization vector of the light. For-
bulk PbSe, the wave functions and the energies are obtained
by diagonalizing the Hamiltonian at<83106 points in the
the Brillouin zone.

The matrix elements ofp are calculated following Refs.
36–38. To this end, let us consider atomic orbitalsua ,Rl
centered at positionR and characterized by a labela. We
write

ka,Rupub,R8l =
m0

i" HsR − R8dka,RuHub,R8l

+ o
g

fkg,RuHub,R8ldag

− ka,RuHug,R8ldgbgJ , s2d

where the termsdag=ka ,R u r ug ,Rl describe intra-atomic
polarizations. The simplest approximation involves setting
all these intra-atomic terms to zero since there are no adjust-
able parameters beyond those for the Hamiltonian.37 How-
ever, we have chosen to use Eq.(2) with intra-atomic terms
calculated from free-atom orbitals:39 we checked that it gives
results in good agreement with experiments in many situa-
tions(see also Ref. 38). This is confirmed by Fig. 2, in which
we compare our predictions for the imaginary part of the
dielectric function for bulk PbSe to measurements of Ref. 40.

The main features ofe2svd (Fig. 2) occur at van Hove
singularities in the joint density of states,30 at theL point and
on the axesS and D of the Brillouin zone (see Fig. 1).
Following the notations of Ref. 41, the thresholdE0 coin-
cides with the energy gap at theL point and corresponds to
the transitionL5→6 (with the usual notation,30 1 is the deepest
band of Fig. 1). The shoulderE1 at <1.7 eV corresponds
mainly to S5→6, and the main peakE2 at <2.8 eV toD5→6
andS5→7. Finally, the third peakE3 at <4.1 eV takes place
at D4→6 andS4→7.

III. QUANTUM WELLS

In this section, we consider PbSe quantum wells with
(001) surfaces. We discuss the existence of surface states,

and next the effect of the confinement, first on the energy
gap, second on the frequency-dependent dielectric function.

Figure 3 compares the band structure of a PbSe well with
a projection of the bulk band structure in the two-
dimensionalk-space. It shows that surfaces do not introduce
states in the energy gaps of the bulk band structure, even
though they are not passivated. This is due to the fact that the
electronic states are mainlyp-like (evidence will be given
later). In a finite system of atoms characterized byp orbitals,
even thep orbitals at surfaces remain strongly coupled with
orbitals of atoms at the interior. This is in contrast with zinc-
blende semiconductors described by hybridsp3 orbitals
which, to a first approximation, remain uncoupled at sur-
faces, forming dangling bonds.42 The absence of dangling
bonds at surfaces could explain the high fluorescence effi-
ciency of PbSe nanostructures10,11 in spite of a long lifetime,
and also the small Stokes shift between emission and
absorption.10,11,21

A. Energy gap

Figure 4 shows the evolution with size of the confinement
energy (i.e., the increase in the energy gap) in quantum
wells. Disregarding the small difference between wells with
odd and even numbers of PbSe planes, the average energy
gap (in eV) is given by

EgsLd = Egs`d +
1

1.2125L + 0.3326
, s3d

whereL is the well thickness in nanometer(L=Na/2, where
N is the number of planes anda is the lattice parameter). The
1/L dependence of the energy gap is quite unusual, since
simple effective mass theory predicts a 1/L2 law.42 The rea-
son is that the energy dispersion is mostly linear around the
gap(see Fig. 1) and is parabolic only in a very small region
near the extrema(Fig. 5). This result shows that the effective
masses are not pertinent quantities to predict the effect of the
quantum confinement in PbSe nanostructures.

FIG. 2. Imaginary part of the frequency-dependent dielectric
functione2svd for bulk PbSe calculated in tight binding(solid line)
compared to the experimental value at 300 K of Ref. 40(dashed
line) and to the calculated joint density of states(dotted line). E1,
E2, andE3 indicate the main transitions at critical points of the band
structure. FIG. 3. Lines: band structure of a well containing six PbSe

planes. Shaded region: projection of the bulk band structure on the
surface reciprocal space.
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B. Dielectric function

Figure 6 presents the evolution of the imaginary part of
the frequency-dependent dielectric function with respect to
the well thickness. Two polarizations are considered:e along
[100] and [001]. For thin wells,e2svd becomes strongly an-
isotropic. For in-plane polarizationsei f100gd, e2isvd remains
all the time close to the bulk value, with anyway some dif-
ferences that we will discuss later. On the contrary, with a
polarization perpendicular to the surfacessei f001gd, the di-
electric functione2'svd has a huge dependence on size. This
unusual behavior is due to the peculiar electronic structure of
PbSe, and more generally of lead-salt semiconductors. To
understand this, we show in Fig. 1(b) the band structure of
bulk PbSe when all the tight binding interaction parameters
are switched to zero, except the spin-orbit coupling and the
hopping integralpps. The resulting band structure[Fig.
1(b)] is remarkably close to the true one[Fig. 1(a)], which
means that, when considering its electronic properties, bulk
PbSe is basically equivalent to a set of independent chains of
p orbitals along thex, y, andz axes(Fig. 7). Thus, in wells
with (001) surfaces, the chains ofpz orbitals are finite and
their electronic structure depends strongly on size, according

to usual quantum confinement effects. On the contrary,
chains ofpx and py orbitals remain infinite, as in the bulk
material. Thus, the anisotropy comes from the fact that
e2'svd arises from the polarization of the bonds along the
chains ofpz orbitals, wherease2isvd comes from the in-plane
polarization, which is bulk-like.

Obviously, the previous picture is too simplified, and
there are weak couplings between the chains(e.g., through
the spin-orbit coupling or via thes orbitals). As a conse-
quence, confinement effects are also visible ine2isvd. Let us
consider, for example, the well made of four PbSe planes
[Fig. 6(b)]. The optical threshold is blueshifted, following
the usual confinement effect at the energy gap, here at theL
point. The situation at higher energy is much more unusual,17

and is once again the consequence of the peculiar electronic
structure of PbSe. The peaksE1, E2, andE3 are still present,

FIG. 4. Squares confinement energy in quantum wells as a func-
tion of size. Line: fit of the energy gap.

FIG. 5. The energy dispersion in bulk PbSe is mostly linear
except very close to the gap region, where it becomes parabolic.
The confinement energy behaves as 1/L, whereL is the size of the
nanostructure.k0 is the wave vector at theL point ofthe Brillouin
zone.

FIG. 6. Imaginary part of the frequency-dependent dielectric
function e2svd of quantum wells made of 2(a), 4 (b), and 20(c)
PbSe(001) planes. The solid lines are for a polarization vector e
parallel to the planes{e2isvd, along[100]} and the dashed lines for
e perpendicular{e2'svd, along [001]}. The dotted lines represent
e2svd calculated for bulk PbSe.
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at almost the same energy as in the bulk. However, there are
additional peaks, in particular at<2.5 and<3.5 eV. To un-
derstand this behavior, we must study the effect of the con-
finement at the critical points of the Brillouin zone, where
there are van Hove singularities in the bulk case. For ex-
ample,E1 arises mainly from the transitionsS5→6. However,
the critical points alongS are saddle points for bands 5 and
6, and therefore the effect of the confinement depends on the
orientation of theS axis with respect to the growth axis
[001]. If there is a local minimum of the energy gap along
[110] when plotted in this direction[Fig. 1(a)], Fig. 8 shows
that it is a maximum when plotted in the[001] direction.
Thus, the confinement in the[001] direction gives rise to a

redshift for critical points along[110], f1̄10g, f11̄0g, and

f1̄1̄0g axes, and a blueshift for the others(e.g., [101],
[011],…). Thus, the peak at<2.5 eV arises from the blue-
shiftedS5→6 transitions.43 For the redshifted ones, the shift is
actually very small, nearly imperceptible, because the bands
are almost flat in the[001] direction as shown in Fig. 8(it is
completely flat when the coupling between chains is ne-
glected). This explains the presence of a peak nearE1, almost
as in bulk PbSe.

The same analysis can be performed forS5→7 and for
D5→6, explaining the peaks atE2 and their counterparts,
which are blueshifted near 3.5 eV. Note that the critical
points alongD ([100] directions) are also saddle points for
bands 5 and 6: the local minimum of the energy gap along
[100] is a maximum along[001].

IV. NANOCRYSTALS

Figure 9 presents the confinement energy in PbSe nanoc-
rystals as function of size. Interestingly, very close results are
obtained for cubic and spherical dots with the same volume,
as already obtained for other semiconductors.26,44The energy
gap (in eV) is given by

EgsDd = Egs`d +
1

0.0105D2 + 0.2655D + 0.0667
, s4d

where D is the effective diameter of the dot in nanometer
(for a cube, the diameter of the sphere with the same vol-

ume). As in the case of quantum wells, the energy gap varies
mainly as 1/D (the coefficient ofD2 is small), and there is no
surface state in the gap. Our predicted gaps are in good
agreement with experiments(Fig. 9), taking into account the
dispersion of measured values.

A. Interband transitions

We consider now the optical absorption in PbSe nanoc-
rystals. Figure 10(a) presents results for dot sizes of<7 nm,
i.e., containing<7000 atoms. For such large sizes, it is not
possible to make a full diagonalization of the Hamiltonian
matrix and we must use an efficient gradient conjugate
method26 to calculate the eigenstates only close to the gap.
The decrease to zero of the absorption spectra above 1.2 eV
is just a consequence of the limited number of eigenstates
that we can calculate. Figure 10(a) compares a measured
absorption spectrum9 with those predicted for spherical and
cubic nanocrystals characterized by the same volume. The
lowest calculated peak corresponds to 1Sh−1Se transitions. It
includes 64 lines resulting from the eightfold degeneracy of
the extrema at theL point of the Brillouin zone. The second
and third calculated peaks arise from 1Ph−1Pe and 1Dh
−1De transitions. These three peaks agree well with struc-
tures in the experimental spectrum,9 confirming previous
interpretations.11 However, the experimental peak at
<0.8 eV is not reproduced by the calculations. In fact, we
obtain that the energy of this peak fits well with 1Sh−1Pe
and 1Ph−1Se transitions, as shown by plotting the joint den-
sity of states[Fig. 10(b)],45 but we find that S-P transitions
are almost completely forbidden. The prediction made with a
k ·p Hamiltonian that the observed peak could result from
anisotropy effects23 is not supported by our calculation. In
cubic nanocrystals, we calculate that the selection rules for
S-P transitions are slightly relaxed, but the amplitude of the
peak remains much smaller than the observed one[it is al-
most not visible in Fig. 10(a)]. We also performed calcula-
tions on nanocrystals with more complex shapes and with
fewer symmetries, but we never found a second peak with
the correct amplitude compared to experiments.

Thus, one important conclusion of our work is that direct
S-P transitions are not allowed, and other physical effects
must be studied to explain the relaxation of the selection

FIG. 7. The electronic structure of bulk PbSe can be described by linear chains ofp orbitals with onlypps interactions.

FIG. 8. Band structure of bulk PbSe in the
[001] direction starting from the critical pointS
along the[110] axis (along the dashed line in the
Brillouin zone).
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rules. One possible explanation could be that S-P transitions
become allowed via phonon-assisted processes. There are
four equivalent extrema at theL point of the Brillouin zone,
giving rise to S and P states in each valley, and transitions
between these states could occur via intervalley scattering.
We have recently calculated that similar processes are very
efficient in the case of Si nanocrystals.46 Permanent dipole
moments in the nanocrystals are also proposed for breaking
the selection rule.47

It is often assumed that the four equivalent extrema at the
L point of the Brillouin zone together with a twofold spin
degeneracy lead to a eightfold degeneracy of the quantized
states.9,21,22Tight binding calculations confirm that the low-
est conduction states and the highest valence states are
grouped into well-defined multiplets of eight levels, but there
are splittings between these levels due to intervalley cou-
plings. These couplings are not described byk ·p Hamilto-
nians, which assume independent valleys. Figure 11 shows
that the splittings are substantial in a wide range of nanocrys-
tal sizes(often larger thankT even at room temperature). It is
important to notice that intervalley splittings are a decreasing
function of size but with important oscillations,26,48 explain-
ing why the ordering of the states(and their degeneracy)
seems to scatter from one dot to another.

Experiments show that PbSe nanocrystal colloids fluo-
resce efficiently10,11but with a long lifetime in the microsec-
ond range.10 To understand this behavior, we have calculated
the radiative recombination lifetimeti j between conduction
statesuuc,il and valence statesuuv,jl in the dipolar approxima-
tion using42

1

ti j
=

4vi j
3F2e2r ij

2nop

3c3"
, s5d

with

r ij
2 = ukuc,iuxuuv,jlu2 + ukuc,iuyuuv,jlu2 + ukuc,iuzuuv,jlu2. s6d

In Eq. (5), vi j is the transition frequency,F is the local
field factor, andnop is the macroscopic refractive index of the
system. In the case of spherical dots of dielectric constantein
embedded in a medium of dielectric constanteout, we

FIG. 10. (a) Optical absorption spectrum of PbSe nanocrystals,
each transition line being broadened by a Gaussianswidth
=35 meVd. Continuous line: theory, spheresdiameter=7.3 nmd.
Dashed line: theory, cube(side slength=7.2 nm). Dotted line: ex-
periments of Ref. 9(averagesdiameter=7 nm). (b) Same, but the
theory shows the joint density of states; i.e., replacing the optical
matrix element by a constant. Note that for the sake of comparison,
the lower energy scale of the experimental spectrum is slightly
shifted with respect to the upper one of theoretical spectrasshift
=0.1 eVd.

FIG. 11. Splittings of the energy levels in the conduction band
(full symbols) and in the valence band(empty symbols) of spherical
PbSe nanocrystals as a function of their diameter. The splittings are
defined with respect to the lowest unoccupied level and to the high-
est occupied level, respectively. The levels have either a twofold
(circle) or a fourfold (square) degeneracy.

FIG. 9. Calculated confinement energy in spherical(3) and cu-
bic (1) PbSe nanocrystals as function of size(diameterD for a
sphere, side lengthL for a cube). Cubes and spheres with the same
volume are at the same abscissafL=Dsp /6d1/3g. Continuous line:
fit of the results. Dotted line:k ·p results of Ref. 3. Experimental
values(first excitonic transition): Ref. 10(j), Ref. 3 (P), Ref. 12
(m), and Ref. 9(l).
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have10,42 nop<Îeout and F<3eout/ sein+2eoutd. We suppose
that the local field factorF remains the same for cubic dots.
Using the values ofti j , we calculate the average radiative
lifetime of one electron-hole pair in a nanocrystal at a given
temperature, assuming that the electron and the hole are in
thermal equilibrium within the conduction and valence
states, respectively. This approximation of quasi-equilibrium
is justified by the fast relaxation of the carriers within their
respective bands.10 Results for the average lifetime are
shown in Fig. 12. We consider two cases: a first one with
ein=23 andeout=23, which could correspond to the limit of a
packed array of nanocrystals, a second one withein=23 and
eout=2.1, simulating the experimental situation of Ref. 10
where colloids are dissolved in chloroform. Interestingly, cu-
bic and spherical dots give similar lifetimes. In agreement
with experiments, we confirm that there is no need to invoke
a triplet transition to explain long lifetimes.10 The small dis-
crepancy between our results foreout=2.1 and the experi-
mental value of 0.88ms10 could be easily interpreted by a
reduction of the average dielectric constant in the nanocrys-
tals compared to its bulk values=23d, as discussed, for ex-
ample, in Ref. 49, or by a slightly higher value ofeout.

B. Intraband transitions

We consider now intraband transitions in which PbSe
nanocrystals contain one extra electron, one extra hole, or an
electron-hole pair. The induced absorption spectra corre-
sponding to these situations are shown in Fig. 13. Replacing
each transition line by a Gaussianswidth=35 meVd, we ob-
tain that the spectra are very broad, due to the fact that the S
and P levels arising from the four equivalent valleys and
from the two directions of spin are split by anisotropy ef-
fects, spin-orbit, and intervalley couplings. We find that the
broadening increases with decreasing size. Interestingly,
broad spectra are observed experimentally,10 with linewidths
close to our predictions(obviously inhomogeneous broaden-
ing also plays a role). The induced absorption spectra calcu-
lated for an extra electron present one peak, whereas hole

transitions give rise to two peaks for dot diameters below
6 nm (above, the lowest energy peak is no longer distin-
guishable). We plot in Fig. 14 the evolution with size of the
peak maxima. The transition energies vary once again as
1/D. We also show the experimental results of Ref. 10. The
agreement with our values is good, taking into account that
the spectra are broad and that experimental data obtained by
optically induced absorption10 correspond to excitations of
both electrons and holes.

V. CONCLUSIONS

We presented a theoretical study of the electronic struc-
ture and of the optical properties of PbSe layers and nanoc-
rystals. Under confinement, the energy gap varies as the in-
verse of the size, which comes from the almost linear energy
dispersion of bulk bands. Because the electronic states are
mostly p-like, the surfaces do not create localized states in
the gap, which could explain the high fluorescence efficiency

FIG. 12. Evolution with size of the radiative lifetime in spheri-
cal (h, j) and cubic(n, m) nanocrystals. Empty symbols corre-
spond to lifetimes calculated withein=23 andeout=23, filled ones to
those calculated withein=23 andeout=2.1. The cross is the mea-
sured lifetime of Ref. 10.

FIG. 13. Room temperature intraband optical absorption in the
conduction(dotted line) and valence(dashed line) band of spherical
nanocrystals charged with one extra electron or one extra hole, re-
spectively(upper curves: diameter=4.9 nm; lower ones=7.3 nm).
Continuous line: sum of electron and hole contributions.

FIG. 14. Evolution with diameterD of the energy of the main
intraband transitions in the conduction band(1) and in the valence
band (3) of spherical nanocrystals compared to the experimental
values(j) of Ref. 10, the size being deduced from the energy of the
first exciton peak using Eq.(4). Straight line: fit of the electron
intraband transition energy(E in eV, D in nanometer): E
=1/s1.05Dd.
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of the nanostructures. This result naturally explains why, to
our knowledge, no trapped states have been observed experi-
mentally. We predict similar confinement energies in spheri-
cal and cubic nanocrystals. The calculated excitonic energies
and radiative lifetimes of dots are in good agreement with
experiments. However, one question remains: why the sec-
ond observed exciton seems to be optically allowed, whereas
we predict a vanishing oscillator strength. In nanocrystals,
we show that the four equivalent extrema at theL point of
the Brillouin zone do not lead to an eightfold degeneracy of
the quantum states due to intervalley couplings. This could
explain why the expected degeneracy is not apparent in the
bleach data of Ref. 10. We predict that intraband transitions
induced by an extra particle give rise to broad peaks, due to

splittings between states originating from different valleys.
In the case of PbSe quantum wells, calculations show that

the confinement leads to a strong anisotropy of the dielectric
function. The main transitions at the critical points of the
Brillouin zone are also influenced by the confinement, as
shown by ellipsometry measurements on PbSe layers.17 All
these results demonstrate the originality of the optical prop-
erties in PbSe nanostructures.
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