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Confinement effects in PbSe quantum wells and nanocrystals
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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 functiog(w) is calculated for PbSe quantum wells. Its imaginary egi®) is strongly
anisotropic and shows large variations with respect to its bulk value even far from the gap region.
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[. INTRODUCTION tions of k -p calculations have been questiort€d! Indeed,
the origin of the second peak in their absorption spectrum
The effect of quantum confinement in semiconductorremains unclear: it is assigned either to the,-18, and
nanostructures has been intensively studied for more thans-1Pp, transitions that are, in principle, parity forbidd@H,
two decades. On the experimental side, whereas most of thg to transitions toward states resulting from the anisotropy
works have concerned Ill-V and I1-VI semiconductors with of the pand structur In addition, an inherent limitation of
zinc-blende or wurtzite structure, IV-VI semiconductors with ihe envelope-function approximation is that it describes the
cubic rock salt structure presently receive increasing attens|ecironic states only near the gap, and it does not allow one
tion due to their peculiar properties. In particular, PbSe, withy, o5\0jate the full frequency-dependent dielectric function.
|ts_|?ar_row gap(zﬁso rIneV %t. 3|00 K) at thel pclnztgof_the Thus, our aim in this paper is to study theoretically the
Brillouin zone and its large dielectric constdat,~23), is a electronic structure and the optical properties of PbSe nano-

very promising material for opto-electronic appl'cat'ons'structures in a wide spectral range, from the infrared to the

Owing to its small electron and hole effective masse . . .
(<0.1me1?), the gap of confined PbSe structures can bZUV, which requires describing the full band structure of the

tuned with size from its bulk value to about 2.0 &5 The ~ Material. Therefore, becauss initio methods are presently
large exciton Bohr radiug46 nm offers the possibility to Mited to small sysggms{szoo atoms, we present tight
study the strong confinement regime in relatively |argeb|nd|ng calculation®* _that_ allow us to address the_se prob-
structured® Interesting optical properties have been ob-lems for structures with sizes accessible to experiments. In
served in PbSe quantum wells made by molecular-bearthe case of PbSe nanocrystals, we compare our results to
epitaxy!® and in nanocrystals, either electrodeposited on goldhose obtained previously on the basis &-@ Hamiltonian.
surfacedy formed in an oxide glass ho’t’ or obtained by ~We show that tight binding calculations predict confinement
colloidal chemistry in liquid solution&:*3In the latter case, energies, fluorescence lifetimes and intraband optical proper-
band-edge fluorescence is observed with a very high effities in good agreement with experiments and we discuss the
ciency but with a long lifetimé%! Infrared stimulated emis- issue related to forbidden transitions in the absorption spec-
sion and optical gain have been reported in quantum-welltrum. In the case of PbSe quantum wells, we show that the
based devicé&2?° and in PbSe nanocrystals/sol-gel confinement has profound and unusual effects on the optical
nanocomposited: Intraband transitions have been also char-transitions involving electronic states which are deep in the
acterized by optically induced absorptithRecent works bands, i.e., far from the gap regiéh.
have shown that the quantum confinement has also an impor- The paper is organized as follows. In the next section, we
tant influence on the dielectric function far from the bandgapdescribe the tight binding method and the formalism used to
regionl’ in the visible and UV spectra. calculate the optical matrix elements. We discuss the elec-
On the theoretical side, PbSe nanostructures have bedronic structure and the optical properties of bulk PbSe to
studied mainly using the envelope-function approximationvalidate the method and to emphasize some unusual proper-
andk -p Hamiltonians?>~?* These approaches are very con-ties of the material. In Sec. lll, we consider PbSe quantum
venient to describe the physics of quantum confinement, butells. We present the evolution of the complex dielectric
it is well-known that they may not be sufficiently accurate constant as a function of the width of the wells, and we study
when the confinement energy becomes of the order of a fewhe anisotropy of the optical response. Section IV is devoted
hundred of me\?>26 In addition, the optical properties of to the interband and intraband transitions in PbSe nanocrys-
PbSe nanocrystals are not fully understood, and the preditals. We conclude the paper in Sec. V.
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TABLE |. Top: first nearest neighbor tight binding parameters 15

for PbSe. The notation is that of Slater and Kogtieef. 27 (a -ﬁ—"‘(ﬁ S \:
=anion, c=catiop A is the spin-orbit coupling parameter. Bottom: 10 = /\ﬁ’c
longitudinal (I) and transversé) effective masses for the conduc- s ' 5 ! /C__
tion (e) and valencgh) bands at thd. point in units of the free- N \/% =
elect(rczn mass. W P % ol \é/\l//i
Tight binding parameters for PbSe = 5 %é/\—\i\f_

_ T ]
Intra-atomic terms: -0 : h
E§:—11.45405 eV E§:—5.07781 eV L p— :

E3=-1.47533 eV EC=4.33168 eV @ T A X W L r s K x

E3=12.13125 eV E{=10.97439 eV

E%.=17.60374 eV ES =24.35922eV 15

A?=0.24000 eV A°=0.55000 eV ok |

First nearest neighbor interactions: 5 -\/\ /R///—

E.o,(20=-0.36267 eV 5 ol LN / |

Egs,(a0=-0.93835 eV et 7\/\

Eseo,(20=-1.12089 eV Ese,(Ca)=-1.29525 eV 5L NS

Espr(20=1.20593 eV Esp(c8)=1.31029 eV

Espo(20=2.51117 eV Es po(C)=2.27510 eV -10 1

Esq,(20=-0.83693 eV Esq,(ca)=-1.71725 eV

E¢q,(a0=-0.92754 eV Esq,(ca=0.18794 eV (|o)_15 r X W L r K X

Eppo(20=1.71542 eV Eppn(a0=-0.38235 eV

Epu,(a0=-1.07458 eV Epa,(ca)=—2.13886 eV FIG. 1. (a) Band structure of bulk PbSe. The zero of energy
corresponds to the top of the valence bagn. Same but with

Epar(a0=-0.14844 eV Epdr(ca)=0.73701 eV Eppo(a0=2.5 eV,ES~E3=1.5 eV and the spin-orbit coupling keep-

Ega(@0=-0.27384 eV Equ-(a20=1.48923 eV ing its bulk value, all other interatomic terms of the Hamiltonian

Eqqs(20=-0.35624 eV being set to zero.

Effective masses: In the case of quantum wells and dots, the tight binding

me=0.0462 m'=0.0472 paramet_ers are transfer_red without change_from the_ bulk situ-

MF=0.0374 m'=0.0468 ation using the appropriate boundary condl_tlons. Since PbSe
is a strongly ionic material, we do not passivate the surfaces
as in the case of IlI-V semiconductor nanocrystals for which

IIl. BULK SEMICONDUCTOR pseudo-hydrogen atoms are required to saturate the dangling
A. Tight binding calculations bonds and to push the surface states far from the energy

gap?> We will discuss the consequences of this assumption

t -

and the influence of surfaces later. To account for the elec-

Hamiltonian matrix is written in pd°s* basis, the overlaps FONIC relaxation near the surfaces, we apply an intra-atomic

are neglected, and the hopping integrals are restricted to firfPtential s?sf ~0.18 eV on each surface atom to achieve charge

nearest neighbor interactions. Because Pb is a heavy elBeutrality:

ment, we include the spin-orbit coupling which requires dou-

bling the basis set. The parameté€fable ) are obtained by

fitting the experimental effective masses and a reference

band structure at the main points of the Brillouin zone and in  Once the electronic structure is obtained, we calculate the

a large energy range. This reference band structure was calomplex frequency-dependent dielectric functiof(w)

culated using theb initio pseudopotential codsBINIT?%29  =¢€(w)+ie(w). In the case of interband transitions, its

in the local density approximation. The band structure obimaginary parte,(w) is given by

tained in tight bindindFig. 1(a)] is in good agreement with 4282
. . . " .

those previously reported in the |I'.[er.atl§.P€‘?’ We obtain an ew) = —— S S(E,, - E,; - ho) X [(ugle-plu, )2

energy gapEy of 0.176 eV, but it is important to point Mo

out that experimentally the energy gap of bulk PbSe (1)

is _strongly dependent on the temperatuf&,=125

+y400+0.256% meV),»* and that in quantum dots this whereu,; andu, ; are the conduction and valence wave func-

temperature variation is size dependent. tions of energyE.; andE, j, respectively() is the volume of

The electronic structure of PbSe is calculated in tigh
binding, following the method described in Ref. 25. The

B. Complex dielectric function
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FIG. 2. Imaginary part of the frequency-dependent dielectric ~10T
function e,(w) for bulk PbSe calculated in tight bindirigolid line)
compared to the experimental value at 300 K of Ref.(d@shed

line) and to the calculated joint density of staiemtted ling. E;, -15 X M T
E,, andEj; indicate the main transitions at critical points of the band
structure. FIG. 3. Lines: band structure of a well containing six PbSe

) o . planes. Shaded region: projection of the bulk band structure on the
the system, and is the polarization vector of the light. For- gyrface reciprocal space.

bulk PbSe, the wave functions and the energies are obtained
by diagonalizing the Hamiltonian at8x 10° points in the
the Brillouin zone.

The matrix elements o are calculated following Refs.
36-38. To this end, let us consider atomic orbitaisR)
centered at positioR and characterized by a label We
write

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-
dimensionak-space. It shows that surfaces do not introduce
states in the energy gaps of the bulk band structure, even

W My , , though they are not passivated. This is due to the fact that the
(a.R[plB.R >‘E{(R_R Ka,RHB,R") electronic states are mainly-like (evidence will be given
laten). In a finite system of atoms characterizedbgrbitals,
+ 2 [<'y,R|H|B,R’>da7 even thep orbitals at surfaces remain strongly coupled with
y orbitals of atoms at the interior. This is in contrast with zinc-

, blende semiconductors described by hybsed® orbitals
~(a,R[H|.R >dyﬁ]}’ 2 which, to a first approximation, remain uncoupled at sur-
faces, forming dangling bond3.The absence of dangling
where the termsday:<a,R|r|y,R> describe intra-atomic bonds at surfaces could explain the high fluorescence effi-
polarizations. The simplest approximation involves settingciency of PbSe nanostructut@stin spite of a long lifetime,
all these intra-atomic terms to zero since there are no adjusénd also the small Stokes shift between emission and
able parameters beyond those for the HamiltoRlaHow-  absorptiont®1121
ever, we have chosen to use Ef) with intra-atomic terms
calculated from free-atom orbitat8we checked that it gives A. Energy gap
results in good agreement with experiments in many situa- ) L )
tions(see also Ref. 38This is confirmed by Fig. 2, in which _Figure 4 shows the evolution with size of the confinement
we compare our predictions for the imaginary part of the€N€rgy (i.e., the increase in the energy gap quantum
dielectric function for bulk PbSe to measurements of Ref. 40"V€!lS- Disregarding the small difference between wells with
The main features ok,(w) (Fig. 2) occur at van Hove odd gnd even _numbers of PbSe planes, the average energy
singularities in the joint density of statéat theL point and gap(in eV) is given by
on the axes® and A of the Brillouin zone(see Fig. 1 1
Following the notations of Ref. 41, the threshdfg coin- Eq(L) = E4(e0) + 12123 + 03326
cides with the energy gap at thepoint and corresponds to ' '
the transitior_s_g (with the usual notatiof? 1 is the deepest wherelL is the well thickness in nanometédr=Na/2, where
band of Fig. 3. The shoulderE; at =1.7 eV corresponds N is the number of planes aradis the lattice parametgrThe
mainly to %5 ., and the main peak, at =2.8 eV toAs .  1/L dependence of the energy gap is quite unusual, since
and3s_;. Finally, the third pealE; at =4.1 eV takes place simple effective mass theory predicts a1 law*? The rea-
atA, gandX, ;. son is that the energy dispersion is mostly linear around the
gap(see Fig. 1 and is parabolic only in a very small region
lll. QUANTUM WELLS near the extremérig. 5). This result shows that the effective
In this section, we consider PbSe quantum wells withmasses are not pertinent quantities to predict the effect of the
(001) surfaces. We discuss the existence of surface stateguantum confinement in PbSe nanostructures.

3
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FIG. 4. Squares confinement energy in quantum wells as a func- 30 1 i
tion of size. Line: fit of the energy gap. BT S ]
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B. Dielectric function =157 N\ T
Figure 6 presents the evolution of the imaginary part of 10 T
the frequency-dependent dielectric function with respect to 5 7
the well thickness. Two polarizations are consideedtong 0 H—heeee=s 2 ' e e T
[100] and [001]. For thin wells,e,(w) becomes strongly an- o) 0 2 4 EeV) 6 8 10

isotropic. For in-plane polarizatiofell[100]), ey (w) remains
all the time close to the bulk value, with anyway some dif- 49 . . . .

ferences that we will discuss later. On the contrary, with a 35 | ]

polarization perpendicular to the surfaqet[001]), the di- 30 - |

electric functione,, (w) has a huge dependence on size. This L i

unusual behavior is due to the peculiar electronic structure otg 20 - g i

PbSe, and more generally of lead-salt semiconductors. Tcg s

understand this, we show in Fig(k) the band structure of 15 S i

bulk PbSe when all the tight binding interaction parameters 10 LW ]

are switched to zero, except the spin-orbit coupling and the 5 [ a 1

hopping integralppo. The resulting band structurgFig. 0 L= : ' R j
1(b)] is remarkably close to the true ofi€ig. 1(a)], which 0 2 4 6 8 10

means that, when considering its electronic properties, bulk® E(eV)

PbSe_ is basically equivalent to a set _of independgnt chains of ;5 ¢ Imaginary part of the frequency-dependent dielectric
p orbitals along the, y, andz axes(Fig. 7). Thus, in wells  ncion e,(w) of quantum wells made of &), 4 (b), and 20(c)
with (001) surfaces, the chains gf, orbitals are finite and  ppge(001) planes. The solid lines are for a polarization vector e
their electronic structure depends strongly on size, accordingarajlel to the planese, (), along[100]} and the dashed lines for

e perpendicular e, (w), along[001]}. The dotted lines represent
& (w) calculated for bulk PbSe.

to usual quantum confinement effects. On the contrary,
chains ofp, and p, orbitals remain infinite, as in the bulk
S ; material. Thus, the anisotropy comes from the fact that
;2:»::; € (w) arises from the polarization of the bonds along the
= : chains ofp, orbitals, whereas, (w) comes from the in-plane
polarization, which is bulk-like.
Obviously, the previous picture is too simplified, and
; there are weak couplings between the chdmg., through
(') : the spin-orbit coupling or via the orbitalg. As a conse-
~21/L . _ .
k—ky (arb. units) quence, confinement effects are also visiblejw). Let us
consider, for example, the well made of four PbSe planes

FIG. 5. The energy dispersion in bulk PbSe is mostly linear[Fig- 60)]. The optical threshold is blueshifted, following
except very close to the gap region, where it becomes paraboli¢he usual confinement effect at the energy gap, here dt the
The confinement energy behaves ak,Mherel is the size of the ~ point. The situation at higher energy is much more unustal,
nanostructurek, is the wave vector at the point ofthe Brillouin ~ and is once again the consequence of the peculiar electronic
zone. structure of PbSe. The peaks, E,, andE; are still present,

Energy (arb. units)
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FIG. 7. The electronic structure of bulk PbSe can be described by linear chginerbitals with onlyppo interactions.

at almost the same energy as in the bulk. However, there argne). As in the case of quantum wells, the energy gap varies
additional peaks, in particular at2.5 and=3.5 eV. To un- mainly as 1D (the coefficient oD? is smal), and there is no
derstand this behavior, we must study the effect of the consurface state in the gap. Our predicted gaps are in good
finement at the critical points of the Brillouin zone, where agreement with experimen¢gig. 9), taking into account the
there are van Hove singularities in the bulk case. For exdispersion of measured values.

ample,E; arises mainly from the transitios;_,5. However,

the critical points along@. are saddle points for bands 5 and A. Interband transitions

6, and therefore the effect of the confinement depends on the , i .
orientation of theS axis with respect to the growth axis Ve consider now the optical absorption in PbSe nanoc-

[001]. If there is a local minimum of the energy gap along 'yStals. Figure 1@) presents results for dot sizessf7 nm,
[110] when plotted in this directiofFig. 1(a)], Fig. 8 shows 1-€- gontammgx?OOO atoms. For_ su<_:h large sizes, it is not
that it is a maximum when plotted in tH@01] direction. poss.lble to make a full dlagonallz_a_tmn of thg Hamlltpman
Thus, the confinement in th©01] direction gives rise to a ng}‘g &grt]g cV;?cuT;Ltjjtthueseei ;ennsetgigfr:nIgriﬁéggttgﬁgiaugzts
redshift for critical points alond110], [110], [110], and 1o 4o rease to zero of the absorption spectra above 1.2 eV
[110] axes, and a blueshift for the others.g., [101], s just a consequence of the limited number of eigenstates
[011],...). Thus, the peak at=2.5 eV arises from the blue- that we can calculate. Figure (H) compares a measured
shiftedXs ¢ transitions?® For the redshifted ones, the shiftis absorption spectrufwith those predicted for spherical and
actually very small, nearly imperceptible, because the bandsubic nanocrystals characterized by the same volume. The
are almost flat in th¢001] direction as shown in Fig. 8tis  |owest calculated peak corresponds tg4$S, transitions. It
completely flat when the coupling between chains is neincludes 64 lines resulting from the eightfold degeneracy of
glected. This explains the presence of a peak riearalmost  the extrema at the point of the Brillouin zone. The second
as in bulk PbSe. and third calculated peaks arise fromptRP, and 10,

The same analysis can be performed Xy ; and for - 1D, transitions. These three peaks agree well with struc-
As 6 explaining the peaks &, and their counterparts, tures in the experimental spectrdntonfirming previous
which are blueshifted near 3.5 eV. Note that the criticalinterpretationd? However, the experimental peak at
points alongA ([100] directiony are also saddle points for ~0.8 eV is not reproduced by the calculations. In fact, we
bands 5 and 6: the local minimum of the energy gap alongbtain that the energy of this peak fits well with tSLP,
[10Q] is a maximum along001]. and 1R- 1S transitions, as shown by plotting the joint den-

sity of stateg[Fig. 1Qb)],*® but we find that S-P transitions
are almost completely forbidden. The prediction made with a
IV. NANOCRYSTALS k-p Hamiltonian that the observed peak could result from

Figure 9 presents the confinement enerav in PbSe nanoa_nisotropy effects is not supported by our calculation. In
9 P ay Cubic nanocrystals, we calculate that the selection rules for

WSt?'S as functiqn of size. Intgrestingly, very close results a'S_p transitions are slightly relaxed, but the amplitude of the
obtained for cubic and spherical dots with the same volume K

. . eak remains much smaller than the observed [dns al-
as already obtained for other semiconduct§r$.The energy rpnost not visible in Fig. 1Gy]. We also performeEj calcula-

gap(in eV) is given by tions on nanocrystals with more complex shapes and with
1 fewer symmetries, but we never found a second peak with

0.01052+ 0.265% + 0.0667 (4) the correct amplitude compareq to experiments. _
Thus, one important conclusion of our work is that direct
whereD is the effective diameter of the dot in nanometerS-P transitions are not allowed, and other physical effects
(for a cube, the diameter of the sphere with the same volmust be studied to explain the relaxation of the selection

Eqg(D) = Eg() +

FIG. 8. Band structure of bulk PbSe in the
[007] direction starting from the critical point
along the[110] axis (along the dashed line in the
Brillouin zone).

E (eV)
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FIG. 9. Calculated confinement energy in spher{cél and cu- 0.3 0.5 0.7 0.9 1.1 1.3
bic (+) PbSe nanocrystals as function of sigkameterD for a ' d :
sphere, side length for a cubg. Cubes and spheres with the same
volume are at the same abscigtaD(/6)Y3]. Continuous line:
fit of the results. Dotted linek -p results of Ref. 3. Experimental
values(first excitonic transition Ref. 10(H), Ref. 3(®), Ref. 12
(A), and Ref. 9(¢).

Associated density (arb. units)

rules. One possible explanation could be that S-P transitions g . . e
become allowed via phonon-assisted processes. There are 06 08 1.0 12 1.4
four equivalent extrema at tHe point of the Brillouin zone, (b) Energie (eV)
giving rise to S and P states in each valley, and transitions
between these states could occur via intervalley scattering. FIG. 10. (a) Optical absorption spectrum of PbSe nanocrystals,
We have recently calculated that similar processes are vegach transition line being broadened by a Gaussjandth
efficient in the case of Si nanocrystafsPermanent dipole =35 meV. Continuous line: theory, spher@iameter=7.3 nm
moments in the nanocrystals are also proposed for breakingashed line: theory, cubgside (length=7.2 nm. Dotted line: ex-
the selection rulé’ periments of Ref. Qaverage(diameter=7 nm (b) Same, but the

It is often assumed that the four equivalent extrema at théheory shows the joint density of states; i.e., replacing the optical
L point of the Brillouin zone together with a twofold spin matrix element by a constant. Note that for the sake of comparison,
degeneracy lead to a eightfold degeneracy of the quantize§je lower energy scale of the experimental spectrum is slightly
states2122Tight binding calculations confirm that the low- Shifted with respect to the upper one of theoretical spe(ht
est conduction states and the highest valence states ard1 ev).
grouped into well-defined multiplets of eight levels, but there

are splittings between these levels due to intervalley cou: In Eq. (5), oy 1S the transition frgquency'?_ IS 'the local
field factor, andh,, is the macroscopic refractive index of the

wystem. In the case of spherical dots of dielectric congignt

that the splittings are substantial in a wide range of nanocrysmeeclded in a medium of dielectric constagy, we

tal sizes(often larger tharkT even at room temperatyrdt is 100

important to notice that intervalley splittings are a decreasing > 8 . 1100 o
function of size but with important oscillatiort$;*8 explain- % 0r Jgo 2
ing why the ordering of the statgand their degeneragy £ 60 = L. | 50 s
seems to scatter from one dot to another. B 40 | ‘. é
Experiments show that PbSe nanocrystal colloids fluo- 2 00 | ' 140 2
resce efficientl§*1but with a long lifetime in the microsec- 3 B 11 20 B
ond range?® To understand this behavior, we have calculated c O oo b ; ; 0 B8
the radiative recombination lifetime; between conduction -% -20 | FoBeoc o
stateguc;) and valence statgs, ;) in the dipolar approxima- 3 a0l =0 205
tion usingd? 5 o0 ‘ 40 8
S 0 2 4 6 8 10
D (nm)
32,22

i_ 4(1)|F ezl'i-nop (5) . . .

o 3c3; J FIG. 11. Splittings of the energy levels in the conduction band

. (full symbolg and in the valence bari@mpty symbolsof spherical
with 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
r = [(ugilxluy )12 + [Cug,lyluy )12 + [(ug;lzlu, pI2. - (6)  (circle) or a fourfold (squarg degeneracy.

245321-6



CONFINEMENT EFFECTS IN PbSe QUANTUM WELLS PHYSICAL REVIEW B 70, 245321(2004)

10.4 T T T T T
100 ¢ i §
z Y Y Y N E LN 1%
8 6 O A.AA Al =
= 10 F o c
5 .2
3 =
e =
3 =
10 F o] ..g
. o . ; <
0 gooBepago 080 ne /
1078 o . . . . 0 0.0 0.1 0.2 0.3 0.4 0.5

D (nm) Energy (eV)

FIG. 13. Room temperature intraband optical absorption in the
conduction(dotted ling and valencé€dashed lingband 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. 12. Evolution with size of the radiative lifetime in spheri-
cal (O, W) and cubic(A, A) nanocrystals. Empty symbols corre-
spond to lifetimes calculated witgy, =23 ande, =23, filled ones to
those calculated witl,,=23 ande,;=2.1. The cross is the mea-
sured lifetime of Ref. 10.

transitions give rise to two peaks for dot diameters below

have®42 n, ~ e, and F=~3eyy/ (€n+2€0,). We suppose : o
op”* ¥ €out out (€in + 2€0u) PP 6 nm (above, the lowest energy peak is no longer distin-

that the local field factoF remains the same for cubic dots. ~ . A . s
Using the values ofr;, we calculate the average radiative gg:,isl?ang’lae‘ .\r:]\/: pITohte'ntr';'gé%g;hgni\rlo.lggona\r”'tgr?ézee :fatlhne as
lifetime of one electron-hole pair in a nanocrystal at a givenp xima. ” gies vary gal

temperature, assuming that the electron and the hole are HD' We aIso.show the expt_anmental re;ults_ of Ref. 10. The
thermal equilibrium within the conduction and valence agreement with our values is good, taking into account that

states, respectively. This approximation of quasi—equilibriumthe spectra are broad and that experimental data obtained by

is justified by the fast relaxation of the carriers within their optically induced absorptidfi correspond to excitations of
respective band¥. Results for the average lifetime are both electrons and holes.

shown in Fig. 12. We consider two cases: a first one with

€n,=23 ande, =23, which could correspond to the limit of a V. CONCLUSIONS

packed array of nanocrystals, a second one jth23 and , )
e.=2.1, simulating the experimental situation of Ref. 10 We presented a theoretlcal' study of the electronic struc-
where colloids are dissolved in chloroform. Interestingly, cu-{Uré and of the optical properties of PbSe layers and nanoc-
bic and spherical dots give similar lifetimes. In agreementYStals. Under confinement, the energy gap varies as the in-

with experiments, we confirm that there is no need to invoke/€rse of the size, which comes from the almost linear energy
a triplet transition to explain long lifetimé8.The small dis- dispersion of bulk bands. Because the electronic states are

crepancy between our results feg,=2.1 and the experi- mostly p-like, the surfaces do not create localized states in
mental value of 0.88:s! could beueasily interpreted by a the gap, which could explain the high fluorescence efficiency
reduction of the average dielectric constant in the nanocrys-

tals compared to its bulk valugs23), as discussed, for ex- 0.6
ample, in Ref. 49, or by a slightly higher value &, 05 L

04 r

B. Intraband transitions 0.3

E (eV)

We consider now intraband transitions in which PbSe
nanocrystals contain one extra electron, one extra hole, or an 02|
electron-hole pair. The induced absorption spectra corre-

sponding to these situations are shown in Fig. 13. Replacing o1t
each transition line by a Gaussianidth=35 me\}, we ob- 0.0
tain that the spectra are very broad, due to the fact that the S 0 2 4 6 8 10

and P levels arising from the four equivalent valleys and D (nm)

from the two directions of spin are split by anisotropy ef- 1. 14. Evolution with diameteb of the energy of the main
fects, spin-orbit, and intervalley couplings. We find that thejirapand transitions in the conduction bage) and in the valence
broadening increases with decreasing size. Interestinglyand(x) of spherical nanocrystals compared to the experimental
broad spectra are observed experimentallyjth linewidths values(Hl) of Ref. 10, the size being deduced from the energy of the
close to our prediction@bviously inhomogeneous broaden- first exciton peak using Eq4). Straight line: fit of the electron

ing also plays a robe The induced absorption spectra calcu-intraband transition energyE in eV, D in nanometer E
lated for an extra electron present one peak, whereas hotel/(1.0D).
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of the nanostructures. This result naturally explains why, tcsplittings between states originating from different valleys.
our knowledge, no trapped states have been observed experi- In the case of PbSe quantum wells, calculations show that
mentally. We predict similar confinement energies in spherithe confinement leads to a strong anisotropy of the dielectric
cal and cubic nanocrystals. The calculated excitonic energigfsinction. The main transitions at the critical points of the
and radiative lifetimes of dots are in good agreement withBrillouin zone are also influenced by the confinement, as
experiments. However, one question remains: why the seshown by ellipsometry measurements on PbSe |ayfehd.

ond observed exciton seems to be optically allowed, wheredfese results demonstrate the originality of the optical prop-
we predict a vanishing oscillator strength. In nanocrystalserties in PbSe nanostructures.

we show that the four equivalent extrema at theoint of

the Brillouin zone do not Iead to an elghtfolo! degene_racy of ACKNOWLEDGMENTS

the quantum states due to intervalley couplings. This could
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