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ABSTRACT
An exciton evolving from an  m-fold degenerate hole level and an  n-fold degenerate electron level has a nominal ~ m x n degeneracy, which is
often removed by electron —hole interactions. In PbSe quantum dots, the degeneracy of the lowest-energy exciton is m x n = 64 because both

the valence-band maximum and the conduction-band minimum originate from the 4-fold degenerate (8-fold including spin) L valleys in the
Brillouin zone of bulk PbSe. Using a many-particle configuration-interaction approach based on atomistic single-particle wave functions, we

have computed the fine structure of the lowest-energy excitonic manifold of two nearly spherical PbSe quantum dots of radius R =
15.3 and 30.6 A. We identify two main energy splittings, both of which are accessible to experimental probe: (i) The intervalley splitting dis
the energy difference between the two near-edge peaks of the absorption spectrum. We find o =280 meVfor R=153Aand & = 18 meV for

R =30.6 A. (ii) The exchange splitting A is the energy difference between the lowest-energy optically dark exciton state and the first optically
bright exciton state. We find that A, ranges between 17 meV for R = 15.3 A, and 2 meV for R = 30.6 A. We also find that the room-
temperature radiative lifetime is  7gr ~ 100 ns, considerably longer than the ~ ~10 ns radiative lifetime of CdSe dots, in quantitative agreement
with experiment.
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(l) Spherical dots made of a direct—gzIpto—F zinc-blende Zinc-blende Waurtzite Diamond Diamond Rock-salt
material(e.g., InP’#InAs 2 and CdS). These dots have the UM T UBML I BN X MR || IR
Tq point group symmetry, so the first hole level, correspond-

ing to the valence-band maximum (VBM), is orbitally doubly Figure 1. Schematic diagram of exciton splitting of five types of

degen_erate gh+ hy), while _the first ele(_:tron level, COITe- quantum dots, as obtained from atomistic pseudopotential calcula-
sponding to the conduction-band minimum (CBM), is tions (see ref 8 for InP and CdSe, ref 10 for Si, and ref 11 for Ge).
orbitally nondegenerate {je Each electron and hole state is In each case, we show the single-particle hole leveist ...)

; _ PR ; and electron levels (ge, ...) that constitute the main components
spin degenerate, so the lowest-energy excitonic manifold of an exciton. In the case of Geyldlenotes the split-off hole energy

(h: + hy) ® (&) is 8-fold degenerate at the single-particle |eye|. The degeneracy of each exciton is givensds x3, etc.
level. Electron-hole exchange interactions split this manifold  Solid (dashed) lines indicate optically bright (dark) states. Spin
into a lower-energy “dark” quintuplet and a higher-energy orbit interaction is neglected in (c). Excitonic levels that appear
“bright” triplet, separated by the exchange splitiing as ~ Petween the () ® (ey) and (B) ® (&2) manifolds in (€) are omitted

. - L for clarity.
shown schematically in Figure 1a. Deviations from fhe
symmetry will introduce further splittings in the dark and
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(i) Spherical dots made of a direct-gapsto-I" wurtzite
material (e.g., CdS&%89. Here the hand h single-particle

15.3 A to 2 meV forR = 30.6 A. (iii) Interestingly, while
in CdSe dots, the exciton splits into a lower-energy dark

levels (which are degenerate in the zinc-blende structure)doublet and a higher-energy bright doublet, in PbSe dots the

are split by crystal-field effects. The{h® (e;) and the (h)

® (e1) manifolds are each 4-fold degenerate at the single-

particle level. Electrorrhole exchange interactions split the
4-fold (hy) ® (e1) excitonic manifold into a lower-energy,

lowest-energy exciton state is a nondegenerate dark state,
followed by a triply degenerate bright state. (iv) Our
calculated exciton fine structure gives the temperature
dependence of the radiative lifetinng At room temperature,

dark doublet, and a higher-energy, bright doublet, separatedrr is ~10?—1C® ns, considerably longer than10 ns in CdSe

by the exchange splittingx. The higher-energy gh® (ey)
excitonic manifold splits into a lower-energy dark state and
two higher-energy bright states (Figure 1b).

(iif) Spherical dots made of an indirect-gap-to-X
diamond-like material (e.g., $i19. These dots have the
diamond point-group symmeti®,, so the VBM is orbitally
doubly degenerate {H- h,). Unlike case (i) above, however,
the CBM states derive from the X valleys of the bulk
Brillouin zone, which are spatially 3-fold degenerate. This

degeneracy is split by quantum confinement effects, which

lead to three nondegenerate CBM levels €g &;) belonging

to different irreducible representations. The exciton manifold,
which has 24 dimensions (including spin), exhibits a complex
excitonic fine structure, with dark spin-triplet states located
below bright spin-singlet states, as shown in Figure 1c {spin
orbit interaction is not included in Figure 1c).

(iv) Spherical dots made of an indirect-gap;to-L
diamond-like material (e.g., G8. These dots have the
diamond point-group symmetry, so the VBM is orbitally
doubly degenerate {ht+ hy). The CBM states derive from
the four L points of the bulk Brillouin zone. The degeneracy
of the L points is split by quantum confinement effects,
leading to four orbitally nondegenerate CBM levels, @,
€3, &). The excitonic manifold (h+ hy) ® (ep + e + e +
€,), which has dimension 32 (including spin), is further split
by electron-hole Coulomb and exchange interactions, as
shown in Figure 1d.

In this work, we consider the excitonic manifold of nearly

dots, in quantitative agreement with experim&rit We
discuss our calculated results in view of recent experimental
measurements of Stokes shift and radiative lifetime of PbSe
colloidal quantum dots.

Method of Calculation. We use the following three steps
to calculate the fine structure of low-energy exciton
States‘?»_,lz,ls,lﬁ

In step 1, we calculate the single-particle eigenstates of a
guantum dot by solving the effective S¢dinger equation:

- % V2 V(1) + Ve (1, 0) = € (1, 0)

1
where the wave functiongi(r, o) are expanded in a plane

wave basis set. The spitorbit coupling operato¥se is given
by

Voo = > AgoVilr — Ryl LSk

n,ol

)

where [|r,, is a projection operator of orbital angular
momentuml centered aRn, andV;¢ is a Gaussiap-like
potential. The caséso = 0 corresponds to no spirorbit,
while Aso = 1 corresponds to the full spirorbit coupling
regime. The local potentialV(r) is represented as a
superposition of screened atomic pseudopotentials for atom
speciesn at siteRpq

spherical, rock salt PbSe quantum dots. This material defines

a new excitonic prototype, in that both the VBM states and
the CBM states originate from the L valleys of the bulk fcc
Brillouin zone. Because the L valley is 4-fold degenerate,
the dimension of the excitonic manifold is 64 (including

V(D= o, = Rya) 3)

n,o

The atomic pseudopotentiaig(r) are fit to correct “LDA

spin). However, quantum-confined electronic states derived errors”, thus reproducing the bulk properties accurately.

from the bulk L valleys are split by intervalley coupling,
interband coupling, effective mass anisotropy, and finite
barrier confinement>13 Electron-hole Coulomb and ex-
change interactions induce additional splittings of the exci-
tonic energy levels. To clarify these effects, we have

Note that the potentiaV/(r) + Vso allows for intervalley
coupling, interband coupling, and spiorbit coupling, as
well as for realistic quantum confinement (due to the
passivating atoms, not an infinite potential barrier). Thus,
the single-particle wave functiong manifest all such effects,

calculated the excitonic fine structure of PbSe quantum dotsand are different from “model wave functions” used previ-

of radiusR = 15.3 A andR = 30.6 A using a configuration-
interaction approach? We identify two main energy split-

tings, both of which are accessible to experimental probe:

() The intervalley splitting) is the energy difference between

ously as a basis to calculate electrdgrole exchange split-
tings$

We consider here two PbSe dots of radRis= 15.3 A
andR=30.6 A (16.7 A and 31.9 A, including passivation,

the two near-edge peaks of the absorption spectrum. We findrespectively). The dots are constructed by placing a Se atom

6 = 80 meV for the 15.3 A radius dot, ardd= 18 meV for
the 30.6 A d radius dot. (ii) The exchange splittiagis the
energy difference between the lowest-energy opticdeigk
exciton state and the lowest-energy opticélhjght exciton
state. We find thatA decreases from 17 meV fdR =

2130

at the center of a sphere with an effective rad®iand then
adding Pb and Se atoms withihaccording to the rocksalt
lattice structure of bulk PbSe (lattice constamg =
6.117 A). For such large dots, the electronic properties do
not change much if we place a Pb atom at the dot center.
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The effective radiuR is calculated using the formuRk =
ao(yNao)®, wherey = 3/327 and Ny is the total number

of real atoms in the dot. The dangling bonds at the surface of

the quantum dots are passivated by “ligand potentials”, in
order to remove all surface statéfrom the dot band gap
to ~1 eV away from the band edges.

In step 2, we calculate electreimole Coulomb J) and
exchangeK) integrals using the single-particle eigenfunc-
tions yi(r, o) of eq 1 as follows:

‘Jvc,\/c’ =

> [

01,02

Yu(r g, o)We(r 2 )P (1, 0)P(r o, )

€(ry, ry)ry —ry

dr,dr,

K

veve T

> I

01,02

Yol 1, 0)Pe(r 2 0P (N 1, 0) Y (1 5, 07)

€(ry, ry)lry —ry

r,dr,
(4)

To evaluate the integrals, two different microscopic dielectric
functions have been tested: (i) the modified Penn nfodel
and (ii) the mask function model,

Ve(ry, 1)) = Leg(ry, 1) + [Uen(ry, rp) —
Lequdr 4, r)IM(r Jm(r,) (5)

wherem(r) is 1 for|r| <R — d (d = 1 A), decays smoothly

to zero afr| = Rey + d asy/[sin((Rey—Ir[)/2d)+1]/2, and
remains zero forlr] =Re¢ + d. As recently shown by
Cartoixaand Wand; the dielectric function inside a quantum
dot is bulk-like, whereas at the surface, it decays into the
dielectric function of the material surrounding the quantum

dot. Thus, a carrier can experience the screening of the
surrounding material because there is a possibility that the

charge distribution may spill out of the dot surface. We find

Ny N

) — ()
ZCZ ch,\/c' )’/,c' - Ey },/c
v=1d=

The CI Hamiltonian is constructed using the Coulomb and
exchange integrals of eq 4 as

()

H (@, |H|D, (=

(ec - 6v)6v,v’éc,c - ‘]vc,\/c’ + ch,\/c’ (8)

ve,ve =

Once the exciton wave functions have been obtained by
diagonalizing the Cl Hamiltonian, the dipole matrix elements
relevant to interband optical transitions are calculated as
follows:

M, = Z A, Ir iy 0 ©)

and the absorption cross section is calculated using Fermi’s
golden rule:

1
I(w) O v Z|My|26(hw ~E,) (10)

whereV is the volume of the supercell encaging the quantum
dot.

The radiative lifetimerr(T) at temperaturd is computed
using time-dependent perturbation theory and the Boltzmann
statisticd®

z (1/Ty) e*(EV*Eo)/KBT
v

that the optical absorption spectra calculated using the twowhere

types of dielectric functions (i) and (ii) are characteristically

similar, and the topology of the absorption peaks remains

unchanged. Hence, we shall use the dielectric function (ii)
in all forthcoming calculations unless specified otherwise.

In step 3, we perform configuration interactfoiCl)
calculations, where the exciton wave functiods” are
constructed as linear combinations of a set of single-
substitution Slater determinands, . composed of the anti-
symmetrized products of the single-particle wave functions
yi(r, o) of eq 1:

Ny Ne

W=3 5 A,
v=1c=

Here N; (N,) denotes the number of conduction (valence)
states included in the expansion of the exciton wave
functions. The coefficient8! are the eigenstates of the Cl
Hamiltonian in the basis s, ¢} :

(6)
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= (11)
7R(T) o (E—Eo/KeT
2
2 3
1 4nFow
= —IM, 2 (12)
y 3c
HereEo is the ground-state exciton energy= /€ iS

the refractive index of the medium surrounding the quantum
dot, F = 3eoud(€dot + 2€0uy) is the screening factoed: is the
effective dielectric constant of the quantum dat)js the
fine structure constantp, = E,/h, andc is the speed of
light. It should be noted that the bulk PbSe band gap has a
strong temperature dependelciEy(T) = 125 + (400 +
0.256 )2 meV] due to strong electrerphonon coupling?
However, our pseudopotential calculation is done for a static
lattice, neglecting electrenphonon coupling. In fact, the
pseudopotential is fittéélto the room-temperature bulk band
gap (278 meV). Therefore, in eq 12, we assume that all the
states used to computex(T) are rigidly shifted without
affecting the exponeri, — Eo.
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Exciton level splitting of 30.6 A radius PbSe quantum dot ‘

Spin-orbit splitting (meV)
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Figure 2. Calculated exciton levels of the 30.6 A radius spherical
PbSe quantum dot: (a) shows the single-particle (SP) results; (b)
shows the results after adding the diagonal Coulomb energies
(Ja); (c) shows the effect of adding the off-diagonal Coulomb
energies Jorg); (d) shows the results after adding the electron
hole exchange integrals (K). Optically allowed (forbidden) states
are shown with solid (dashed) lines. The exchange splitting
Ax= 1.7 meV is the splitting between the bright 3-fold degenerate
level and the dark nondegenerate level (d). Intermediate excitonic
levels that appear between the)(I® (e;) and the (h) ® (&)
manifolds are orbitally forbidden, and are omitted for clarity, as
are higher-energy levels. Inset: Band-edge single-particle energy
levels.

Figure 3. Evolution of the near-edge exciton states of a PbSe
quantum dotR = 30.6 A) as a function of the spirorbit parameter

Aso (see eq 2). The size of each filled dot represents the oscillator
strength of the corresponding optical transition. In the low spin
orbit coupling regime Aso = 0), the optically forbidden triplet is
below the optically allowed singlet. In the full spirbit coupling
regime {so = 1) the forbidden nondegenerate level is below the
allowed 3-fold degenerate level.

Effect of Spin—Orbit Interaction on Exchange Split-
ting. Interestingly, the exchange splitting of the lowest
excitonic level (k) ® (&) in PbSe quantum dots (Figure 1e)
is qualitatively different from the exchange splittings of InP

Excitonic Spectrum and its Deconvolution into Distinct (Figure 1a), CdSe (Figure 1b), Si (Figure 1c), and Ge (Figure
Contributions: Excitonic Exchange-Splitting. In PbSe 1d) quantum dots, despite the fact that, in all these cases,
guantum dots, the lowest-energy excitonic manifold origi- the band-edge single-particle states (b, and g) have S-like
nates from the electroerhole configurations (h— hs) ® (e; envelope functions. (i) In zinc-blende InP dots withpoint-
— &). Since each single-particle state is doubly degenerategroup symmetry the ¢hhy) ® (e;) 8-fold degenerate exciton
(because of Kramer’s degeneracy), the dimension of the full splits into a lower-energy, 5-fold degenerate dark level and
ground-state excitonic manifold is 64. These 64 excitonic a higher-energy, 3-fold degenerate bright levak shown
states are split by intervalley and interband couplings as well in Figure 1a. (ii) In wurtzite CdSe dots, the)I® (e1) exciton
as electrorrhole Coulomb and exchange interactions. To splits into a lower-energy, dark doublet and a higher-energy,
identify the physical factors leading to the fine-structure bright doublet®8® (Figure 1b). (i) In the case of Ge
splittings, we show in Figure 2 the evolution of the excitonic quantums dots (Figure 1d) the exchange splitting pattern is
states originating from the configurations)® (e;) and (h) similar to that of InP, because the VBM;(K h,) has the
® (e as a function of the level of approximation used in Tg, symmetry, while the CBM (g has thel'ec sSymmetry*!
the many-particle Cl calculations. The configurationg) (h  (iv) In PbSe dots, on the other hand, the) ® (e;) exciton
® (e1) and (h) ® (e are chosen because they have the splits into a lower-energy, nondegenerate dark state and a
largest oscillator stength. In the single-particle (SP) ap- higher-energy, 3-fold degenerate bright state, separated by
proximation (Figure 2a), we do not include electrdrole the exchange splittingd\x. This different behavior is due to
interactions, so the excitonic levels;(I® (e;) and (h) ® the different character of tHaulk Bloch functions from which
(e0) are each 4-fold degenerate. Their energy separation (7.%he h and g states originate, which results in different spin
meV) is due to intervalley coupling. Figure 2b shows the orbit coupling: In bulk InP and CdSe, the VBM and CBM
effects of direct electronhole Coulomb interaction. The {h are located at thé& point of the Brillouin zone and have
® (ey) level is lowered by 39 meV, while the /h® () anion-p (VBM) and cation-s (CBM) orbital character. In bulk
level is lowered by 34 meV, but their 4-fold degeneracy PbSe, on the other hand, both the VBM and the CBM are
remains intact. Off-diagonal Coulomb interactions (Figure located at the L point of the Brillouin zone, and have mixed
2c¢) are negligible and do not lift the degeneracy of thg (h s and p orbital character. Figure 3 shows the evolution of
® (&) and (h) ® (&) levels. Finally, addition of electron the fine structure of the (h® (e;) excitonic manifold as a
hole exchange interactions (Figure 2d) splits each 4-fold function of the spir-orbit parametefi.so (see eq 2), for the
degenerate level into a lower-energy, nondegenerate darkR = 30.6 A quantum dot. In Figure 3, the spiorbit
level and a higher-energy, 3-fold degenerate bright level, parameteriso is gradually turned on, and the excitonic
separated by the exchange splitting manifold is recalculated for each value afo. Foriso= 0
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(no spin—orbit coupling), the () ® (e)) exciton splits into

a lower-energy spin triplet (dark) and a higher-energy spin
singlet (bright). This type of exchange splitting was found E, 7
for example in calculations of the excitonic fine structure of I /m 1
Si quantum dot8&}° where the spirorbit coupling was

neglected (see Figure 1c). Also is gradually increased

(Figure 3), the lowest excitonic level becomes a nondegen-
erate dark state, while the higher excitonic level becomes a &
3-fold degenerate bright state. This result indicates thatspin
orbit coupling dramatically alters the excitonic fine structure
of PbSe quantum dots and that the spin-singlet and spin- .
triplet characters are heavily intermixed in the presence of
spin—orbit coupling. Because the orbital character of the
band-edge single-particle wave functions is the same for other's 1 A / EgptJIi+] g TK
PbSe quantum dots in this size range, we expect that the — 0 S ARN A\ ]
fine-structure splitting shown in Figure 3 is a characteristic ALLLL T I
feature of PbSe quantum dots. 150 1.55 1.60 1.65 1.70

Optical Absorption, Intervalley Splitting, and Stokes Transition energy (V)
Shift. Figure 4 shows the calculated near-edge optical
absorption spectrum of thR = 15.3 A andR = 30.6 A
PbSe quantum dots as a function of the level of CI 1F E ]
approximation. Also shown in Figure 4 (vertical lines) are - s |—/IN 1
the 64 individual optical transitions that constitute the ground-
state manifold. Green upward lines correspond to optically
allowed transitions, while red downward lines denote opti-
cally forbidden transitions. We see from Figure 4 that the 0
near-edge absorption spectrum consists of two main peaks — . T T R SR PR S B
separated by). This splittingd is present even in the SP
approximation and is due primarily to intervalley splitting.
The splitting between the lowest-energy dark state and the
lowest-energy bright state, on the other hand, is due to
electron-hole exchange interactions and corresponds to the s
exchange splitting\x. The intervalley splittingd and the T .
exchange splitting\x are shown in Figure 5 for the two 0 T Tr Irm | , |
quantum dots considered here. 0.84 0.86 0.88 0.90

The Stokes shift (difference in energy between the Transition energy (¢V)

emission peak and the first absorption peak) has beenFigure 4. Optical absorption spectra (black solid lines) of (a)
measured by several authdfg>?? Wehrenberg et at! 15.3 A and (b) 30.6 A radius PbSe quantum dots calculated by
reported a Stokes shift ¥22 meV for PbSe quantum dots progressively adding electretiole Coulomb and exchange matrix
with emission peak at-0.85 eV, while Pietryga et &°. elements (diagonal Coulomb, off-diagonal Coulomb, and eleetron

reported a Stokes shift 010 meV for PbSe quantum dots N0l€ exchange interactions) to the Cl Hamiltonian. The dipole
. . . 2 matrix elements of optically allowed excitonic transitions are shown
with emission peak at 0.49 eV. Lifshitz et %lrecently

- X as green vertical bars on the positive scale, while forbidden
measured the Stokes shift of PbSe quantum dots of differentiransitions are shown as red vertical bars on the negative scale.

sizes. They reported Stokes shifts ranging frett00 meV The absorption spectrum is broadened by a Gaussian of width 5
for 4 nm diameter PbSe dots te4 meV (anti-Stokes shift) ~ MeV. The exchange splitting, and the intervalley splitting are

for 6.3 nm diameter PbSe dd&These values span a much indicated by horizontal arrows in the lowest panel of each plot.
wider energy range than our calculated exchange splitting

Ax (see Figure 5). This could be due to the fact that the that the first absorption peak has higher energy than the
measured absorption peak is a convolution of the two band-emission peak in the dots considered here (Figure 4), which
edge absorption peaks (Figure 4), which are separated byappears to rule out excitonic fine-structure splittings as the
the intervalley splitting). These two peaks may be difficult  origin of the observed anti-Stokes shift.

to resolve experimentally, due to line broadening and size  Schaller et af® examined the effective degeneracy of the
distribution effects. In addition, in very small PbSe quantum main absorbing states in PbSe dots by fitting the bleaching
dots, ionic relaxation upon photoexcitation can lead to large curves to a model of size-dispersed dots with level degen-
Franck-Condon shiftg324which may also contribute to the  eracy of either 2 or 8, finding good agreement for the
experimentally observed Stokes shift. The origin of the assumed 8-fold degeneracy. This result does not conflict with
observed anti-Stokes shift in large PbSe dots is presentlythe predicted splittinga\x and 6 noted above because the
unknown?2 Our single-dot pseudopotential calculations show exciton fine-structure splittings are washed out by size-

(a) Absorption spectrum of PbSe dot of R=15.3A
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Figure 5. Calculated exchange splittingAf) and intervalley
splitting (0) as a function of dot radius, compared with the Stokes
shift measured by Lifshitz et 8. The exchange splitting\y is
defined as the energy difference between the first dark exciton level
and the first bright exciton level. The intervalley splittidgis
extracted from Figure 4, as defined therein at the CI level. The

PbSe dots 1530 A in radius, which agrees with our results.
It is interesting to note that the calculated lifetime increases
with increasing dot size, which was also observed in
experiment®

The room-temperature radiative lifetime of PbSe &ofs
is much shorter than the radiative lifetime of Si quantum
dotg (tens ofus). The long lifetime of Si quantum dots can
be explained by the indirect character of the Si bulk band
gap. On the other hand, the room-temperature radiative
lifetime of PbSe dots is considerably longer than the
~10 ns radiative lifetime of CdSe détg® despite the fact
that both materials have a direct band gap. To clarify the
origin of this difference, we have chosen two PbSe and CdSe
dots of similar size (15.3 and 14.0 A in radius, respectively)
and compared the oscillator strengths of the lowest-energy
bright exciton states. The calculated oscillator strength of
the bright state of the PbSe dot is smaller by a factor of 0.3
than that of the CdSe dot. This is caused by the intervalley
coupling among the four equivalent L points in the Brillouin
zone that mixes the phases of the Bloch part of dot wave
functions, so that the oscillator strength in PbSe dots becomes

measured Stokes shift is the energy difference between the emissioym|ler compared to that of CdSe dots. We conclude that

peak and the first absorption peak.

106;"|'|'|'|'

—oR=153 A
=9 R=30.6 A

Lifetime (ns)

o

1 11 \ll:_i

I N
100

Temperature (K)

| I |
150 200 250 300

Figure 6. Calculated radiative lifetimer of PbSe quantum dots
of radiusR = 15.6 and 30.6 A as a function of temperature.

the long radiative lifetime of PbSe quantum dots is deter-
mined primarily by the orbital character of the band-edge
single-particle wave functions and not by the magnitude of
the electron-hole exchange splitting.

In summary, we identify two main energy splittings in
the exciton fine structure of PbSe colloidal quantum dots:
(i) The intervalley splitting) is the energy difference between
the two near-edge absorption peaks. We fing 80 meV
for R=15.3 A, andd = 18 meV forR = 30.6 A. (ii) The
exchange splitting\, is the energy difference between the
lowest-energy optically dark exciton state and the first
optically bright exciton state. We find thak ranges between
17 meV forR = 15.3 A and 2 meV foR = 30.6 A. (iii)

We also find that, while in CdSe dots havihglike VBM

and CBM states the lowest exciton is a dark doublet,

followed by a higher-energy bright doublet, in PbSe dots,

the lowest state is a nondegenerate dark exciton, followed
by a higher-energy 3-fold degenerate bright exciton. (iv) The
calculated radiative lifetime at room temperature is

~100 ns, considerably longer thafil0 ns in CdSe dots, in

distribution effects and line-broadening in the procedure usedduantitative agreement with experiment. The measured

by Schaller et a#®

Radiative Lifetime. Figure 6 shows the radiative lifetime
7r Of PbSe quantum dots as a function of temperafyre
calculated from eq 12. The effective dielectric constanis
of the dot is obtained using a modified Penn médel.: =
10.77 forR = 15.3 A, andego = 15.69 forR = 30.6 A).
The dielectric constant of the surrounding matex,{(= 2.1,
corresponding to chloroform) is chosen to be consistent with
the experimental setup of Wehrenberg etdlhe computed
room-temperature radiative lifetimes of PbSe dots of radius

R=15.3 and 30.6 A are 511 and 897 ns, respectively. The

calculated value for th&® = 30.6 A dot agrees very well
with the measurédroom-temperature lifetime of 880 ns for
R = 29 A quantum dots. Du et &f.also reported measured
radiative lifetimes of 206500 ns at room temperature for
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Stokes shift by Lifshitz et & span a much wider energy
range than our calculated exchange splitting, suggesting that
the measured Stokes shift might be due primarily to the large
intervalley splittings of the single-particle transitions.
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