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We use photoluminescence excitation and fluorescence line narrowing spectroscopies to examine structure
observed in the band-edge absorption feature of CdSe quantum dots. We study eight samples ranging from
;15 to;50 Å in radius to probe the size dependence of this structure. We compare our results with recent
theories, which predict band-edge exciton splittings in CdSe dots due to their internal crystal structure, non-
spherical shape, and the exchange interaction between the electron and hole. We find reasonable agreement
between our data and theory, supporting the observation of exciton fine structure.@S0163-1829~96!07220-7#

I. INTRODUCTION

Nanometer-scale semiconductor crystallites~or quantum
dots! provide an opportunity to investigate excitons that are
confined in all three dimensions. In these so-called zero-
dimensional materials an electron-hole pair generated by op-
tical absorption is spatially confined by the quantum dot
~QD! boundary. If the QD’s are small compared to the exci-
ton Bohr radius, they exhibit optical properties that differ
dramatically from the bulk material. The bulk valence and
conduction bands are quantized and discrete transitions,
which increase in energy with decreasing size, appear in the
QD spectrum.1–3This is demonstrated in the preceding paper
where a series of high-quality CdSe quantum dot samples are
used to follow the size evolution of ten transitions in the QD
optical spectrum.4 In general these absorption features are
well described by QD effective mass models, which incor-
porate the complexities of the CdSe valence band.5–9 How-
ever, while these models predict that the lowest-energy
electron-hole pair state~1S3/21Se—which we refer to as the
‘‘band-edge exciton’’! is eightfold degenerate, we also ob-
serve structure within the first absorption feature of our
samples. Such a structure has been predicted to arise in the
band-edge exciton due to the nonspherical shape and internal
crystal structure of our dots,10,11 which are slightly prolate
with a wurtzite lattice.12 Both effects should split the band-
edge exciton into two fourfold degenerate states, analogous
to the bulk ‘‘A-B splitting.’’ 10,11 In addition the exchange
interaction between the electron and hole should strongly
modify the band-edge exciton structure.13–16 The exchange
splitting, while negligible in the bulk, should be strongly
enhanced by quantum confinement.13–16 When all of these
effects are combined, the resulting band-edge structure has
important implications for QD optical behavior. For ex-
ample, the lowest QD level is predicted to be optically for-
bidden and this may explain the long~;1 ms at 10 K! radia-
tive lifetimes observed in these systems.14–16

To further test these models, in this paper we present the

size dependence of the band-edge absorption structure in
CdSe QD’s. Previously we reported the band-edge structure
of a ;30-Å effective radius17 sample using transient differ-
ential absorption~TDA! spectroscopy.18 This technique re-
duces residual sample inhomogeneities present in even the
highest-quality QD samples. Here we use two simpler optical
methods, photoluminescence excitation~PLE! and fluores-
cence line narrowing~FLN! spectroscopies, to reduce inho-
mogeneities and obtain absorption and emission information
for each sample in our size series. Our data support our pre-
vious conclusion18 that the absorption structure is the band-
edge exciton fine structure predicted by theory.10,11,13–16

II. EXPERIMENT

We study eight CdSe samples~A–H! with mean effective
radii ranging from;15 Å ~A! to ;50 Å ~H!.17 The samples
are similar to those described in the preceding paper.4 The
dots have a wurtzite lattice and are prolate with an aspect
ratio ranging between 1.0 and 1.3, increasing with dot
size.12,19 The long axis is parallel to the unique ‘‘c’’ axis of
the wurtzite crystal.

For optical measurements five of the samples were iso-
lated from their growth solution and redispersed inn-hexane
with a small amount of tri-n-octyl-phosphine added. The re-
maining three, which were prepared to obtain absorption as
well as PLE and FLN data, were redispersed in tri-n-butyl-
phosphine witho-terphenyl added~250 mg/ml! to form an
optically clear organic glass at cryogenic temperatures. We
find no difference between these two solvent mixtures in our
results. Each sample solution is sealed between sapphire flats
separated by a 0.5-mm-thick Teflon spacer and mounted in a
helium cryostat. All spectra are obtained at 10 K using a
Spex Fluorolog-2 spectrofluorometer with a typical resolu-
tion of ;1.5 meV~full width at half maximum!.

III. RESULTS

Figure 1~a! shows absorption and emission results for
sample ~B! ~;19-Å effective radius!. The emission spec-
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trum, referred to as ‘‘full luminescence,’’ is obtained by ex-
citing the sample well above its first transition so that emis-
sion occurs from the entire sample distribution. While no
structure is observed within the band-edge absorption and
emission features, residual sample inhomogeneities conceal
band-edge spectral features. FLN and PLE spectroscopies,
demonstrated in Fig. 1~b!, can provide higher resolution and
reveal band-edge structure.20 In FLN a subset of the sample
distribution is optically excited, revealing a significantly nar-
rowed and structured spectrum. For example, when sample B
is excited on the low-energy side of its first absorption fea-
ture ~downward arrows in Fig. 1! a longitudinal optical~LO!
phonon progression is clearly resolved. This FLN spectrum
can be used to extract a model ‘‘single dot’’ emission line
shape.21 PLE can be used similarly to extract ‘‘single dot’’
absorption information by monitoring a narrow spectral band
~upward arrows! of the full luminescence while scanning the
excitation energy.4,20,22–24As seen in Fig. 1~b!, additional
structure in the first absorption feature is resolved with this
technique. A narrow feature~a!, its LO-phonon replica~a8!,
and a broader feature~b! are observed.

For a particular sample, the overall shape of the band-
edge PLE structure depends on where we monitor the full
luminescence. Similarly, FLN results depend on the excita-
tion position. For example, Fig. 2~a! shows seven FLN and
PLE scans for sample B. For each pair of FLN-PLE results
~numbered 1–7! the FLN excitation energy and PLE emis-
sion energy are identical. These energies are represented by
arrows and shown with the full luminescence. As the PLE
emission position is moved to lower energy~from 1 to 7!, the
broad underlying feature~b! broadens and additional phonon
replicas of the narrow feature~a! appear. The highest reso-
lution in PLE is thus obtained when the emission is moni-

tored on the blue edge of the full luminescence, probing the
‘‘smallest’’ dots in the distribution.20,25 In contrast to PLE,
the FLN spectra broaden as the excitation position is moved
to higher energy, eventually approaching the full lumines-
cence in curve one. The highest resolution in FLN is ob-
tained by exciting the sample on the red edge of the first
absorption feature, probing the ‘‘largest’’ dots in the
distribution.20,25

These trends originate in the inhomogeneous sample dis-
tribution. In FLN, the single dot emission line shape is con-
voluted with unwanted absorption information. Any dot that
has an absorption feature at the excitation energy is excited.
In PLE, the single dot absorption line shape is convoluted
with unwanted emission information. The PLE experiment
simultaneously monitors dots that emit from different LO-
phonon lines. In both cases, the fractions of dots that have a
particular absorption feature or phonon line at the excitation
or emission position are determined by the sample distribu-
tion. However, despite this contamination of the PLE and
FLN results, single dot absorption and emission line shapes21

can be extracted from a complete data set such as that in Fig.
2~a!. For each sample in our size series~A–H! we record a
similar FLN-PLE data set. Here we present complete and
representative sets for samples B@Fig. 2~a!# and G~Fig. 3!.
The remainder are shown in Ref. 26.

The complete data set for sample G is shown in Fig. 3 to
demonstrate the particularly interesting band-edge structure
that develops in larger dots. Figure 4 shows curve 2 from
Fig. 3 in more detail. Although the spectra for sample G
~Fig. 4! appear more complex than for sample B@Fig. 1~b!#,
the primary difference is that the broad absorption feature@b
in Fig. 1~b!# is now split into two features~b1 andb2 in Fig.
4!. In addition the linewidths ofb1 andb2 are comparable to
the linewidth ofa. In other words, while in sample B three

FIG. 1. ~a! Absorption~solid line! and full luminescence~dotted
line! spectra for sample B,;19 Å effective radius.~b! FLN and
PLE spectra for sample B. A LO-phonon progression is observed in
FLN. Both narrow ~a,a8! and broad~b! absorption features are
resolved in PLE. The downward~upward! arrows denote the exci-
tation ~emission! position used for FLN~PLE!.

FIG. 2. ~a! Normalized FLN and PLE data for sample B for
various excitation and emission positions. For each FLN-PLE pair,
the FLN excitation and PLE emission energies are the same. These
energies are designated by arrows and shown with the full lumines-
cence. FLN emission becomes sufficiently weak in curves 6 and 7
that the zero-phonon line of the emitting state is obscured by scat-
tered excitation light.~b! Simulation of FLN-PLE spectra for
sample B as in~a!.
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band-edge states are resolved@a narrow emitting state, a nar-
row absorbing state~a!, and a broad absorbing state~b!#, in
sample G four band-edge states are present@a narrow emit-
ting state and three narrow absorbing states~a, b1, andb2!#.
Although the emission still arises from a single LO-phonon
progression, as indicated by curve 9 in Fig. 3, the absorption
structure causes three overlapping phonon progressions to
appear in the FLN and PLE results in Fig. 4. Each progres-

sion can be assigned to one of the three absorbing features
~horizontal brackets in Fig. 4!. For example, the FLN feature
labeledb2 and its replica are observed because of absorption
by a subset of dots intob2 followed by relaxation into the
emitting state. We note that since the separation betweena
and the emitting state~the Stokes shift! is;1 meV in dots of
this size, the zero-phonon line ofa is obscured by scattered
excitation light in PLE. Similarly, in FLN the zero-phonon
line of the emitting state is obscured for those dots that ab-
sorb directly intoa. However, higher replicas due toa are
clearly observed in both FLN and PLE.

The size evolution of the band-edge structure is shown in
Fig. 5, which compares FLN-PLE results for each sample in
our series. The PLE spectrum with the highest resolution is
shown. For each FLN-PLE pair the FLN excitation and PLE
emission energies are the same and the data are plotted rela-
tive to this energy. The actual excitation-emission positions
are indicated with arrows in the full luminescence spectra,
shown in Fig. 6.

FIG. 3. Normalized FLN and PLE data for sample G~;44 Å
effective radius! as in Fig. 2. For each FLN-PLE pair, the FLN
excitation and PLE emission energies are the same. These energies
are designated by arrows and shown with the full luminescence.

FIG. 4. Detail of FLN and PLE data for sample G~curve 2 from
Fig. 3!. Although emission arises from a single emitting state and
its LO-phonon replicas, three overlapping LO-phonon progressions
are observed in FLN due to the three band-edge absorption features
~a, b1, and b2!. Horizontal brackets connect the FLN and PLE
features with their LO-phonon replicas. The arrow denotes both the
FLN excitation and PLE emission energies~2.000 eV!.

FIG. 5. The size dependence of band-edge FLN-PLE spectra. In
each pair of FLN-PLE results~solid lines! the FLN excitation and
the PLE emission energies are the same and indicated by arrows in
the full luminescence spectra in Fig. 6. For each sample the PLE
spectrum with the highest resolution is shown. The PLE~FLN! data
are plotted relative to the emission~excitation! energy. Dotted lines
show the best fit obtained by the global fitting procedure. For
samples A-E nine parameters were adjusted:g1,0, g2,0, gd , n0, d1,
d2, C2/C1 , Sa , andSe . For samples F-H three more parameters
were required:g3,0, d3, and C3/C1 . We assume thatvLO526
meV,41 g05g1,0,

45 and gn( l ,m)51.5g0(l ,0) for nÞ0 in emission
~mÞ0 in absorption!.

53 16 349SIZE DEPENDENCE OF EXCITON FINE STRUCTURE IN . . .



From Fig. 5 we determine the underlying band-edge
structure by simulating the FLN and PLE results. The FLN
and PLE emission signals~EFLN andEPLE! are convolutions
of the single dot absorption cross section (A), the single dot
emission line shape (E), and a probability distribution func-
tion (D). D incorporates the various contributions, such as
size and shape variations, to the inhomogeneous broadening
and indicates what fraction of the sample emits at a particular
energy. Following Ref. 27 we evaluate the convolution inte-
grals,

EFLN~vem!uvexc
EPLE~vexc!uvem

J 5CE A~vexc,v8!E~vem,v8!D~v8,v0!dv8,

~1!

where the emission and excitation positions~vem and vexc!
are fixed in FLN and PLE, respectively.C is a constant with
the appropriate units, which incorporates experimental pa-
rameters. We assume thatD(v8,v0) is a normalized Gauss-
ian centered atv0 with linewidth gd , and that

A~vexc,v8!5 (
l51

2 or 3
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m50

2
Cl

A2pg l ,m
2
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m!

3expS 2
@vexc2~v81d l1mvLO!#2
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wherev8 is the position of the zero-phonon line in emission.
The absorption line shape includes either two~samples A–E!
or three~F–H! absorbing states, each shifteddl , from v8 and
with integrated areaCl . Thusd1 is the Stokes shift between
the lowest absorbing state and the emitting state.Sa(e) is the
exciton-LO-phonon coupling strength in absorption~emis-
sion! and, assuming a displaced Harmonic-oscillator model

for LO-phonon coupling, is equivalent to the Huang-Rhys
parameter.28,29We consider the first five~three! LO-phonon
replicas in emission~absorption!, separated byvLO , the LO
phonon frequency. Thenth ~mth! replica of the emitting~l th
absorbing! state has linewidthgn( l ,m) . Within each sample
distribution we assume thatA andE are fixed.

For each sample we reproduce the FLN, PLE, and full
luminescence30 data from Figs. 5 and 6 using Eqs.~1!–~3!.
The parameters are varied using standard nonlinear least-
squares methods.31 The best fits obtained are shown as dotted
lines in Figs. 5 and 6. The complete FLN/PLE data set for
each sample can then be simulated and compared with ex-
periment. Figure 2~b! shows the simulated analog for sample
B, demonstrating that our simple model can qualitatively re-
produce all of the trends in both FLN and PLE spectra. From
the fitting procedure we extract single dot band-edge struc-
tures for each sample, shown in Fig. 7 without LO-phonon
replicas. The position of band-edge absorption~solid line!
and emission~dotted line! features are plotted relative to the
energy of the emitting state. The three absorption features~a,
b1, andb2! discussed above for sample G are also resolved
in samples F and H. In smaller sizes~A–H! only two fea-
tures ~a and b! are observed. The model line shapes also
indicate that with increasing size both the spacing between
features and their linewidths decrease dramatically. Note the
change in energy scale between samples A–D and E–H in
Fig. 7.

For clarity Fig. 7 does not include LO-phonon coupling.
Figure 8 shows the model absorption and emission line
shapes for sample B including LO-phonon coupling. As in
all of our samples the absorption coupling constant for this
sample~Sa50.12! is significantly smaller than the emission
coupling constant~Se50.45!. For the entire size seriesSa
ranges between 0.08 and 0.2, consistent with recent Raman
studies,32,33 which find Sa ~the Huang-Rhys parameter! be-

FIG. 6. Full luminescence spectra for our size series~solid
lines!. Arrows indicate the FLN excitation positions and PLE emis-
sion positions~eV! used in Fig. 5:~A! 2.505,~B! 2.353,~C! 2.263,
~D! 2.187,~E! 2.129,~F! 2.050,~G! 2.000, and~H! 1.971. Dotted
lines show the best fit obtained by the global fitting procedure.

FIG. 7. Single dot absorption~solid lines! and emission~dotted
lines! structure for samples A-H required to fit the FLN-PLE data in
Figs. 5 and 6. The positions are shown relative to the emitting state.
For clarity the LO-phonon replicas are not included. Note the factor
of 2 difference in energy axes between samples A–D and E–H.
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tween 0.125 and 0.275 for CdSe QD’s.33 For the emitting
state we findSe between 0.36 and 0.5.

The complete set of model line-shape parameters for
samples A–H, which describes quantitatively what Fig. 7
represents pictorially, is summarized in Table I. The band-
edge absorption lines are described in terms of their separa-
tion from the emitting state~d’s!, their relative oscillator
strength~C’s!, and their linewidths~g’s!. The increase in
linewidth with decreasing size is consistent with previous
results.34,35 Below we discuss the size dependence of both
the transition spacings and their relative oscillator strength.

IV. DISCUSSION

As shown in the preceding paper,4 the size dependence of
the broad featureless transitions in the optical spectra of
CdSe QD’s can be quantitatively described by effective mass
models that include the complexity of the CdSe valence
band.5–9 For convenience these models assume spherical
dots and work within the spherical band approximation,36–38

since more sophisticated treatments have not been required
to explain experimental results. In this case they predict that
the band-edge exciton (1S3/21Se) is eightfold degenerate.
Recent theoretical work10,11,13–16has extended these models
to include the effects of the hexagonal lattice,10 the non-
spherical shape,11 and the electron-hole exchange
interaction.13–16 When these terms are considered, the ini-
tially eightfold degenerate band-edge exciton is split into five
sublevels.13–16 For the exchange interaction the important
quantum number is the total angular momentum,
N5Fh1Fe , whereFh (Fe) is the hole~electron! angular
momentum. When the crystal field of the hexagonal lattice
and/or the nonspherical shape are also included, the good
quantum number is the projection ofN along the unique
crystal axisNm . The five sublevels are then labeled byuNmu:
one sublevel withuNmu52, two with uNmu51, and two with
uNmu50. Levels withuNmu.0 are twofold degenerate.

This exciton fine structure is illustrated in an energy-level
diagram in Fig. 8. The five sublevels are labeled byuNmu
with superscripts to distinguish upper (U) and lower (L)
sublevels with the sameuNmu. The lowest band-edge state,
uNmu52, is forbidden in the electric dipole approximation
and is referred to as the ‘‘dark exciton.’’ Relaxation of the
electron-hole pair into this state can explain the long radia-
tive lifetimes observed in CdSe QD’s,14–16previously attrib-
uted to surface traps.20,27,39–42Since two units of angular
momentum are required to return to the ground state from
the uNmu52 sublevel, this transition is one-photon-forbidden.
However, less efficient, phonon-assisted transitions can oc-
cur, explaining the stronger LO-phonon coupling of the emit-
ting state (Se) and the long radiative lifetimes~at 10 K!.16

We have previously shown that band-edge absorption
structure in TDA experiments is consistent with predicted
band-edge exciton splittings.18 We observed both narrow~a!
and broad~b! absorption features in the TDA spectrum.
Since the 0L sublevel is optically passive@see Eq. ~7!
below#,16 a was assigned to the lowest allowed transition, 1L,
andb to a combination of 1U and 0U. The emitting state was
assigned to the ‘‘dark exciton.’’ The assignment ofb to a
combination of 1U and 0U is further supported by the FLN-
PLE results of this paper. In larger samples~F–H! b1 andb2
can be assigned to the individual 1U and 0U sublevels, pre-
viously unresolved.

To test these assignments we compare our experiments to

FIG. 8. Single dot absorption~solid line! and emission~dotted
line! structure for sample B including LO-phonon coupling. An
energy-level diagram illustrates the band-edge exciton structure.
The sublevels are labeled byuNmu with superscripts to distinguish
upper (U) and lower (L) sublevels with the sameuNmu. Optically
active ~passive! levels are shown as solid~dotted! lines.

TABLE I. Effective radius and model line-shape parameters for samples A–H and TDA results. The
integrated areas (Ct) are shown as percentages of the total band-edge oscillator strength.

Sample a ~Å! Sa Se

d1
~meV!

d2
~meV!

d3
~meV! C1 ~%! C2 ~%! C3 ~%!

g1,0
~meV!

g2,0
~meV!

g3,0
~meV!

A 15 0.1 0.5 17.7 65.4 10.9 89.1 4.0 42
B 19 0.12 0.45 13.0 48.6 10.6 89.4 2.9 31
C 21 0.1 0.36 8.4 43.4 8.6 91.4 2.5 32
D 24 0.08 0.4 4.5 35.3 10.3 89.7 2.4 29
E 27 0.12 0.7 1.5 29.5 7.8 92.2 1.8 20
TDAa 30 2 26 17.9 82.1 1.7 14.4
F 33 0.2 0.5 3.5 20.5 38.5 27.5 47.2 25.3 2.0 8.0 8.0
G 44 0.2 0.4 1.0 8.8 17.6 40.9 27.6 31.5 1.6 3.6 3.6
H 50 0.2 0.4 1.0 10.0 18.6 54.7 23.4 21.9 1.7 4.0 3.0

aTDA data from Ref. 18.
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the calculated energies of the sublevels. The effects of the
crystal field, the nonspherical shape, and the exchange inter-
action are included in perturbation theory. The net splitting
~D! due to the internal crystal field~Dint! and shape asymme-
try ~Dasym! is

D~b,m,a!5D int1Dasym, ~4!

whereb is the effective mass ratio of the bulkA andB bands
along the ‘‘c’’ axis, a is the effective dot radius,17 and m
5c/b21 wherec (b) is the major~minor! dot axis.10,11The
size-dependent exchange contribution can be written in terms
of

h5S aBa D 3\vSTx, ~5!

where aB is the exciton Bohr radius,\vST is the singlet-
triplet splitting in the bulkA exciton due to exchange, andx
is a constant, which in CdSe equals 0.78.16 In terms ofD and
h, the size-dependent energies of the five sublevels are16

«252
3h

2
2

D

2
,

«1U
«1L

J 5
h

2
6S ~2h2D!2

4
13h2D 1/2, ~6!

«0U
«0L

J 5
h

2
1

D

2
62h.

Figure 9~a! shows the size dependence of the calculated
band-edge structure. For this calculation we use literature
values for the bulkA-B splitting ~25 meV!,43 \vST ~0.13
meV!,44 aB ~56 Å!,9 m,45 and b ~0.28!.4 The sublevels are
plotted relative to the energy of 1L. In large dots the sublev-
els converge to two fourfold degenerate states, analogous to
the bulkA andB excitons. In this limit these two states are
split by the combined effect of the crystal field and the non-
spherical shape of the dot. As the size of the dot decreases
the exchange interaction is enhanced due to quantum con-
finement and the sublevels fan out. Figure 9~b! shows the
position of the absorbing~filled circles and squares! and
emitting ~open circles! features from Fig. 7 and TDA
results,18 relative to the narrow absorption featurea ~1L!. For
samples F–H both the positions ofb1 andb2 ~plusses! and
their weighted average~squares! are shown. Comparison
with theory indicates that the model accurately reproduces
many aspects of the data. Both the splitting betweenuNmu52
and 1L ~the Stokes shift! and the splitting between 1L and the
upper states~1U and 0U! are described reasonably well. This
result is particularly significant since, although the predicted
structure strongly depends on the theoretical input
parameters,16 only literature values were used in the theoreti-
cal calculation.

The predicted structure in Fig. 9~a! also helps to under-
stand why the 1U and 0U sublevels are not resolved in
smaller dots~A–H!. Previously we speculated that these fea-
tures were much broader than 1L due to a combination of

lifetime effects and inhomogeneous broadening.18 Lifetime
broadening occurs in 1U and 0U since these levels each have
a rapid relaxation pathway via 1L and 0L, respectively, while
1L can relax only through a much slower spin-flip mecha-
nism. However, since we do not expect the lifetime of the
upper states~1U and 0U! to increase with increasing size, this
mechanism cannot explain the decrease in their linewidths in
large dots. According to Fig. 9~a!, inhomogeneous broaden-
ing can provide an explanation. The spacing between the
emitting state and the upper states~1U and 0U! becomes less
size dependent as the size is increased. Therefore, since size
and shape distributions in our samples are fairly constant
with size,19 we expect inhomogeneous broadening of the up-
per states to decrease with size, becoming negligible in the
largest dots. When this effect is combined with the general
increase in homogeneous linewidth of all absorption and
emission features with decreasing size,34,35 it is not surpris-
ing that 1U and 0U are only resolved in the largest dots.

Further quantitative evidence for our assignments is ob-
tained from the oscillator strengths of the optically allowed
sublevels. Following the approach of Ref. 10 the transition
probabilities for randomly oriented QD’s can be written as

FIG. 9. ~a! The calculated band-edge exciton (1S3/21Se) struc-
ture vs effective radius. The sublevels are labeled byuNmu with
superscripts to distinguish upper (U) and lower (L) sublevels with
the sameuNmu. Positions are relative to 1L. Optically active~pas-
sive! levels are shown as solid~dashed! lines. ~b! Position of the
absorbing~filled circles and squares! and emitting~open circles!
features from Fig. 7 and TDA results from Ref. 18. In samples F–H
both the positions ofb1 andb2 ~plusses! and their weighted average
~squares! are shown.~c! Calculated relative oscillator strength of
the optically allowed band-edge sublevels vs effective radius. The
combined strength of 1U and 0U is shown.~d! Observed relative
oscillator strength of the band-edge sublevels: 1L ~filled circles! and
the combined strength of 1U and 0U ~squares!.
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D ,
where P is the Kane interband matrix element,f5~22h
1D!/2, d53h2, and K is the square of the radial overlap
integral

K5
2

a
U E dr r sin~pr /a!R0~r !U2, ~8!

whereR0(r ) is the hole radial function in the band-edge
exciton (1S3/21Se). Note that Eq.~7! predicts that 0L is op-
tically passive. In Fig. 9~c! the predicted oscillator strength
of the optically active sublevels is shown. The strength of the
upper states~1U and 0U! is combined since these states are
not individually resolved in many of our samples. The ex-
perimental values are plotted in Fig. 9~d!. Reasonable agree-
ment between experiment and theory is observed, again with
no fitting parameters.

To understand the size dependence of the oscillator
strengths we consider two opposing limits. In large dots the
states converge toA- andB-like excitons@as in Fig. 9~a!#,
each possessing half of the total band-edge oscillator
strength. Therefore, we expect the relative oscillator
strengths of 1L and the combined upper states~1U and 0U! to
each approach 0.5 in large sizes. In small dots the exchange
interaction dominates and the crystal field and nonspherical
shape effects become negligible. In this limit~D50! the sub-
levels converge to two states labeled by the total angular
momentumN: an optically forbidden five fold degenerate
N52 state, and an optically allowed three fold degenerate
N51 state. Since 1L is correlated to theN52 state in the
large exchange limit, we expect it to be only weakly allowed
in small dots. 1U and 0U converge to theN51 state and
therefore carry nearly all of the oscillator strength.

The agreement between experiment and theory in Fig. 9
indicates that our FLN and PLE results support the predicted
band-edge exciton fine structure. However, our results also
demonstrate where theory may be improved. The model
clearly fails to predict the observed splitting between 1U and

0U in large dots@Fig. 9~b!#. In this size regime theoretical
levels have already converged to theA- andB-like excitons.
While this discrepancy would appear to indicate that theory
underestimates the exchange splitting, a change in this pa-
rameter would also affect the Stokes shift, which is well
described by the model. Further theoretical work is required
to address this issue.

In addition, since the presence of band-edge fine structure
explains many optical properties previously explained by
surface trapping of the carriers,20,27,39–42the role of the sur-
face in the photophysics of these materials is now unclear.
‘‘Surface effects’’ had been argued to be important, espe-
cially in small dots, since a large fraction of the constituent
atoms lie at the interface. Whether any discrepancies ob-
served in Fig. 9 can be explained by the influence of the
surface remains an open question.

V. CONCLUSION

We present photoluminescence excitation and fluores-
cence line narrowing results that exhibit structure within the
first absorption feature of CdSe quantum dots. We study the
size dependence of this structure by examining eight CdSe
samples ranging from;15 to;50 Å in mean effective ra-
dius. Band-edge exciton splittings have been predicted as a
result of the hexagonal lattice and nonspherical shape of our
dots as well as the electron-hole exchange interaction. To
compare with these theories we extract single dot absorption
and emission line shapes from our data. We find that theory
agrees well with the position and relative strengths of the
absorption features in our model line shapes, supporting our
previous claim that band-edge exciton fine structure is ob-
served in these samples.
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