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Measurement and assignment of the size-dependent optical spectrum in CdSe quantum dots

D. J. Norri$ and M. G. Bawendi
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(Received 2 March 1995

We use photoluminescence excitation to study the electronic spectrum of CdSe quantum dots ranging from
~12 to~53 A in radius. We follow the size evolution of ten quantum dot absorption features. Comparison of
the spectra with theoretical predictions allows us to confidently assign six of these transitions. We discuss the
most likely assignments for the remaining four. We find thatrth®;,1S, andn,S; 1S, transitions dominate
the spectra, accounting for half of the observed features. Our size-dependent data exhibit two strong avoided
crossings, demonstrating the importance of valence-band structure in the description of the excited states.
[S0163-182696)07120-2

I. INTRODUCTION increases the resolution of the spectrum by optically select-
ing and bleaching a subset of the quantum dots, competition
A primary motivation in the study of nanometer-scale between bleach features and induced absorptions compli-
semiconductor crystallite®r quantum dotsis to understand cates the analysis. Here we present a more detailed investi-
how the size of a semiconductor material influences its elecgation of the size-dependent spectrum using photolumines-
tronic properties. Quantum dots provide an opportunity toc€nce excitation (PLE) spectroscopy that avoids this
study the evolution of electronic behavior in a size regimeSituation. We examine a much larger sample series and study
intermediate between the molecular and bulk limits of matthe evolution of ten quantum dot absorption features as a
ter. Interesting and strongly size-dependent optical propertieinction of dot radius.
arise in these materials when the quantum dot is small com-
pared to the natural length scale of the electron-hole pair, the
exciton Bohr radius:? In this limit, referred to as the strong
confinement regimé the electron and hole wave functions  We prepare CdSe quantum dots according to the method
experience three-dimensional quantum confinement due tof Ref. 15. In this procedure the wet chemical synthesis is
the dot boundary. The confinement induces quantization dfollowed by size-selective precipitation to further narrow the
the bulk electronic bands such that quantum dots, sometimesze distribution. Samples with very narrow size distributions
called “artificial atoms,” have discrete electronic transitions (<5% rmg are obtained that contain slightly prolaspect
that shift to higher energies with decreasing size. These basiatio 1.0-1.3, near defect-free, wurtzite crystallites with
properties have been demonstrated by numerous optical studkell-passivated surfacé®?>?°The dots exhibit strong band-
ies on II-VI semiconductor quantum dots, such as CdS anédge luminescence with a quantum yi¢id 10 K) greater
cdsed23 than 0.1 and measured as high as 0.9. The intensity of deep
However, one of the original and basic experimentaltrap emission, which dominates the luminescence behavior
guestions about quantum dots—how their electronic spectraf dots prepared by many other methods, is size dependent in
evolve with size in the strong confinement regime—remainour samples. Negligible in our largest dots, it slowly in-
largely unanswered. Early work on this quesfiof was creases with decreasing size and becomes significant in our
constrained by difficulties in preparing high-quality, mono- smallest size samples.
disperse samples. Inhomogeneities such as distributions in We study 24 samples with mean radii ranging frett2
size and shape that conceal the higher transitions prevented@~53 A2’ Three of the samples were used in our previous
more complete investigation. Early efforts were limited bothTDA results*®?? These older samples were isolated from the
in the number of sizes as well as in the number of states thagrowth solution and redispersed in tributyl-phosphine
were investigated. More recent studtést*which do exam-  (TBP) with o-terphenyl added200 mg/m) to form an opti-
ine quantum dots of sufficient quality to resolve many of thecally clear organic glass at cryogenic temperatures. Most
higher states, are restricted to dhé®or a few'* sizes. samples, however, are isolated and redispersedliexane
Methods in quantum dot fabrication now allow the sizewith a small amount of trik-octyl-phosphing TOP). An ex-
dependence question to be addressed more satisfactorily. Weess of TBP or TOP, both surface capping groups, maintains
prepare colloidal CdSe quantum dots with a syntheticsurface passivation and preserves the high photolumines-
procedur&® which provides extremely monodisper6e5%  cence quantum yieltf While our preparation method pro-
rms) 1-VI quantum dots ranging from~7.5 to ~60 A in duces almost any desired dot diameter, certain gizaagic
radius, a size range that spans the strong confinement regirsizes™) are preferred in the growth proceSsSmall dots
for CdSe?® In a previous Lettéf we used transient differen- (with their first absorption peak between2.58 and~2.48
tial absorption(TDA) spectroscopy to report preliminary re- eV) that are between two magic sizes seem to be the least
sults on the size-dependent spectrum of CdSe quantum doggable. Over weeks their spectra broaden when stored at
in the strong confinement regime. Although TDA effectively room temperature, presumably due to continued slow
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FIG. 1. (a) Absorption (solid line and photoluminescence Energy (eV)
(dashed ling spectra for~28-A-radius quantum dots. In lumines-
cence the sample was excited at 2.655(d¥7.0 nm. The down- FIG. 2. Normalized PLE scans for seven different size quantum
ward arrow marks the emission position used in P(tE.PLE scan  dot samples. Size increases from top to bottom and ranges from
for ~28-A-radius dots. ~15 to ~43 A in radius. In many scans a broad lamp artifact

appears at-3.5 eV. This feature was ignored in the data analysis.

growth. To avoid this complication we record PLE spectra
for the six smallest dot sizes immediately after preparatiorthat “single dot” emission is characterized by a vibrational
with the dots still in the reaction solution. Larger samples(LO phonon progression with much narrower features
(with the first absorption peak2.48 eV are stable for much (FWHM ~8 meV). The difference between the single dot
longer (months to yeansperiods of time. and inhomogeneous emission linewidths allows PLE to se-

For optical measurements each sample is placed betwedsct a specific portion of the sample distribution. By moni-
sapphire flats separated by a 0.5-mm-thick Teflon spacer artdring a narrow spectral band of the full luminescence while
mounted in a helium cryostat. All spectra are obtained at 1&canning the excitation energy, PLE reveals absorption fea-
K. We record photoluminescence and PLE spectra using tures with inhomogeneous broadening greatly reduced. As
SPEX Fluorolog-2 spectrofluorometer. This instrument conseen in Fig. 1, transitions that overlap in direct absorption
sists of two doubl€0.22 m) spectrometers. The first selects [Fig. 1(a)] are resolved by PLEFig. 1(b)]. Due to this in-
the desired excitation energy from the emission of a xenorecrease in resolution, PLE has become a standard technique to
arc lamp. The second chooses the emission energy detectebtain quantum dot absorption informatibt®-2

by a photomultiplier tub€R928. Under experimental con- To obtain PLE data for each sample we first measure its
ditions for PLE the combined resolution of our instrumentbroad luminescence band. Since features are most efficiently
was ~3 meV [full width at half maximum(FWHM)]. resolved in PLE when the emission is monitored on the blue

edge of the luminescenéé,we then generally select an
emission energy where the blue edge intensity-isof the
peak height. For example, in Fig(l) we use the energy
Although the quality of our samples is among the highesdenoted by the downward pointing arrow in Figajl We
reported, inhomogeneities remain that broaden absorptiothen record PLE spectra at emission positions slightly to the
features and conceal transitions. PLE reduces these effeo®d and to the blue of this original enerfgenerally=5 nm).
by optically selecting a subset of the sample distributfoim. ~ This allows us to increase the number of “sizes” that are
Fig. 1 we demonstrate this technique along with absorptiorinvestigated since the emission energy chosen in PLE de-
and luminescence spectra fer28 A radius dot$/ When  cides which subset of the sample distribution is probed. Be-
excited well above the first transition, emission occurs fromlow we analyze 53 different “sizes” generated from 24
the entire sample distribution and a broad luminescence bargamples.
is observedFWHM 56 meV, dashed line in Fig(d)]. How- In Fig. 2 we show PLE spectra for seven of our samples,
ever, fluorescence line narrowing experiméhté® show ranging from~15 to ~43 A in mean radiud’ The spectra

lll. RESULTS
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FIG. 4. Transition energie@elative to the first excited states
the energy of the first excited state. Peak positions are extracted
from PLE data as described in the text and shown in Fig. 3. This
plot shows all of our PLE data, including several PLE scans for
FIG. 3. (a) Demonstration of the fitting procedure used to ex- each of our 24 samples. Stroitgyeak) transitions are denoted by
tract PLE peak positions. The PLE so@olid line) is compared to  circles (crosses The solid(dashedl lines are visual guides for the
the fit (dashed ling for a ~18-A-radius sample. The structure on strong(weak transitions to clarify their size evolution.
the first absorption is clearly visible in this plgb) The individual
Gaussian componenttsolid lines and the cubic background ries most of the oscillator strength, is used for the energy of
(dashed ling which combine to form the fit. The first absorption the first transition in our analysis.
peak is decomposed into two narrow features slightly to the red of In agreement with previous work, our fits show that tran-
a broader absorption peak. For comparison the peaks are labeled &ision linewidths increase with increasing enéﬂg’;?(lzig_ 3
in Fig. 4. and decreasing siZ&!° Rough estimates of oscillator
strength based on our fits also confirm that excited-state tran-
are arranged in order of increasing dot sitep to bottom sitions are comparable tgzor weaker than the first tran_sition,
and quantum confinement clearly shifts the transitions blu@S €xpected from theory): ~Unfortunately, a more quantita-
with decreasing size. The high quality of our dots allows udiVe analysis of the transition strengths is prevented by the
to resolve as many as eight absorption features in a single€Sence of the unresolved states, modeled by the cubic

spectrum. We also observe additional structure on the ﬁrggackground. In addition, since PLE represents a combination

absorption peak, as seen in Fig. 2. In most spectra a narrO\(/)J absorption and emission behavior, a detailed knowledge

line with LO phonon replicas is observed on top of a muchOf the emission quantum yield for each transition would be

o _required to quantify the absorption strength of the states ob-
broader feature. Similar narrow and broad substructure '§ecr]\L/j(Iad in Pﬂég ity pH 9

seen in TDA e),(pe”menfsl’le’zz These additional features, — rpq fing| resuits of the fitting procedure for our entire data
wh|ch are conglstent with pand-edge exciton fine structureget are shown in Fig. 4. In this plot we choose what may
are discussed in a companion pafieriere we focus solely  seem to be unusual axes. Thaxis is the energy of the first
on the higher excited states. _ excited state. Energy is more easily and precisely measured
Figure 2 presents a portion of our complete experimentahan dot size and is also a better size-dependent label. Using
data set. PLE spectra for each of our 24 samples are préghe average radius as determined by transmission electron
sented in Ref. 30. To quantify this information and deSCI‘ibQ‘nicroscopy as thex axis would introduce significant size
the quantum dot spectrum as a function of size we extract theeasurement error, both systematic and random. In addition,
energies of the quantum dot transitions using the fitting prothe mean sizes obtained would not represent the subset of the
cedure demonstrated in Fig. 3. Each PLE spectrum is fit witlsize distribution that is measured in PLE. The energy of the
a sum of Gaussians using standard nonlinear least-squarfist transition better describes those dots that are actually
methods® To model the continuumlike nature of underlying probed. They axis is energy relative to the first excited state.
transitions that are not resolved we use a cubic background Figure 4 summarizes our experimental results and shows
curve[dashed line in Fig. ®)]. The narrow and broad com- the size-dependent spectrum of CdSe quantum dots in the
ponents of the lowest transition, mentioned above, arestrong confinement regime. All of our dafa3 “sizes”) are
clearly observed in Fig. 3. The broad component, which carshown, including several PLE scans per sample, as discussed

it N | i M Pt PN
22 24 26 28 3.0 32 34 36 38
Energy (eV)



53 MEASUREMENT AND ASSIGNMENT OF THE SIZE-DEPENDEN. . . 16 341

eracy(including spin) atk=0. When spin-orbit couplingA)

E(k) K is strong this degeneracy is split into a fourfold degenerate
7 ps» band (I'g) and a “split-off” twofold degeneratep,;,

hh 3 band(I';). (The subscripts, 3/2 or 1/2, describe the total unit
- cell angular momentumJ=I+s.) Away from k=0 the
Ih A J=3/2 band splits further into the heavy-holé,==3/2)

& and light-hole(J,,,=*+1/2) bands, both doubly degenerdfe.
More recent quantum dot theoretical witR?34-3"con-
siders the valence-band degeneracy and includes a better de-
/\ scription of the CdSe valence band. For convenience theory
J=1/2 assumes a cubiinc-blendé crystal lattice]Below we dis-
cuss the effects of the correct hexagomalrtzite) lattice.] In

) ) _this case the CdSe valence band is well approximated near
FIG. 5. lllustration of the valence band for diamond-type semi-) _q by the diamondlike band structa?é"'o(Fig 5 and is
conductors neak=0, which is split into heavy holéhh), light hole described by the Luttinger Hamiltonidh®® When this
(Ih), and split-off(sg hole subbandsA is the spin-orbit coupling. Hamiltonian i bined with heri I ial in th
The valence-band structure of CdSe with culimc-blendé sym- aml_tonlan IS com |n_e W't a_s_p erical potential in the
metry is well approximated by this structure. spherical band apprcl)liqma.tmn, mixing between the bulk va-
lence bands occuf$:** While this mixing is weak in bulk

L 43 i - 32,34-37
above. Our spectra describe the size evolution of ten quarfxcitons;® it is significant in quantum dofs: The

tum dot absorption features, label@ through(j) in Fig. 4. main result is that parity and the total hole angular momen-
Strong(weak features are denoted by circlegosseswith ~ tum, F=Ly+J, are the only good quantum numbers for the
solid (dashedl lines drawn as visual guides to clarify their hole envelope functiorL, andJ are not conserved. Quan-
size evolution. We note that due to complications with overtum dot hole states have contributions frdm and L, +2
lapping induced absorptions, the four weak transitions in Figspherical harmonics, commonly referred to aS-D mix-

4 (dashed lineswere not observed in our previous TDA ing,” as well as contributions from the heavy-hole, light-
results'® hole, and split-off valence subbands. The quantum dot hole
states are labeled agLp, whereL designates the combi-
nation ofL andL +2 spherical harmonics, which have total
angular momentunt-. The electron envelope function, not
A. Theoretical overview affected by the valence-band complexities, is still labeled

The size range studied in this paper is in the strong conPeLe - In this notation the first excited pair state is labeled as
finement regimé? where the confinement energy of the elec- 153215 but contains the three hole componers=3/2,
tron and hole is much larger than their Coulomb interactiond =3/2.Ln=0), (F—3/2,?]—?_>/2,Lh—_2), and(F—S_/?,J—_l/Z,
The carriers can then be treated independently and the Cohhzz)' A special notation Is required for transitions involv-

lomb term included as a perturbation. Working in the strong"9 thf? P-I|l(<jebhole|stateis|tgF =1/2. Th%se hole states are
confinement limit allows the theoretical problem to be con-"°t affected by valence-band mixing and states arising from

veniently divided into separate electron and hole compoi[he light-hole subpand (EL'W) musgobemdlstlngwshed from
nents. The electron and hole wave functions are each dél0Se from the split-off subband P ). .
scribed by the product of a unit cell basis function and an A figorous treatment of th_e valence ba_nd IS important not
envelope function, which satisfies the spherical boundarr)fnly for determination of pair state_ energies but also for se-
condition. Since the unit cell components are assumed ider€Ction rules. Quantum dot transition strengths are deter-
tical to the bulk, quantum dot theory focuses on determining#mnefj byl the overlap between electron and hole envelope
the envelope functions of the individual carriers. unctions. Due to the valence-band mixing, thel simple se-

Early theoretical work? assumed a simple two-band iso- |€¢tion rules of early theories\n=0 and AL=0," are no
tropic effective mass model to approximate the bulk valencdonger valid:
and conduction bands. When confined by an infinite potential
barrier at the dot boundary, each carrier is described by a
“particle-in-a-sphere” envelope function, the product of a
spherical harmonic and a spherical Bessel function. The hole We assign the features of Fig. 4 by calculating quantum
(electron) envelope function is labeled by its angular mo- dot transitions as a function of size using the effective mass
mentumL,, (L), and radial quantum numbes, (n.). The theory of Ref. 14, which includes valence-band mixing and
total quantum dot wave function is the product of the indi-uses the Kane mod@*®to incorporate the nonparabolicity
vidual hole and electron components. In this model the firsbf the conduction band. While the hole calculations assume
excited state is written asS,1S,, with the hole and electron an infinite potential boundary condition, a finite barri®f,f
both in the first(n,=1, n,=1) S-like (L=0) envelope func- is used for the much lighter electron to allow penetration into
tion. the surrounding matrif®

In general the valence band of diamond-type semiconduc- While our hole calculations strictly follow Ref. 14, a sim-
tors, illustrated in Fig. 5, is more complicated than the simpleplified boundary condition, better suited to our system, is
parabolic band assumed abdVeThe valence band, which used for the electron. Electron eigenvalues are evaluated by
arises fromp atomic orbitals, has an inherent sixfold degen-numerically solving the boundary condititn

{e]

IV. DISCUSSION

B. Calculations
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which matches the semiconductor conduction band with the __ 2.6 - T+
surrounding matrix. A simple free-electron form is assumed E i <y
for the matrix, which in our samples is an organic solvent. 2 2.4
Herea is the quantum dot radiug, is the semiconductor § i
band gapA is the spin-orbit couplingj,(z) is thelth-order w22
spherical Bessel function, and i
20
K| (2)=(m/22) YK , 11 2), @ L
1.8 F L
with K|, 1,5(2) the modified Bessel function. The energy of 00'00 —_— 00'02 - 0,008
the electron level E) is measured from midgap. The wave . ) _ o
vectors in the semiconductokd) and matrix ,,) are given 1/(Radius)? (A™)

by
FIG. 6. Energy of the first excited state$g,1S,) vs 1/radiud.
The curve(solid line) obtained from theory is compared with PLE

, 2mg
ks:? [E-Ey/2]|1+2f data(crosses
E, 2 1 -1 parameters: the Luttinger band parametgrand y,*? which
3 EF Eg/2 + = Eg/2+A describe the curvature of the three valence subbands, and the

potential barrier for the electro,.. We use literature val-
and ues for the parameteis, E,, mg, andE, [A=0.42 eV
E4(10 K)=1.839 eV’ m, ~o. 11m,,** E, "_175 eV (Ref.
) 14)] Our best fit is obtalned withy; =2. 04 andy=0.58, in
km=— 72z [E-Ve~Ey/2], (3 close agreement with Ekimoet all* This corresponds to
valence-band effective masses,,=1.14, m;,=0.31, and
wherem, is the free-electron mass. In these equatigps my,=0.49 for the heavy-hole, light-hole, and split-off sub-
and f are Kane model parameters which describe thébands(Fig. 5. The ratio of light- to heavy-hole effective
conduction-band curvatur&, (f ) accounts for the influ- massesg, is 0.28. The best fit also requires thg=8.9 eV.
ence of the valence bar{thigher bandson the conduction Although high, it is not surprising that this parameter is not
band?® SinceE, andf are related tan,, the effective mass physically meaningful. It depends strongly on the particular
of the electron at the bottom of the conduction b&hthe boundary condition assumed in Ed). In addition it incor-
electron levels are described by the parameferg,, V., porates not only the finite barrier for the electron but all other
me, andE,. deviations from the model. Therefore, while in theory this
In any model the electron-hole Coulomb interaction isparameter describes the influence of the finite boundary con-
problematic because it cannot be addressed analyticallglition on the electron, in practic¥, is used as a fitting
Within the strong confinement approximation the Coulombparameter.
term is typically included as a first-order energy correction. Figure 6 compares the calculated size dependence of the
We correct pair states to first order by adjusting states thdirst excited state(solid line) with experimental data
containS, (P,) by —1.8e%/ea (—1.7e% ea), wheree is the  (crosses The theoretical model reproduces the general trend
semlconductor dielectric constahfThis approximation is of the experimental data, but not its curvature. Since the
used since a more rigorous approach is not necessary to aseory includes the nonparabolicity of the conduction band,
sign the transitions. However, more detailed treatments byhe observed deviation implies that an additional “nonpara-
Koch and co-workers demonstrate that even in the strondolicity” is present that is not accounted for by the theory.
confinement regime the Coulomb term can be importaft.  The most likely explanation for the deviation in small dots is
In particular the electron-hole pair states are mixed by thehe breakdown of the effective mass approximation. Another
Coulomb interaction. Since our assignments ignore this efpossibility is the simplistic choice for the quantum dot
fect, the labels we use below are in reality only approximateboundary condition, either infinite or square well. The data
Consequences of the Coulomb mixing are discussed furthedlso diverge from theory at large sizes perhaps due to the
below. increasing importance of the Coulomb interaction in the in-
We use standard nonlinear least-squares methauglo-  termediate confinement regime. In any case, the discrepancy
bally fit a subset of the experimental data. We use size estin the first transition is not large enough to keep us from our
mates for our data and fit theS3,1S,, 2S;,1S,, and  goal—assignment of the higher excited states.
1P,,1P, transitions to feature&), (b), and (d) in Fig. 4. The higher excited states are assigned by using the best fit
These transitions are chosen since they exhibit simple sizgrarameters to calculate the energies of all allowed transitions
dependent behavigno avoided crossingsnd their assign- (n,<4, F,,<5/2) below feature(j) in Fig. 4, yielding ~60
ment is relatively certain. Our fitting routine adjusts threetransitions. The strength of each state is calculated and only
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FIG. 7. Theoretically predicted pair stateslid lines assigned
to features(a), (b), and (d) in Fig. 4. The experimental data are
shown for comparisofcircles.

the strongest transitions are considered. Figures 7—10 show

the best theoretical curves for featurgs—(j) from Fig. 4.
Although the number of allowed states below feat(geis
fairly sparse and the assignments are relatively straightfo
ward, the large density of allowed states prevents definitiv
assignment of features at higher energies.
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FIG. 8. Theoretically predicted pair statelid lines assigned
to features(c), (e), and (g) in Fig. 4. The experimental data are
shown for comparisofcircles.
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C. Assignments

Figure 7 compares featurés, (b), and(d) in Fig. 4 to the
calculated B3,1S,, 2S5,1S,, and IP3,1P, transitions.

d he strong quantitative agreement between experiment and
theory demonstrates the quality of the fitting procedure.
These assignments are also consistent with intensity calcula-
tions, which indicate that 35,1S, and 1P5,1P, should be

two of the strongest transitions, as observesy A S, should

be weaker but clearly resolved due to its spectral isolation.
These properties are demonstrated in Fig. 3 where features
(@ (1S;,1S,) and (d) (1P5,1P,) dominate the spectrum
while the weaker featur) (2S;,1S,) is observed between
them.

Figure 8 assigns featurds), (e), and (g) to 1S;,)1S,,
2S,51S,, and 35,,1S,, respectively. An avoided crossing
between the 3,,1S, and 35,,,1S, states, which was ini-
tially reported in our preliminary result§,is now unambigu-
ously observed at-2.0 eV. In addition we now observe a
repulsion between theS 1S, and 5,,,1S, states above
2.2 eV. Both avoided crossings are predicted by theory and
their presence in the data is strong support for our assign-
ments. However, Fig. 8 demonstrates that theory underesti-
mates the repulsion in both avoided crossing regions, causing
theoretical deviations in the predictions of th§,41S, and
2S5,,,1S, states. The Coulomb mixing of the pair states, ig-
nored by the model, couples tmgS,; 1S, transitions such
that these states “push off” each other more strongly. The
Coulomb term also causesS},1S, and 25,,,1S, to avoid
one another through their individual repulsion from the
strongly allowed P,1P, [feature(d)], which lies between
them. Because of these deviations from theory feafdye
was incorrectly assigned toS],1S, in our Letter'® The
more complete data set now suggests that it is more reason-
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o avoided crossing with S;,, the hole component becomes

0 30 2 Raz?)lufa(A)m » 97% S-like for 25-A-radius dots. TheS character of 3,,,
Rt i , then falls again to 67% at 10-A radius due to the interaction
with the D-like 1S,;,,. Such changes are important because
they influence the strength of the observed transitions. In
large dots B,, is mostlyD-like (>80%). The 1S,,,1S, tran-
sition is then weakly observed due to the poor overlap of
1S, with 1S,. However, as mixing with 3,,, increases,
08 1S,, becomes mores-like with decreasing dot size. This

I explains why experimentally3; ,1S, [feature(c)] increases
I in intensity with decreasing size. Although appearing as a
06 subtle shoulder onR;,1P, in the largest sizes, it is clearly
I resolved in the~18-A radius sample shown in Fig. 3. With
decreasing size 3,,,1S, gains strength, eventually merging
with the stronger 3,,,1S, transition(Fig. 4).

The agreement between theory and data in Figs. 6—8 al-
02k lows us to be confident in the assignment of the features
I discussed abovélS;,1S,, 2S;,1S,, 1P;,1P,, 1S,,1S,,

I 2S,,1S,, and 3,,,1S,). The increasing density of allowed
00 . ' states at high confinement energy makes the remaining as-
oo 22 24 26 28 §ign;ne?ts mo;ef)di(frf_]i)clz!t). Fig[ljj(g?s 9F§1nd413Vpresentm§))c>ssibiIi-
: ties for featuresgf), (h), (i), and(j) in Fig. 4. We assigitf) to
Energy of 1st Excited State (eV) 1P ,,1P, and/or 1Ps,1P, (Fig. 9). These transitions best
reproduce the behavior @f), which begins near the avoided
FIG. 10. Theoretically predicted pair stateslid lines, which  crossing of 3,,,1S, and 35,,,1S,. Figure 9 also shows the
are possible assignments for featut® (1S;,1De, 25;,2S.,  best assignments for featufi¢: 1P5%1P,, 4S;,2S,, and/or
1S5p2Se, 2S321De, 1DsplDe, and #5plPe) and () 15 ,2S,. 1P$%1P, shows the best agreement with the data,
(2P1/2Pe,  3538S., 2Pgp2Pe, 4Pg2Pe,  2P52Pe,  pyt all three transitions are expected to be strongly allowed.
4Ps5;p2Pe, and 355,2D¢) in Fig. 4. The experimental data are pigyre 10 presents possible assignments for feattie
shown for comparisoficircles. (1S,,1D¢, 2542S., 1S52Se, 2S3,1D,, 1Ds,1D,, and
4P,,1P,) and for feature (j) (2P},,2P., 3S;,3S.,
2P32Po, 4P32P¢, 2P52Pe, 4P5;2Pe, and 35;,2D).

1.2 |

10

Energy — Energy of 1st Excited State (eV)

able to assign featur), not observed in the TDA dat4;to
1Sy S, Featureld) is now assigned to thePky,1P, state, assign featuregh) or (j) to one of these states is impos-

as discussed above. . . . : ) ) .
The behavior of then,S;,1S, transitions demonstrates _S|ble and potentially misleading since the eigenstates yield-

the importance of valence-band structure in CdSe quanturwg (h) and(j) are likely to be mixtures of these states.
dots since the avoided crossings are intimately related to the
valence-band mixing. Like th&;, hole stateS,;, is a mix-
ture of L,,=0 andL,=2 components due t&-D mixing. Each theoretical pair state shown in Figs. 6—10 is a single,
However, inS,,, the S andD components arise from differ- but highly degenerate, state. In reality additional terms in the
ent valence subbands. ThH2 component comes from the Hamiltonian, which for simplicity have been neglected in the
J=3/2 band and th& component, which carries the oscilla- above model, partially lift the degeneracies. For example,
tor strength, comes from the split-aff=1/2 band(Fig. 5. In  while the model assumes that the dots are spherically shaped
the absence of valence-band mixing, the fiBstype hole crystallites with cubiqzinc-blendg lattice symmetry, struc-
envelope function from the split-off band would cause atural studies show that the dots are slightly prol&tspect
1S,1S,-like pair state to appear 0.42 gthe spin-orbit cou- ratio 1.0-1.3 with a hexagonalwurtzite) crystal lattice™®
pling in CdSe(Ref. 50] above the first excited state. In Fig. These physical attribut¥s®’ along with the Coulomb
4 this transition would appear as a nearly horizontal line atern?’° and the exchange interaction between the electron
0.42 eV. States containind-type hole envelope functions and hol&® ¢ lead to exciton fine structure. However, the
from the J=3/2 bands, which carry no oscillator strength, above model remains valid since these effects are sufficiently
would cross this “spin-orbit line.” Once valence-band mix- small to be treated as perturbatioig-herefore, although the
ing is considered, the intersection of the&andD states is  fine structure implies that each transition shown in Figs.
forbidden and avoided crossings result. Below 2.0 eV in Fig7-10 is actually a multiplet of sublevels, such splittings are
8 the 35,,1S, transition is mostly a $,1S.-like pair state generally not observed, probably due to variations in sub-
from the split-off band (J=1/2) and the Z5,,1S, and level spacings caused by size, shape, and structural inhomo-
3S,,1S, states are mostlp-like hole states that try to cross geneities along with broad sublevel linewidths. In fact these
the spin-orbit line. effects have been commonly ignored since they are not nec-
The valence-band mixing also implies that the hole charessary to explain most results.
acter of then,S,,1S, states changes after an avoided cross- However, for our present data, the exciton fine structure
ing. When the theoretical model outlined above is used tanay be important for two reasons. First, as discussed in our
calculate quantum dot eigenfunctioffswe find that the companion papée? the fine structure is consistent with the
2S,, hole state is 709 -like for 60-A-radius dots. After the band-edge structure observed in our PLE and TDA results.

D. Additional complications
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Second, the splittings may be responsible for some portion afvolve with size in the strong confinement regime. We
the observed transition linewidths. The observation that linpresent the size dependence of ten absorption features ob-
ewidths increase with increasing energy, commonly exserved in CdSe quantum dots ranging freri2 to~53 A in
plained by lifetime broadening, may result from the fact thatradius. By comparing the experimental results with effective
higher transitions have higher angular momentum and mayass calculations, we find sufficient agreement between
exhibit broader widths due to the increased complexity oftheory and experiment to confidently assign six transitions
their multiplets. In this case states with low angular momen-and present possible assignments for the remaining four.
tum would be more likely to be resolved. For example, of theAvoided crossings in the,S,,1S, transitions, predicted by
two possible assignments shown in Fig. 9 for feat(fde  theory, are clearly present in our data and demonstrate the
1P ,1P, is 12-fold degenerate before consideration of mul-importance of valence-band structure in the description of
tiplet splittings while PP5,,1P, is initially 36-fold degener- the quantum dot pair states. Quantitative differences between
ate.(For comparison the dominantS,;,1S, andn,S;,1S,  experiment and theory suggest that the model would be fur-
transitions are initially fourfold and eightfold degenerate, re-ther improved by a more rigorous treatment of the Coulomb
spectively) If both transitions have similar oscillator interaction.

strength and if their multiplet width is proportional to their
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