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Confinement and shape effects on the optical spectra of small CdSe nanocrystals
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A tight-binding model is used to investigate confinement and shape effects on the optical absorption spec-
trum of CdSe nanocrystals up to 5 nm diam. The effects of size dispersion are studied and we show that to
simulate the spectrum of a collection of nanocrystals it is not always sufficient to broaden inhomogeneously the
mean diameter cluster spectrum. Our results are compared with calculations based on other methods and show
good agreement with experimental data. We have also calculated the absorption spectra of CdSe crystallites
with different morphologies: spherical clusters and oblate and prolate elliptic nanocrystals. We have performed
a comparison of the energies and absorption bands as a function of the morphological changes and we present
a detailed study of the modifications in the features of the optical spé&Pas63-18208)03932-0

[. INTRODUCTION diminishes, is reduced by a redshift due to size fluctuations.
Size dispersion also perturbs the comparison of experimental
In recent years, the study of ultrasmall systems on thelata with theoretical results. We therefore have included size
1-10 nm length scale have stimulated intense investigatiorflispersion effects in our calculation. Our method takes into
Semiconductor nanocrystals have focused great infemast ~ account the structural characteristics of the clusters: size, sur-
diverse methods have been developed to elaborate crystd@ce passivation, and size fluctuations of the samples. It al-
lites. Among them, growth in g|a55 matrix and Synthesis in|OWS the comparison with previous theoretical studies of
colloids’® have been used to obtain I1-VI nanocrystals with CdSe nanocrystals and with recent and accurate experimental
diameters ranging from 1 to 11.5 nm. Whatever the elaboradata.
tion processes arethe crystallites show a high-quality bulk  In addition, morphological influence has only been exam-
crystalline structure, with few exceptional defaults and noined, up to now, for silicium crystallites. Wang and Zunger
change in the first-neighbor interatomic distant&3n the have established that the gap variation with cluster size is
other hand, the fabrication techniques strongly influence th@lmost identical for spheres, rectangular boxes, and cubes.
shape and surface structure. In the small size range, whefd€ calculation of a low-energy excitonic spectrum has been
quantum confinement effects arise, nanocrystallites appear &hieved only for a single deformed ellipsoid by Delerue and
be spherical. Nevertheless, nanocrystals can show a facetco-workers®'’showing that the lowest-energy state presents
ting aspect beyond a critical diamete(7—10 nm for @ longer lifetime than the first higher state. The present de-
CdSSe _, crystallites®) or ellipsoidal shapes: A slight ~ velopment of nanocrystals, widely elaborated from II-VI ma-
ellipticity*® has been observed on CdSe nanocrystals bjerials, makes interesting the study of shape effects for these
high-resolution transmission electron microscopy. systems. We have calculated the excitonic transitions on a
Semiconductor nanocrystals exhibit modified electronidarge energy range for ZnS faceted crystalfitesd we will
and optical properties due to quantum confinement. All opfocus in this paper on CdSe elliptic crystallites.
tical absorption experiments indicate a blueshift of the ab- The paper is organized as follows: after a description of
Sorption edge when the Crysta”ite size decreddgdse pres- the model in Sec. Il, we present in Sec. Il the confinement
ence of discrete absorption bands is also clearly evidence@ffects on CdSe nanocrystals and we discuss the optical
Assigned to excitonic transitions, the position and the shapgroperties in comparison with other previous calculations
of the bands are strongly dependent on cluster sizes. To comrand experimental data. In Sec. IV, we study nonspherical
pare theoretical results with experiments, the knowledge ofanocrystals. Section V is devoted to our conclusions.
the confinement energies is not sufficient and it is necessary

to obtain the optical transitions, which requires the calcula- Il. MODEL
tion of oscillator strengths. Up to now, such a calculation has
been achieved only for few CdSe sampiégherefore, in We have developed a realistic model taking into account

order to make a systematic study, we have investigated, ithe spin-orbit interactions and the real arrangement of the
the tight-binding approximation, the optical absorption spec-atoms in the nanocrystal. We have considered spherical crys-
tra in function of nanocrystals diameter. Moreover, nanoc4allites obtained by connecting the successive neighbors of
rystals are not monodisperse but samples contain differerihe central site. Dangling bonds of surface atoms are satu-
size clusters. They present a distribution of size that camated by hydrogen atoms that simulate the bonds at the clus-
appreciably influence the optical spectra of the samples. Thder surface, occurring with the glass matrix or with molecules
masks information about a single-size nanocrystal and pewef the colloid, and clear the band gap from surface states. In
turbs the study of size dependence of crystallites propertiesur tight-binding approach, the cadmium and selenium at-
Particularly, the observed blueshift of the absorption threshems are described bysp®s* basis and the hydrogen atoms
old, due to confinement effects when the crystallite diameteby a singles orbital, both including spin. This is necessary to
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TABLE I. Tight-binding parametergin eV) for CdSe in the TABLE II. Bulk CdSe parameters.

sp’s* basis including spin-orbit interactions.andc stand, respec-

tively, for anion and cation. CdSe Reference
Exciton Bohr radius ag (nm) 5.4 23

Esa Ese Epa  Epc Esa  Esoc Na Ae Spin-orbit splitting A, (V) 0.4 23

—-9.63 003 1326 473 753 572 0.1434 0.0591 Gap E, (eV) 1.8 23
Dielectric constant € 6.23 23

Vss Vix ny Vsapc Vscpa Vs*cpa Vs*apc Lattice constant a (nm) 0.67 23

—4.64 264 536 457 554 249 3.05 Hydrogen-cadmium bond lengthd,.cq (nm)  0.176 38
Hydrogen-selenium bond lengthdy.g. (nm)  0.147 38

take into account spin-orbit splitting, as its contribution is
not negligible for CdSe,£,=0.4 eV). The excited stats* have shown for CdS crystallites that its effect is rather small,
is used to obtain a correct description of the lowest conducénhancing the energy of the first transition by less than 40
tion band with interactions limited to first-nearest neighborsmeV. This change is not significant in the comparison be-
It avoids the addition ofl orbitals and, consequently, allows tween calculated and experimental values and in this frame-
the restriction of the Hamiltonian matrix to a computableWork, we have considered the nanocrystals as continuous,
dimension. isotropic materials with a bulk dielectric constdfiable 1I).
Expressed in thsp3s* orbital basiS, the Hamiltonian el- Wh||e the pOSitionS Of the eXCitOI’liC peakS are deduced
ements are fitted to reproduce the band structure of bulkom the eigenvalues of the Hamiltonian, the intensities of
CdSe, known from experiments and other theoretical meththe optical transitions are described by the oscillator
ods. Only on-site and nearest-neighbor matrix elements argrengths related to the eigenvectors. The nanocrystals
allowed to be nonzero. The 15 parameters are those of Ref@eing optically isotropic, the oscillator strength is in-
19 and 20, modified in order to take into account the spindependent of polarization and can be described fpy
orbit interaction. They are given in Table I, expressed with=2/m,|(n|P|m)|%/(E,,—E,) for a transition from a valence
the notations of Vogl, Hjalmarson, and D&W.The band staten to a conduction staten. Within the tight-binding
structure of bulk CdSe obtained within this parametrizationframework, the momentum matrix elements between atomic

process is in gOOd agreement with results of other Calculaorbitals are calculated according ﬁ):(|m0/ﬁ)[H,F] with

tions and optical measuremeffsA test for its reliability is  the commutator between the Hamiltonidnand position op-
the evaluation of the effective mass of electron and holes

. : eratorr expanded on the sp3s* badfs.
~ *
The effective masses obtainedn{=0.13 m, and mp, We have made calculations for crystallites containing 10—
=0.45 m,, wherem, is the free electron masare in good

: g 2% 2000 atoms, corresponding to increasing diameter up to 5
agreement with other published values and experiénce.  m \hich is an adequate size range for the study of strong
In nanocrystals, the first-neighbor matrix elements be

: ) ‘confinement.

tween the hydrogen atoms and cations or anidfi$cq,
Vy.se @re analogous to interatomic elements but are distin-
guished by a renormalization term. According to Harrison’s
law,? it takes into account the relaxation effect around a The first transition energies calculated within our model
defect or at the surface. The Hamiltonian matrix reproducegre shown in Fig. 1 for various crystallite sizes. We have also
the physical properties of the bulk material in the limit of the plotted the results obtained by different theoretical ap-
infinite-size cluster. Its dimension for a crystallite is MQ;  proaches: by the effective-mass approximativim, the tight-
+ 2Ny, whereN,, represents the total number of atoms in thebinding framework® within the effective bond orbital
nanocrystal and\,, the number of hydrogen atoms. model* (EBOM) and with the pseudopotential metibih

The direct diagonalization of the Hamiltonian matrix pro- order to compare with numerous experimental data, CdSe
vides the energy levels, wave functions and fundamental emanocrystals being under intense investigation.
ergy gapEy(d). In order to compare our results with optical- ~ Our results are represented by the solid line. Due to quan-
absorption data, it is necessary to take into account theum confinement effects, the first transition energy is
Coulomb attraction between electrons and holes. In thstrongly enhanced compared to the bulk matefla8 eV).
small-size range considered in this work, nanocrystals arg/hen the crystallite diametet increases, the confinement
strongly confined and the Coulomb attraction is treated as anergy decreases and follows approximately the dav>.
perturbation. We assume that the energy of the first opticaDur results in the tight-binding model show that the first
transition E(d) can be evaluated by adding a perturbationtransition energy exhibits an oscillatory behavior in function
term at the energy gap: E(d)=Eg(d)—(3.57292/sd), of the nanocrystal size. This discontinued evolution can be
whered ande stand for the diameter and dielectric constantinterpreted as the effect of the ionic character of CdSe crys-
of the semiconductor. Known for bulk materials, the value oftallites. Let us examine three nanocrystals of increasing di-
the dielectric constant for nanocrystals is still under debateameter. By construction, the atomic clusters considered in
The constant may be different in the strong- and weakthis work are spherical and have a cation on the central site.
confinement regimes. In the case of nanoscopic spheres di8-crystallite of 1.16 nm diam has 29 atoms and its surface is
persed in a glass matrix or in a colloid, the lack of experi-composed by anions. The connection to this cluster of a shell
mental characterization prevents us from evaluating the besif cations leads to the formation of a nanocrystal with 35
value fore. Calculations with a varying dielectric constiht atoms and 1.23 nm diam. The highest valence state is in-

[lI. CONFINEMENT EFFECTS
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_ TABLE Ill. First transition energies of CdSe nanocrystals, ex-
| this work pressed in eV.

Diameter This
(nm) work Pseudopotentidl TB® EBOM® EMA?®

1.27 3.24 3.28 4.09

2.06 2.59 2.57 3.01 2.39 5.14
2.92 2.33 2.25 2.53 2.12 3.47
3.84 211 2.08 2.25 1.99 2.77

8Reference 27.
bReference 19.
‘Reference 14.

Energy (eV)

our calculated energies have lower values than those of Ref.
19 (Table IlI). This is mainly due to the spin-orbit interaction
taken into account in our model. We have calculated that for
a 2-nm-diam cluster, the energy obtained taking spin-orbit
coupling into account is 0.28 eV lower than the value ob-
tained without spin. In addition, the use of a varying dielec-
tric constant in Ref. 19 leads to a slight enhancement of the
energies. The Coulomb energy calculated wi(d) is, for
d=2 nm, 0.18 eV higher than the value calculated using
g(0). When the diameter increases, the Coulomb part of the
0 1 2 3 4 5 8 7 total energy diminishes and the energy difference between
Diameter (nm) the two models decreases. The combined effects of spin-orbit
interaction and use of bulk dielectric constarfte) can ex-
FIG. 1. Variations of the first transition energy as a function of pjain the differences between the calculated values within
the nanocrystal diameter. The solid line represents the results of thﬁght-binding models.
paper and the dotted line the tight-bin_ding calculation of Ref. 19. Secondly, we compare our results with the calculation
The EBOM(Ref. 14 and pseudopotentli(iRef. 27 rgsults are rep-  made in the EBOM by Ramaniah and N4ifor nanocrystals
resented by the dash_ed line and dashed-dotted line. The effectivg-7 nm t0 5.4 nm diam. The first transition energies are lower
Irir:]zgs_(I_F:]zf.eigerei;teerr?glsdzz aa;tlsot rlfporfte(dasgefd'dggb;dmt;d than within tight-binding calculations, whereas their evolu-

' perimer re faken from Re1S. 26—o% and 'hion versus crystallite size is simildTable 1ll). The energy
resented by the solid squares, solid triangles, open squares, bla&‘ffference increases for small nanocrystals and bulk CdSe
dots, open dots, black diamonds, and crosses, respectively. o ; . . .

parametrization in the approximation of a cubic face-

creased by 0.09 eV and the lowest conduction state is onigentered latticé seems to lead to significantly lower ener-
weakly modified(enhancement of 0.003 ¢VThis is related  gies than in the tight-binding model, which takes into ac-
to the ionic composition of the highest valence state, mainlgount the arrangement of the atoms in the zinc-blende
formed by the anion states @f symmetry and lowest con- Structure.
duction state, mainly composed of the cation statessyim- We next compare our calculation with the recent results
metry. As the interatomic interactions are restricted to firstof Wang and Zungéf by the pseudopotential method. As
nearest neighbors, connecting a shell of cations leads to $hown in Table IlI, the first transition energies calculated
significant increase of the highest valence-state energy andvdthin the pseudopotential method are in excellent agree-
slight enhancement of the lowest conduction-state energynent with our tight-binding results, the maximum energy
By contrast, the addition of a shell of anions strongly modi-difference being 0.08 eV.
fies the lowest conduction-state energy and leaves the high- Lastly, we compare our results with the effective-mass
est valence state practically unchanged. By consequence, tapproximation® where m$ =0.13m, and my =0.41Im,, for
first transition energy shows an oscillatory evolution as aelectron and hole. We can note that the single-band approxi-
function of the nanocrystal diameter. Taking into accountmation is reasonable for CdSe because the valence-band
atomic interactions beyond first neighbors should attenuateplitoff, due to the spin-orbit effect, is sufficiently larga (
the amplitude of these oscillations. When the diameter in=420 me\j so that these bands can be considered as decou-
creases, the ratio of surface atoms to volume atoms dimirpled. The calculated energies reveal large discrepancies with
ishes and the connection of one atomic shell to a clustesther calculationgTable IIl). The shift between the EMA
composed by a great number of atoms only slightly modifiesaind other results shows that size estimation by the effective
the electronic states. Consequently, related to the ionic chamass model leads to a large overestimation of the nanocrys-
acter of surface atoms, the discontinued behavior of the firgal diameter. When the crystallite size increases, the strong
transition energy lessens with increasing digeg. 1). overestimation of energies in the EMA diminishes. Beyond 5

The evolution of energy versus crystallite size is similarnm, the various models provide converging results. The
with the tight-binding results of Lippens and LannBo, EMA is then valid and the energy followsda 2 scaling law.
where spin-orbit interaction was not included. Nevertheless, We conclude from comparison of the first transition ener-
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TABLE IV. Comparison of the first transition energiéa eV) of CdSe nanocrystals, obtained by experi-
ments and various calculations.

Diameter(nm) Experiment This work TE Pseudopotentidl EBOM® EMA ¢
2 2.52,22.58f 2.65 3.11 2.63 2.36 5.28
3.2 2.17£2.2592.28,12.34" 2.26 2.4 2.19 2.08 3.21
3.8 2.11)2.21,2.38 2.12 2.26 2.09 2 2.79
8Reference 19. Reference 28.
bReference 27. 9Reference 30.
‘Reference 14. "Reference 29.
dReference 19. iReference 32.
®Reference 31. IReference 34.

gies calculated within various models that confinement efthe wide size range studied, we conclude that all these ex-
fects are clearly evidenced by all formalisms with a strongperimental data of CdSe nanocrystals are coherent and that
enhancement on bulk energy for small crystallites. When the@ur model and the pseudopotential method agree well with
diameter increases, results converge and calculated energiesperiment. Although the accuracy of our model is difficult
come close to the bulk band gap. Quantitatively, by contrasto evaluate, it is mainly limited by the parametrization of
the results provided by the models diffé¢n. The EMA con-  bulk materials and the knowledge of surface passivation.
siderably overestimates the energies of small nanocrystalsirst of all, the model is fitted to reproduce the bulk band
and this clearly shows the inadequacy of the model in prestructure and particularly the main energy gaps at the points
dicting first transition energies from the knowledge of thel’, X, andL. The parameters are calculated from energy
diameter, just as it was not possible to deduce this diametdevels of high-symmetry points of the Brillouin zone. They
by comparing the energies to the experimental d@taOur  are not always known with great precision, and it can lead to
tight-binding results, including spin-orbit interactions, are ina bulk description that is not in perfect agreement with ex-
excellent agreement with the experimental ones and thosgerience. Moreover, our treatment of nanocrystal surface is
obtained by Wang and Zundérwith a totally different simple. A more accurate description, taking into account in-
method using a semiempirical pseudopotential. That showterface effects needs a better experimental knowledge of its
the necessity to take spin into account in the calculation astructure. At last, Coulomb interaction is treated as a pertur-
well as the adequacy of the tight-binding model in calculat-bation in using bulk optical dielectric constant. As the Cou-
ing the nanocrystal electronic states. lomb energy increases when the nanocrystal diameter de-
Numerous experimental studies have been performed otreases, this approximated calculation is critical for small
CdSe nanocrystals synthesized by various methods. Amongusters. In the size range where confinement effects arise,
many experimental data, we have only reported in Fig. 1 theur model reproduces the first transition energy with a good
optical measurements concerning crystallites the sizes aigreement with experimental data and a precision of about a
which are determined by techniques independent from thedew tenths of an electron volt.
retical models, such as high-resolution transmission electron Within the tight-binding framework, we have also calcu-
microscopy (HRTEM) and small-angle x-ray scattering lated the optical absorption spectra. Besides the structural
(SAXS). properties(size, shape, surface states, lattice strugfurés
Bawendiet al?®2° have fabricated CdSe crystallites with necessary to take into account the size distribution of the
a remarkable narrow size dispersiori%%). Absorption  samples to compare theoretical results with experiments. To
measurements at 10 K agree well with our results, thealculate the absorption spectra of a collection of nanocrys-
maximum-energy difference being 0.09 eV. The first transitals, Ramaniah and Nafr have proposed to introduce an
tion energies of crystallites synthesized by Hoheiedl3®  inhomogeneous broadening in the interband transition spec-
are similar to those reported in Refs. 28 and 29. Bowen Katra of the mean diameter nanocrystal. A more realistic way
tari et al3! have studied colloidal nanocrystals whose sizesonsists of calculating the spectra of all the crystallites with a
measured by SAXS vary from 3 to 9 nm and absorptionsize distribution, considering that each spectrum undergoes a
energies are close to those calculated within the tight-bindinpomogeneous broadening. It needs more calculation and, to
and pseudopotential methods. In the same way, experimentaur knowledge, optical spectra computed within this method
data from Nogami, Suzuki, and Nagasakaand Hodes and in the tight-binding framework have not been reported in
et al,*® where the crystallite size is determined by HRTEM, CdSe nanocrystals of various diameters up to now. Compari-
agree well with theoretical energies. Finally, Alivisatos son with other calculations allows us to test the validity of
et al** have investigated spherical nanocrystals. When th¢he inhomogeneous approximation and comparison to ex-
diameter is 3.8 nm, the first transition energy is above thgerimental data, the ability of the models in predicting the
values calculated within microscopic approaches, but the eroptical properties of crystallites.
ergy difference stays reasonably small. The measured values CdSe crystallites have been synthesized by Ekithti/
are dispersedTable IV) and comparison to theoretical re- and we compare our results with the absorption spectra of
sults is not easy. The EBONRef. 14 provides energies CdSe nanocrystals in oxide glass at 5%Determined by
always lower than experiment. In contrast, the EMA stronglySAXS and HRETM, the average diameters of samples 1, 2,
overestimates the first transition energy of crystallites. Or3, and 4 are, respectively, 3, 3.4, 3.6, and 5.4 nm. They show
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For sample ZFig. 2(b)] the first absorption band, at 2.41
eV, arises from the crystallite of 3.7 nm diam. The second
absorption band, at 2.72 eV, corresponds to the cluster of 3.4
nm. Experiments exhibit a first absorption band at 2.28 eV
and a second one near 2.8 eV. Calculated and measured val-
ues agree well and our model confirms the importance of
size dispersion of nanocrystals in this case. The absorption

Absorbance (arb. units)

1.8 1.9 2 21 2.2 23 2.4 25 26 2:7 2j3 spectrum of the single cluster of mean diameter 3.4 nm ex-
Energy (eV) hibits a small shoulder near 2.52 eV and a clearly resolved
band at 2.71 eV. This shows that the convolution of transi-

- tions of the mean diameter cluster is insufficient to reproduce
experiment and that it is necessary to take into account all
nanocrystals within the size distribution.

In the same way, for sample [Fig. 2(c)] we observe
three absorption bands at 2.33, 2.4 and 2.68 eV, arising,
respectively, from clusters of 3.8, 3.65, and 3.5 nm diameter.
The aspect of the spectrum is similar to the experimental one
and clearly shows the narrowing of absorption bands when
the diameter increases. Experiments show that sample 3 has
(c) //- almost the same spectrum of sample 2 with a more resolved

S shoulder at 2.4 eV and the last absorption band at 2.74 eV.
7 Theoretical energies agree very well with experimental data.
el By contrast, the absorption spectrum of the single cluster of
3.6 nm diam exhibits two absorption bands at 2.42 and 2.62
- 1l | . | eV and cannot describe experiments.
— T T T Our model provides a correct description of the behavior
18 19 2 21 22 23 24 25 26 27 of optical spectra of small CdSe nanocrystals as a function of
size and shows the importance of size dispersion. By contrast
with the use of an inhomogeneous broadening of excitonic

FIG. 2. Variations of the optical spectra for CdSe nanocrystalfpeaks and also the convolution of the mean diameter nanoc-
of 3-, 3.4-, and 3.6-nm diam. The experimental datashed linegs  rystal transitions, considering explicitly the transitions of all
are taken from Ref. 36(a), (b), and(c), respectively, represent the the nanocrystals in the size distribution allows us to repro-
absorption spectra of a collection of clustédstted lines and of a  duce the absorption spectra of various crystallites with a
single cluster(solid lineg of 3-nm-, 3.4-nm-, and 3.6-nm-mean- good agreement with experiments.
diameter nanocrystals.

Absorbance (arb. units)

1.8 1.9 2 2.1 22 23 24 25 26 27 28
Energy (eV)

Absorbance (arb. units)

Energy (eV)

a distribution of size of approximately 10%. To evaluate the IV. SHAPE EFFECTS

consequences of size dispersion, we have calculated the con-\ye have modeled elliptic crystallites by the deformation
tribution to optical absorption of lowest-energy ransitions ¢ gphheres in one direction. Excluding from a sphere of ra-
for all the crystallites within the size distribution. So, our i,s a all the atoms located on surface shells the position
results allow to determine precisely which cluster is responyaciors of which coordinate along i@y axis is larger than

sible for a given transition. In the absence of accurate inforb<a provides prolate nanocrystals. Ellipsoids can then be
mation on the experimental shareout of nanocrystals in thaescribed by the equation '

samples, we have considered that each cluster in the distri-

bution participates fairly well for the whole spectrum. Opti- x\2 [y\?2 [z\2

cal spectra of nanocrystals, the sizes of which vary by about (— + b +z] =1, 1)

10% around the mean diameter, are convoluted by a Gauss-

ian with a homogeneous broadening of 20 m@&y. 2). wherea is larger thanb for the compression along they
The theoretical spectrum of sampléFig. 2(a)] exhibitsa  direction.

first transition at 2.5 eV, while experimental d&tahow a In the same way, adding to a sphere of radiuatoms

first absorption band at 2.56 eV. The energy difference issccupying zinc-blende lattice sites the position vectors of
very low and the aspect of the theoretical spectra coincideghich are coordinate along tf@y axis is larger tham pro-
with experiments. Our calculations indicate excitonic transiides oblate crystallites. The ellipsoids obtained by the dila-
tions at 2.57 eV and 2.6 eV for the single nanocrystal of 3.04ation of a sphere alon@y direction can be described by the
nm diam, which corresponds to the mean diameter of sampl@quation

1. It then becomes apparent that, in that case, the cluster

responsible for the absorption band observed is the one that (x)2 2

J’_

2
=1, 2

z

V2
b

has a diameter equal to the mean diameter. It can be con- b
firmed by the position of the absorption band centered at

2.55 eV, nearly the same value than for the group of crystalwherea stands for the long axis arfalis the short axis.

lites. Size fluctuations of sample 1 do not perturb the optical In the case of spherical crystallites, the confinement is
absorption of the mean nanocrystal. three dimensional, relative to the characteristic leraytRor
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elliptic clusters and that the passivation of dangling bonds is
(@ identical. Besides, to study the effects of ellipticity, we have
represented in Fig. (8) the optical spectrum of the corre-
sponding spherical cluster of 1.97 nm radius containing 1147
atoms. The number of atoms for the two types of elliptic
crystallites versus the spherical nanocrystal is not identical
but the difference is very lowless than 2% of the total
llm | .||. | numbej and allows the comparison of the optical spectra in
22 24 20 e 32 34 function of the cluster shape. First, we observe that the first
transition energy is only weakly affected by the deformation
(b) of the sphere in ellipsoids. Located at 2.49 eV for both the
oblate and prolate elliptic clusters, the first excitonic peak is
situated at 2.5 eV for the spherical crystallite. In the same
way, comparisons of faceted and spherical ZnS clusters have
showrt® that a nanocrystal shape being, strongly dependent
on chemical fabrication processes, has rather small effects on
T the energy gap. By contrast, the calculated energies of other
sz aa optical transitions are modified by the morphological
changes of hanocrystals. The optical anisotropy related to the
© cluster deformations has lifted the degeneracy of energy lev-
els. This was also observed for wires within the effective-
mass approximatiofY. For instance, the highest valence state
behaves like @, orbital for the prolate elliptic crystallite for
which the confinement is stronger along the direct{og.
The energetic value of the splitting between fiielike state
’ 1 ” ” i| | and the other states originating from thegandp, orbitals is
s 32 a4 10 meV. For the oblate nanocrystal, the quantum confine-
ment is stronger in the two directior@x and Oz Conse-

FIG. 3. Optical spectra of a 3.9-nm diam CdSe nanocrystal inquently, the highest valence state behaves like a combination
the oblate(a) and prolate(b) ellipsoidal shapes and the spherical of p, and p, orbitals. The splitting energy with the valence
configuration(c). state originating from the, orbital is of the same order as in

the prolate configuration. Nevertheless, the excitonic spec-
prolate nanocrystals, the confinement is determined in tw@ym remains complex with several transitions the intensities
dimensions by the length and in one dimension by the of which strongly depend on the size and shape of the nanoc-
short axis lengttb. For oblate nanocrystals, confinement is rystals. In spite of the modifications of higher energies tran-
determined in only one dimension by the characteristiGsions, the corresponding peaks exhibit the tendency to re-
length a and in the other two dimensions by the smallery.q 5 in the same way as for spherical clusters and form
lengthb. In_ this framework, we have StUd"?d the effects of absorption bands centered around energy values independent
morpholo_glc_:al cha_nges on o_ptlcal _spectra in function of theOf the shape. That is not the case for faceted cluene
charagterlsu_c confinement dmensmxmsmdb. relative spacing of which between absorption bands is
To investigate the features of the optical spectra, we have

made a Gaussian convolution with a homogeneous broaders1[naller for the faceted morphology than for the spherical

ing of 10 meV identical for all peaks of the excitonic transi- co_nf|gurat|on nanocrystalg. On the contrary, we observe in
tions calculated for CdSe clusters with various shaés. this quk that the energetic range Of the spegtra Of. the clus-
3). We have considered a nanocrystal in the oblate type ef€rS With the oblate and prolate elliptic configurations and
liptic configuration[Fig. 3(a)] with the characteristic length spherical form is identical. _C_)n the other hand, the oscillator
a=1.97 nm in one direction and the short axis dimensiorStrengths are strongly modified by the morphology of nanoc-
b=1.72 nm. This cluster corresponds to the deformation of dystals. Concerning the first transitions, we observe that the
3.94-nm-diam sphere along tif@y direction [see Eq.(2)] intensity of the first absorption band decreases with the order
and contains 1129 atoms. In a similar manner, we have caPf confinement of the characteristic lengthFor the sphere,
culated the excitonic transitions of the prolate type nanocrysthe confinement relative to the lengihis three dimensional

tal [Fig. 3(b)] described by Eq(1), the confinement of which and the first absorption band intensity is maximum. In the
is determined in two dimensions by the long axis length case of the prolate-type cluster, the confinement relatie to
To compare the effects of morphological changes on nanods only two dimensional and the intensity of the first absorp-
rystals with a constant number of atoms, we choose identicalon band has decreased. Finally, when the confinement rela-
values of major and minor axesi€1.97 nm andb=1.72 tive toa is only one dimensional, the first absorption band of
nm). The prolate nanocrystal then presents the same degrélee oblate nanocrystal spectrum presents the smallest inten-
of ellipticity and the same number of atoms as in the oblatesity.

configuration. It is also important to notice that the number Lifetime transitions are inversely proportional to oscilla-
of anions located at the crystallite surface is equal for the twdor strengths, according to the equation

Absorbance (arb. units)

N

Absorbance (arb. units)

Y

2 22 2.4 28 28 3
Energy {eV)

Absorbance (arb. units)

2 2.2 2.4 2.6 2.8
Energy (eV)
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1 872 nelE2 approximation confirm the inadequacy of this model in the
= — (3)  small-size range. It is of particular interest to compare the
T 3 h’mc methods used to calculate the optical spectrum of a collec-

tion of clusters. An approach consists of assuming an inho-

f tands for th ilat " th f i ition mogeneous broadening for each transition of the mean diam-
nm Stands for the oscillator strength for a ransition oM Agqter cyster. In our other approach, the spectra of the

valence stat@ to a conduction staten. Therefore, the first  nnqcrystals within the size dispersion can be considered as

excitonic transition presents a longer I|fet|me in th_e case O(experiencing an homogeneous broadening, estimated to be of

elliptic nanocrystals than that for spherical crystallites. the order of 35-50 meV by experiment. Comparison to the
We also observe in Fig. 3 that the absorption is S“gh“yexperimental data of Chamares al® for samples with 10%

stronger at the end of the spectrum with the emergence of af),¢ gispersion, has shown that the first method does not

intense band in the middle for the oblate ellipsoidal crystal—reproduce correctly the position of absorption bands. On the
lite. Absorption is also more intense at the end of the spe

; Cother hand, spectra calculated within our model using a ho-
trum in the case of the prolate nanocrystal but the ba”dﬁwogeneous broadening are in good agreement with experi-

exhibit different intensities. Nevertheless, the general featurg,ont. Absorption experiments reveal the ability of our model

of the optical spectra for the oblate- and prolate-type crystaly, nrovide a good description of absorption spectra of small
lites remains similar with a more intense absorption at the;

| Pherical CdSe nanocrystals.
end of the spectra. On the other hand, the spherical cluster of 1,4 study of spherical and elliptic nanocrystals has shown

1.97 nm radius presents a strong absorption at the beginningat the exact shape of nanocrystals has some influence on
of the spectrum with the presence of two intense equal peakge confinement energies. We have calculated the first optical
This shows the importance of shape effects on the features gfnsitions for clusters of various shapes and our results in-
the optical spectra of nanocrystals. dicate that the first transition energy does not vary with the
morphological changes of crystallites. On the other hand, the
V. CONCLUSIONS oscillator strengths are strongly modified by the nanocrystal

The study of the optical properties of small CdSe nanoc_morphology. Shape effects on optical transitions are shown

rystals has allowed us to test the validity of a tight—bindingto modify the features of the optical spectra, the first exci-

approach taking into account spin-orbit interaction and sizdonic transition being determined by the smallest cluster di-

dispersion. We have compared our results to numerous eX!€"S!on-

perimental data based on a large range of crystallites synthe-
sized by different methodgelaboration in a colloidal
solutiorf®?® and growth in a glass matA% and to optical The Groupe d’Etude des Semiconducteurs is “Unite
spectra calculated with other methagiseudopotentid’ ef-  Mixte de Recherche No. 5650.” We thank the “Center Na-
fective bond orbital modéft and the effective-mass tional Universitaire Sud de Calcul de Montpellier” for an
approximatioft®). The results obtained in the effective-massallowance of computer time.

wheren is the refractive indext,, the transition energy, and
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