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Evolution from individual to collective electron states in a dense quantum dot ensemble
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Absorption spectrum of a quantum dot ensemble was found to exhibit a systematic modification with dot
concentration from a set of discrete subbands inherent in isolated nanocrystals to a smooth band-edge absorp-
tion similar to that of bulk semiconductors. The results are interpreted in terms of an evolution from individual
(localized to collective electron states delocalized within at least a finite number of nanocrystals. The observed
behavior is considered as a possible precursor of the Anderson transition in a quantum dot ensemble, i.e., a
transition from localized electron states to states that are delocalized over a macroscopically large number of
nanocrystals[S0163-18209)01327-2

Physics of semiconductor nanocrystals that to a large exgion, which indicate the presence of highly monodisperse
tent possess the properties of zero-dimensional solid-statmall-atomic CdSe clusters. Previously, similar CdSe clus-
objects, the so-called quantum dots, is one of the most exers of 1.6 nm in size were synthesized by Ptatchetedd !’
tensively developing fields of modern condensed matter and@he good coincidence of the number of bands and their po-
material science. Great progress has been achieved in undsition in the absorption spectrum of our CdSe clusters and
standing of basic electron and optical properties of isolatedthose of Ref. 17 suggest that the structure and the size of the
non-interacting nanocrystals® Recent advances in the syn- CdSe core is the same. The colloidal solution of CdSe clus-
thesis of spatially organized ensembles of nanocrystals ters in pyridine is stable over weeks in the dark at room
pose the problem of an evolution of optical and electronictemperature. The thin films of CdSe clusters were produced
properties of matter from a single quantum dot toward quanby placing a drop of colloidal solution onto the quartz glass
tum dot solids. The latter concept proposed by Mueagl®  and dried at room temperature. The resultant films are flat,
implies a kind of a condensed matter with spatial organizatransparent, and crack free. If none nonvolatile components
tion on a length scale comparable to the electron de Broglike polymers were added to the colloidal solution of CdSe
wavelength. The basic features of dense quantum dot emlusters, the dried film consists of closely packed clusters
sembles might be the reproduction of the features inherent iwith a minimal interparticle distance achieved. To increase
conventional solids, i.e., the formation of energy bands in @he interparticle distance in the films a variable amount of
perfect lattice and coexistence of localized and delocalizegolyethylene glycollPEGQ (M.W.=100 000 was added to
electron states in disordered quantum dot structures. Althe colloidal solution prior to the dropping. Polyethylene gly-
though the charge transfer in quantum dot structures is beingol is a well-known inert polymer that does not influence the
thoroughly examined in the context of novel electrolfic, structure and optical properties of individual CdSe clusters.
light-emitting?*~*® and lasing device¥ the systematic We suggest that each CdSe cluster in the dried film is well
analysis of quantum dot assemblies and superlattices isurrounded by linear chains of PEG and the average inter-
terms of an evolution from isolated nanocrystals to a quanparticle distance can be calculated from the relative concen-
tum dot solid has not been performed to date to our knowliration of CdSe clusters and PEG in colloidal solution. As-
edge. In the present paper, we report on an experimentauming a nearly spherical shape of CdSe clusters with
evidence for a systematic evolution of the absorption speci.6-nm diameter and using the tabulated data on PEG param-
trum of a quantum dot ensemble toward collective electronieters, we calculated the average interparticle distdtiee
states when increasing quantum dot concentration. wall-to-wall spacing between neighboring partiglesA

In the experiment, cadmium selenide nanoparticles wergariation between 0 and 3.3 A is found that corresponds to
used whose electronic states and optical properties have bean interdot distance of approximately. 6. 10 A when tak-
extensively examined in previous studies by variousing into account the presence of organic shell around a crys-
groups?88°CdSe clusters were synthesized by the reactionallite.
between 102 M cadmium perchlorate and selenourea in dry  The optical absorption spectra of the samples investigated
pyridine at 100 °C under nitrogen flow. The reaction pro-show a successive evolution from a clusterlike spectrum with
duces a yellow colloidal solution. The absorption spectruma finite number of discrete absorption subbands to a smooth
of the resultant colloidal solution in pyridine consists of anearly structureless absorption spectrum. The absorption on-
number of well-resolved bands in the blue and near-UV reset exhibits a monotonous shift towards lower energies by
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ized electron states to coexisting delocalized and localized
ones separated by a border. With increase in concentration,
delocalization occurs with respect to nearest-neighbor wells
FIG. 1. A set of absorption spectra of CdSe nanoparticles, avkesulting in small conducting clusters involving several
erage radius is 1.6 nm. Nanoparticle concentration progressivelyells. At higher concentrations, the cluster size grows up and
rises up from upper to lower curves. Curve 5 corresponds to a CdSgt certain arrangement electrical conductivity appears
film consisting of close-packed clusters capped with Orga”icthroughout a whole ensemble of potential wells. In physics
groups, curves 1-4 correspond to cluster/polymer compositiongf gisordered solids the effect is known as the Anderson
polymer volume fraction being 37%, 18%, 3%, 1%, respectively. ,\qitinn since 1958 It was extensively examined in dis-
The insert shows emission spectradnd 5 of the two samples ordered solid®?° and is being investigated with respect to
V-Vhose absorption spectra represented by curves 1 and 5, resloec:(iélssical waves like electromagnetic and acoustic waves
tively. Coexisting discreteg(localized and bandlike(delocalizedl
. . i states in randomly arranged wells are depicted schematically
about 300 me\(Fig. 1). Along with the evolution of absorp- iy Fig. 2. In the case of a one-dimensional system such a
tion, a steady redshift of the luminescence spectrum withy\otre possesses localized electron states23ADelo-
concentration has be_en observed, t_he _Iumlnes_cence INeNSY iz ation is possible in the case of higher dimensions of the
exhibiting a monotonic decrease with increasing concentragystem'

tion (insert in Fig. 1. Concentration effects on the lumines- Basically, the above considerations remain valid for quan-

cence spectrum and intensity have been observed earlier a?dm dots and can exolain the observed dependence of the
explained self consistently in terms of resonance energ P P

transfer by means of dipole-dipole interactbm what fol- bsorption spectrum on concentration of quantum dots. A

lows, we shall discuss the evolution of absorption spectrunii€/élopment of electrofand holg collective states result in
with concentration. The effect gains a reasonable explanatioffi€ @PPearance of a broad absorption band relevant to higher
in terms of collective phenomena in a system of quamungelocallzed electron and lower hole states along with a few
dots. discrete absorption lines due to transitions that couple lower
Consider the evolution of the electron state of a nanocrystlocalized electron and higher hole states. However, even at
tal from an individual to a collective state when the spatialhigh concentration of dots, the contribution to the absorption
arrangement changes from a dilute to a dense quantum depectrum from localized states may be negligible similarly to
ensemble. In the case of a perfect one-, two-, or threethe case of impurities in semiconductors, and a bulklike
dimensional periodic arrangement of identical quantum dotsstructureless absorption spectrum develops.
one can expect a formation of minisubbands from a discrete To verify the above consideration, we made numerical
set of electrorfand holé levels(Fig. 2). This effect is similar ~ estimates using model displacement of 3375% Jiotential
to the formation of minibands in a one-dimensional superlatwells randomly distributed within a fragment of a cubic lat-
tice of quantum wells. Noteworthy, in the case of quantumtice with a period.. The aim of calculations was to estimate
dots a three-dimensional superlattice can be developed, i.e.tlade number of delocalized states as a function of concentra-
colloidal crystal consisting of nanocrystals. Such a supertion C of nanocrystals, their radiuR, and electron(hole)
structure has no analogy among the other nanostructures aeéfective massn} (my;). Following Ref. 20, we considered a
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particle state as delocalized when the energy overlap integréiceable delocalization occurs at concentration far from
is larger than the difference of energy level shifts in theclose-packing, e.g., foR~1 nm, 75% of electron states
nearest-neighbor wells because of the influence of all othefere found to be delocalized aR2L <0.6. This value cor-
wells within the system under consideration. Random disfesponds to quantum dot volume fraction of 0.1 versus a
placement of wells was described in terms of a deviation ofraction of 0.52 and 0.74 relevant to maximal fraction of

their coordinates with respect to nodes of a regular cubigjose-packed solid spheres in a simple and face-centered cu-
lattice of a period. according to a Gaussian distribution. The ;s lattice, respectively. Therefore, close-packed smaller

maximal deviation value was chosen to be no larger than ong,antum dots will reproduce, to a large extent, properties of
half of the lattice period by means of the truncated d'St”b“'atomic solids, including not only energy and charge transfer

tion function. . :
o . __but a formation of collective energy stat€s.
Statistical analysis has been performed over 500 configu- In conclusion, we observed a steady evolution of the op-

rations of a quantum dot ensemble for each of several sets %al absorption spectrum of a semiconductor quantum dot
* i i i - . . . .
parameterdC,R,m"}. The detailed description of calcula nsemble from discrete individual bands towards structure-

tions and results for various semiconductor substances wi ss band-edge behavior and put forward an interpretation of
breo pfhbg?Zi?of;?eZVQiTS;Egi :;ZES I'?t?!?liiatsh'ﬁ Ségﬁgg the observed evolution in terms of the systematic transition
grow 12 with 1 Ing "Yrom individual to collective electron states that are delocal-

tration of guantum dots. In the case of larger dots, even p.adiied within a cluster consisiting of several hanoparticles. We
ing of particles up to volume fraction 0.5 does not result in a

. . . ; .. —consider these results as a precursor for a possible Anderson
noticeable fraction of delocalized states. This result prowde§ransition in a quantum dot ensemble. These findings are

an expl_anation, why rr_lodification of absorptio_n spectra V\.'ithbelieved to pose a number of issues related to electron prop-
increasing conceniration was not observed in the PreVIOUZ jies of quantum dot superlattices like, e.g., electron band

work® in which larger CdSe nanocrystals were exarT"ned*structure of a quantum dot super crystal, renormalized elec-

Takmg Into accgunt presence of an organic shell in our Xiron (hole) effective masses within a superstructure, modified
periments and in Ref. 8, even close-packed ensembles Aectron-hole interactiofsuper excitonpand other.

larger crystallites may not satisfy the delocalization condi-
tion. Therefore, close-packed larger CdSe quantum dots re- Helpful discussions with N. A. Poklonskii are acknowl-
produce rather properties of molecular solids with resonaneédged. The work has been supported in part by the Volk-
long-range energy transféHowever, for smaller dots a no- swagen Stiftung and INTAS research grants.
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