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We present results of density-functional calculations of structural and electronic properties of naked, stoi-
chiometric zinc-blende-, wurtzite-, and rocksalt-derived CdSe clusters as a function of size of the cluster and
of nonstoichiometric CdSe clusters with zinc-blende-derived structure. We have optimized the structure
whereby our initial structures were taken as spherical parts of the crystals. The calculations were performed by
using a parametrized linear combination of atomic orbitals—density-functional theory—local-density approxi-
mation scheme. Our results include the radial distribution of atoms and of Mulliken populations, the electronic
energy levels, the band gap, and the stability as a function of size and composition.
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[. INTRODUCTION parts of both the zinc-blende and wurtzite crystal structure.
That study was, to the best of our knowledge, the first one

Nanoparticles can be considered as intermediates betwee@rhere structural properties of a series of also larger clusters
a solid and a molecule. Their fundamental properties dependere studied, and it has later been supplemented by a related
critically on their sizet® The size dependence arises fromstudy on stoichiometric and nonstoichiometric .,
guantum-confinement effects, i.e., the reduction of the bandlusteré! as well as stoichiometric clusters of CdSe and ZnO
structure into discrete quantum levels resulting from the lim-whose structures were derived from the wurtzite or the zinc-
ited size of the particle%:® Thus, by varying the semicon- blende crystal structuré.In order to make the calculations
ductor material as well as the size of the nanoparticles, it ipossible we employed the simplified LCAO-DFT-LDAN-
possible to tune electrical and optical properties, whichear combination of atomic orbitals—density-functional
makes these materials promising materials for a number dheory—local-density approximatipscheme=>-2°
applications such as LEDWight emitting diodeg and nano- In this paper we present our LCAO-DFT-LDA results of
sized switching devices. the size-dependent structural and electronic properties of

Chemical techniques for controlling nanocrystal size andboth stoichiometric and nonstoichiometric (28, clusters
the accompanying development of a physical picture ofvith n+m up to ~200. Moreover, since the structure of
finite-size effects were pioneered in the early 1980s by Bru€£dSe nanocrystals may change to the rocksalt structure upon
through his work on solution-phase synthesized 1I-VI quan-application of pressuré,?’ this structure was included in our
tum dots!® Since then, a steady series of advances in thstudy, too. Due to the large interest in nanocrystalline CdSe
chemical preparation of such nanocrystals has made ll-Vihe present study is a natural and highly relevant extension of
nanocrystals the prototypes for the investigation of finite-sizeour earlier studies, and by comparing with those we will also
effects(see, e.g., Refs. 11-18n particular, nanocrystals of be able to identify material-specific properties.

CdSe are interesting, also because of a fascinating blinking, CdSe nanocrystals have been the focus of many previous
or on/off behavior, of the photoluminescen@ee, e.g., Ref. theoretical studies. Some of the earliest studies employed the
19). In order to understand this and many other phenomenaffective-mass method whereby the underlying structure of
a detailed understanding of the electronic energy levels is ahe cluster becomes of only secondary importaice.in
paramount importance, e.g., through complementary theorelater studies’~>*the optical propertiegincluding excitonic

ical studies on well-defined systems. However, such studiesxcitation energigshave been studied using the empirical
are challenging because of the many structural degrees giseudopotential method so that the structure of the cluster is
freedom combined with a relatively low symmetry and theincluded but not relaxed. In some cases the dangling bonds
large size of the system. Therefore, most often such studiesn the surface have been passivated, and using this approach
make more or less severe assumptions on the structure andaiso large systems have been studied. Alternatively, various
apply less accurate computational methods. Moreover, etight-binding methods that also take into account the posi-
fects of ligands are often approximated if included at all, andions of the nuclei have been appli&t*?Also in this case

in most studies isolated particles in the gas phase are studiehost studies have focused on optical properties, and the
whereas many experimental studies are carried through istructure was not relaxed. An exception is the studies of
solution. Whaley and co-workef&*® where the changes of the elec-

In a previous work® we have reported results of a sys- tronic properties due to changes in the structure of the sur-
tematic study of the electronic and structural properties of dace were studied although, however, without optimizing the
whole series of large stoichiometric (3} clusters. We con- structure. Finally, CdSe clusters have also been studied using
sidered structures that were obtained by relaxing sphericalarameter-free density-functional methddis*® Troparevsky
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and Chelikowsk§! studied small naked stoichiometric
Cd,Se, clusters (=2—8) and optimized the structure. On
the other hand, Andersest al*® studied slightly larger clus-
ters but did not undertake any attempt of optimizing the
structure. Most detailed are the studies of Ahlrichs and
co-workeré34® who considered both ligand-capped clusters
as well as naked ones. For the latter they optimized the struc- I |
tures completely up to=7 and subsequently considered B o e e
(relaxed parts of the wurtzite crystal structure with up to 0 12 24 36 48 60 72 84 96108
almost 200 atoms. n

In the present work we have considered spherical parts of
zinc-blende, wurtzite, and rocksalt crystals and subsequent%
let their structures relax to their closest total-energy minim e
whereby all atoms were allowed to move. By putting the
center of the sphere on the midpoint of a Cd-Se bond, stoi-
chiometric C¢Se, clusters are obtained, whereas we obtain

nonstoichiometric CgSe, clusters by placing the center at a whereas the other electrons were treated within a frozen-core

Cd or a Se atom. We shall discuss the structural relaxation%pproximation

and how these _influence the elect_ronic properties as WE.’" a5 The present calculational scheme is constructed as being
clomtpare thde zllnc-blende-, Wt“FtZr:Fe'* ?r.'d rngsalt'dte.m;f.’daccurate for smalldiatomig molecules, whereas we attempt
clusters and aiso compare stoichiometric: and nonstoichiqy, ,qe jt for larger clusters. Therefore, to obtain an estimate

metric clusterg. . . of the accuracy of the method, we first performed calcula-
The paper is organized as follows. In Sec. Il a brief out-

i fh tational method loved here is qi (ﬁi)ons on infinite, periodic, crystalline structures. This led to
In€ o the computational method employed here IS given an ptimized lattice constants for the zinc-blende structure of

the results of the calculations are presented in Sec. Ill. I% 96 A for the wurtzite structure of 4.26 and 6.96 A and for
Sec. IV our findings are summarized. the rocksalt structure of 5.67 A. The experimental values for
o c o the zinc-blende and wurtzite structures ésee, e.g., Ref. 49
Il. THEORETICAL METHOD 6.05, 4.30, and 7.01 A, respectively. Thus, the structural pa-

We have employed the parametrized density-functionafameters of the infinite crystalline material are well pro-
tight-binding method of Seifert and co-workérfs?® which ~ duced. The total-energy difference between the wurtzite and

has been described in detail elsewhere, and, therefore, hef#ic-blende structures is found to be very small, i.e., 2 meV/
shall be only briefly outlined. atom with the zinc-blende structure being stabler. The small
The approximate LCAO-DFT-LDA method is based on value is in accord with previous studig®>! Although the

the density-functional theory of Hohenberg and Kohn in thetheoretical studies find the zinc-blende structure to be stabler,
formulation of Kohn and Shaf{:*® The single-particle in contrast to experimental findings, we consider the total-
eigenfunctionsy;(r) of the Kohn-Sham equations are ex- energy difference so small that a definite statement about the
panded in a set of atomiclike basis functioss, with m  relative stability cannot be made. The rocksalt structure has a
being a compound index that describes the atom at which thgonsiderably higher energ{p6 meV/atom higher than the
function is centered as well as its angular and radial deperurtzite structureagain in agreement with earlier theoretical
dence. The functions,, are obtained from self-consistent findings® As a further test of the accuracy we also calcu-
density-functional calculations on the isolated atoms emlated the bulk moduli for the three crystal structures. We
ploying a large set of Slater-type basis functions. found 58, 60, and 64 GPa for zinc-blende, wurtzite, and
rocksalt, respectively. The experimental value for wurtzite is
p3-4 GPa(Ref. 53, i.e., in good agreement with our value.

0.8

-1.2

Energy (eV/pair)
—-1.6

FIG. 1. Variation in the total energy per CdSe pair for stoichio-
tric Cq,Se, clusters as a function af for (crosseszinc-blende-,
circles wurtzite-, and(squarepsrocksalt-derived clusters.

Finally, only the 4 and 5s electrons of Cd and<gland 4p
electrons of Se were explicitly included in the calculations,

The effective Kohn-Sham potentialeﬁ(F) is approxi-
mated as a simple superposition of the potentials of the ne
tral atoms,Veﬁ(F)=2jV?(|F— §j|). Furthermore, we make
use of a tight-binding approximation, so th(abm|vf|¢n>
0n|y is nonvanishing Wheasm and/or¢n is centered aé]. . The first issue we shall address is the relative stability of

Then, the binding energy is approximated as the differ-stoichiometric C@Se, clusters. Due to the stoichiometry it is
ence in the single-particle energies of the occupied orbital§traightforward to compare the energy of different clusters.

of the compound and the isolated atoms, augmented with In Fig. 1 we show the total energy per CdSe pair as a
short-ranged pair potentials, function of n for clusters derived from the three different

crystal structures. As for the infinite crystal, the rocksalt
1 I structure is less stable than the two other structures, which
E322 €~ % > €imt5 2 Ui (IRi=Ri/D. (1) also agrees with the experimental findifg’ that pressure is
. 17] needed in order to obtain clusters with the rocksalt structure.
Uj; ,(|I§J—— ﬁj,|) is determined from exact density-functional The figure shows also that the relative stability of the zinc-
calculations on diatomics, i.e., in our study on the CdSeplende and wurtzite clusters depends critically mnThe
Cd,, and Sg molecules. total-energy difference is significantly larger than the corre-

Ill. RESULTS AND DISCUSSIONS
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FIG. 3. Radial distribution of Mulliken gross populations for the

FIG. 2. Radial distribution of cadmium and selenium atoms for .
valence electrons of Cd and Se atoms for the same structures as in

zinc-blende<{left column), wurtzite-(middle column, and rocksalt- . ; . ) ]

derived clustergright column of different sizes{a), (e) Cd;sSes; Fig. 2, i.e., for zmc-ble_nde(left colunjr), wurtzite- (mldQIe col-
(i) CdysSeys; (h), (f) CdysSeyr; (0), (9), (j) CosgSesg; and(d), (h), umn), and rocksalt-derived clustersight column of different
(k) CdgsSeys. In each panel, the upper part is representing the re_s,lzes.(a), (e) CdigSey6; (i) CdgsSeys; (b), (F) Cds;Sey7; (0), (9), ()

laxed and the lower part the unrelaxed structure, respectively. Thg%eSa&s: and(d), (h), (k) CdssSess. The horizontal dashed lines

radial distance is defined through E@), and they axis gives the mark the values for the neutral atoms, i.e., 6 for Cd and 12 for Se.

number of atoms with a certain radial distance.
and selenium atoms of the optimized struct(mpper half
sponding value for the infinite systems. This finding was alsand of the initial geometrglower half). From the figure it is
observed for CdS and InP clustésee Refs. 20-3dutitis  evident that for the optimized structures the largest changes
interesting to note that the question which structure is stablesompared with the initial structure occur in the outer region
for a givenn depends not only om (i.e., is not only a of the cluster, i.e., up to around 3 A from the outermost
question of geometjy but also on the materidii.e., the  atoms(although also relaxations also further away from the
curves for CdSe, CdS, and InP are diffejerfthe fact that surface can be identifig¢din this region, some atoms move
the structure can switch between wurtzite and zinc-blendaway from the center of the cluster, whereas other approach
depending on size has also been observed experimetitallythe center. Inspecting the radial distribution of the Cd and Se
Finally, the overall shape of the total-energy curves is inatoms separatelgnot shown it is found that only selenium
accordance with simple expectations that it consists of twatoms move outward whereas the cadmium atoms move in-
parts, i.e., a volume part and a surface part and, hence, is ofard. This different behavior of chalcogen and metal atoms
the formA+Bn~ 1%, is also found in our earlier work on CdS and InP clustets
In describing the properties of the clusters we will intro- as well as by Leung and Whafin their more phenomeno-
duce a radial distance for each atom. Thus, for a giverogical study of the properties of CdSe clusters. Moreover,
Cd, Se, cluster we define the center as similar structural relaxations have been found for surfaces of
crystalline CdSe both in theoreticdland experimentat
R studies. Finally, also Deglmanmt al*® found in their
RO:n+m J.Zl Ry, 2 density-functional study of larger wurtzite-derived clusters
significant structural relaxations.
where the summation goes over all atoms of the cluster. Sub- In our previous work on CdS and InP clusté&r&" we
sequently, the radial distance for il atom is defined as  found it useful to analyze the electronic distribution by plot-
ting the Mulliken gross populations as a function of the ra-
rj:|§j_§0|_ (3) dial distanc_e. I_:or the stoichiqmetri_c_,qsnrg1 clusters_ we
show these in Fig. 3. From the figure it is clear that similar to
We shall depict the various properties as a function of theour findings for CdS and InP clusters the gross populations
radial distance, including the number of atoms, the Mullikenare markedly different from the values of the neutral atoms
gross populations, and the distribution of the highest occuenly in the outer parts of the cluster. In this region, an in-
pied molecular orbitalHOMO) and lowest unoccupied mo- creased electron transfer from Cd to Se takes place for most
lecular orbital(LUMO) frontier orbitals. systems in a surface region of 2—3 A thickness. All these
The radial distribution of atoms is shown in Fig. 2 for results suggest that the stoichiometric CdSe clusters possess
selected zinc-blende-, wurtzite-, and rocksalt-derived clusa surface region of about 2.5 A thickness, largely indepen-
ters. The figure shows the radial distances for both cadmiurdent of structure and size. We mention that a careful inspec-

235409-3



PRANAB SARKAR AND MICHAEL SPRINGBORG PHYSICAL REVIEW B68, 235409 (2003

— .
~ e — N
- ] ] S Y - 1 - -
= ' (e ! =T ) N

) ] ., - N e S i =) 1
3 ! N ! 2, SURVVRI S, [} [ N N I H e ~mx ]
g£o A 57
= - Q. - - e -
3 w4 : 5 @ ©
8 1 " 1 1 1 2 ul’ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
o b T = T T T T T T 9 F T T T T T T 9 F T T T T T T 4
2 ' ! ) ' ' ! -
5 ) 1 3wl (b} b @ 1t ]
. 1 1 i
£ o ‘,‘*—h,m- > 4
= o
5 ! ' 5 N[ e a4 ]
" : : S S e T e mepee s m e amard] ]
8 1 1 M 1 1L 1 1 1 1 1 1 1 1 1 | I I | 1

1 1 1 1 1 1 1 PN I P P " n n I I n n " I I I L
-15 -10 -5 o -15 -10 -5 0 -15 -10 -5 0 0 16 32 48 648096 0 16 32 48 64 80 96 O 16 32 48 64 80 96

Energy [eV] Energy [eV] Energy [eV] No. of CdSe pairs No. of CdSe pairs No. of CdSe pairs

FIG. 4. Density of state¢DOY) for different zinc-blende{left
column, wurtzite- (middle column, and rocksalt-derivedright
column clusters of different sizega), (c) Cd;sSe; (€) CdssSess;

FIG. 5. Energy of(a), (c), () HOMO (lower curvg and LUMO
(upper curvg as well as(b), (d), (f) HOMO-LUMO gap (solid
curve and relative total energy per CdSe péiashed curvefor

and (b), (d), (f) CdysSe&s. The upper part of each panel is repre- stoichiometric zinc-blende¢left column), wurtzite- (middle col-
senting relaxed and the lower part unrelaxed structures, respeamn), and rocksalt-derived clustefsght column as functions of
tively. The vertical dashed lines mark the Fermi energy. Notice thathe number of CdSe pairs.
the different panels have different scales on yrexis.
were centered on atoms near the surface. Here, for CdSe, we

tion of the figure shows that the outermost atoms are thosénd in most cases that, as for CdS, the HOMO is spread out
with the smallest gross populations, i.e., Se atoms, as memver most of the cluster, whereas the LUMO is a surface
tioned above. orbital and, accordingly, the energy of the LUMO is a non-

In Fig. 4 we show the density of states, obtained bysmooth function of cluster size, whereas the energy of the
broadening the individual electronic levels slightly with HOMO is a smooth function.
Gaussians, for six representative systems of increasing size Figure 5 indicates a HOMO-LUMO energy gap of
for clusters of wurtzite-, zinc-blende-, and rocksalt-derivedslightly less than 2 eV, i.e., comparable to the experimental
structures. It is observed that the states below the Fermi ewvalue for crystalline CdSe of somewhat less than 2 eV. It
ergy arrange into separate bands. The band corresponding gbould, however, be noticed that density-functional calcula-
selenium 4 functions lies in the range betweenl7 and tions usually lead to too small band gaps, but also that the
—15 eV, the one corresponding to Cdd4n the range gap increases rapidly as a function of decreasing size of such
—13 to —11 eV and, finally, the uppermost occupied bandnanopatrticles. The latter has, e.g., been discussed by
between—9 and —5 eV is formed mainly by Segand  Brus®?*who showed that when passing to crystallites with a
partly by Cd 5 functions. Apart from the fact that for the diameter of 2 nm or lesécorresponding to the size of the
larger clusters the bands are slightly broader, the other fesystems of the present stydjne lowest exciting energy for
tures are remarkably similar for all systems. Our results areuch AB semiconductors will increase by from 1 to several
in qualitative agreement with earlier theoretical studies oreV. Also Yokojima et al®’ found a significantly increased

infinite31:33499557.58 g finjte®35-3746CdSe systems. E.g.,
Deglmannet al®® find in their density-functional calcula-
tions on wurtzite-derived G@e, clusters withn=30, 44,
and 99 Se 4 orbitals between-15 and—19 eV, Cd 4
orbitals between-11 and—15 eV, and Se g orbitals be-

HOMO-LUMO energy gap for small CdSe particles. In ex-
perimental studies, excitonic excitations play a very impor-
tant role as the lowest-energy excitations. Theoretical calcu-
lations of thos&31374%how that their energies also increase
rapidly with decreasing size, as also seen in the experimental

tween—5 and—11 eV. studies®®! On the other hand, in their density-functional
One of the surprising results of Fig. 1 is that the totalstudy of very small CdSe clusters, Troparevsky and
energy is not a smooth function of size but shows strongchelikowsky* found HOMO-LUMO energy gaps around 2
size-dependent oscillations. We have shi#that this is a €V, which was also found by Degimaret al*®
general finding for many naked stoichiometric AB semicon- In order to arrive at a qualitative description of the distri-
ductor clusters and argued that this could be related to theution of the various orbitals, we define a radial density as
so-called HSAB(hard acids and soft bagegrinciple of  follows. With N;; being the Mulliken gross population for
Pearsoni’ i.e., large-gap clusters are particularly stable. Inthe jth atom andth orbital we define the density
Fig. 5 we show the energies of the HOMO and LUMO fron-
tier orbitals as well as the energy gap between them together
with the variation in the total energy. It is immediately seen
that, as for CdSRef. 20 and InP(Ref. 21, the band-gap
oscillates strongly as a function of size of the cluster, but alsavith « being a chosen, fixed constant. Subsequently, we cal-
that the above-mentioned correlation is recovered here. Fawulate the spherical average of this density, which is shown
CdS we found that the HOMO was delocalized over thein Fig. 6 fori being the HOMO or LUMO. From the figure it
complete cluster, whereas the LUMO was centered to fewis seen that the HOMO is localized throughout the whole
atoms near the surface. Accordingly, only the LUMO energycluster and the LUMO is localized at the surface, although,
was oscillating as a function of cluster size, whereas thén particular, for the rocksalt-derived clusters some differ-
HOMO energy was a smooth function. For InP both orbitalsences show up. When the LUMO is a surface state, its energy

piD)=2 Nij(27“3’2)exp[—a<F—ﬁj>2], @
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FIG. 6. Schematic representation of the radial distribution of thethe same type. Moreover, in our analysis we shall distinguish

HOMO and the LUMO for the same clusters as in Fig. 2, i.e. between Cd-rich or Se-rich clusters. Notice that due to our
zinc-blende{left column), wurtzite- (middie column, and rocksalt- Procedure Cd-richiSe-rich clusters have CdSe) atoms as

derived clustergright column) of different sizes{a), () CdheSes; € OUtermost atoms. o o
(i) CdssSess; (b), (f) Cds,Seyr; (©), (9), () CokSesg; and (d), (h), Due to the differences in the stoichiometries it is not ob-
(k) CdgsSeys. vious how to compare the total energies of different nonsto-

ichiometric clusters. Therefore, no such comparison is pre-

depends sensitively on the cluster surface. Moreover, the diénted. Instead we proceed by analyzing the radial
ference in spatial distribution of HOMO and LUMO is im- distribution of the atoms and of the Mulliken gross popula-

portant for low-energy transitions and is in agreement withtions, shown in Figs. 7 and 8, respectively. In contrast to the
the recent experimental results of Lifshizel®*%on CdSe  stoichiometric clusters, here the existence of a surface layer

clusters as well as with the theoretical results of Hill andcharacterized by a larger electron transfer between Cd and Se
Whaley?336 can only with difficulties be identified; instead there is a

Most experimentally synthesized clusters are nonstoichioSOmewhat scattered population for both types of atoms.
metric. Therefore, we have extended our study by also corMoreover, the structural relaxations are spread out over the
sidering nonstoichiometric clusters. We only considerectomplete cluster. For these nonstoichiometric clusters where
zinc-blende-derived clusters obtained as a spherical part ¢he outermost atoms are of only one type, the tendency of the
the zinc-blende crystal structure but with the center at eithefhalcogen atoms to move outward and of the metal atoms to

a Cd or a Se atom. Thereby, the outermost atoms are all 6pove inwards upon structural relaxation, as found for the
stoichiometric clusters, is not recovered here.

° — Both for the Cd- and Se-rich clusters the HOMO-LUMO
° {O) ] (b) 1 ] gap is very small which is very clearly observed in the den-
§ol ] 1 L i ] sity of state(Fig. 9). For these cases, the HOMO and LUMO
; . . I ‘ ‘ | ‘ ] are distributed to the outer parts of the cluste@fs Fig. 10.
AN g ;
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FIG. 7. Radial distribution of Cd and Se atoms for nonstoichio- ¢ i

metric Cd-rich(left column and Se-rich(right column clusters of 2 . . . L

PRI B 1 PR MR T L M
different sizesi(a) CdygSag, (€) Cd;oSess, (b) CdgSes, and(d) -15  -10 -5 0 -15  -10 -5 0
CdseSe9. The upper part of each panel shows the structure after Energy [eV] Energy [eV]
relaxation and the lower part the unrelaxed structure, respectively.
The radial distance is defined through E8), and they axis gives FIG. 9. Density of states for the same clusters as in Fig. 7.
the number of atoms with a certain radial distance. Notice that the different panels have different scales orythgis.

235409-5



PRANAB SARKAR AND MICHAEL SPRINGBORG PHYSICAL REVIEW B68, 235409 (2003

.- — . . . . .
T T T L T T TR T T T T LT T T TR T getically close with an important size dependence of their
e~ LUMO <Q> JE LUMO (b> 3 relative stability. As for the infinite crystals, the rocksalt-
2 of ‘_/\/\ ] PAWN derived clusters were less stable. The Mulliken gross popu-
a2t 3 ] lations as well as the structural relaxations could be used in
e ¥F  HOMO i F HOMO ] identifying a surface layer of roughly 2.5-3 A. Moreover, in
Ii TS T [ ST I TP this surface region somewhat less than two electrons per
" ' 1 [ ' ] atom were transferred from Cd to Se. As eatrlier for InP and
s~ E LUMO " (c) 1F LUMO " (d) 3 CdS we found a close correlation between large HOMO-
3 of AJ\/\ 1t AV LUMO energy gap and stability, but we stress that the rela-
g 1k T\ 1 tive stability of zinc-blende- and wurtzite-derived clusters
SUE HOMO 1F HOMO E depends not only on the size but also on the material. As for
R AU EVC i AU PR TR S B R CdsS, the HOMO was spread out over the complete cluster
0 2 4 6 8 10 120 2 4 [ 8 10 12

for the zinc-blende- and wurtzite-derived clusters, whereas
the LUMO was a surface state, whereas for InP both orbitals
FIG. 10. Schematic representation of the radial distribution ofare su:jfac_e Qrb|tzafls. FOLFhebr%cks_,alt-derlve% clustedrs of CdSe
the HOMO and the LUMO for the same clusters as in Fig. 7. some deviations from this behavior V.Vere observed.
Our HOMO-LUMO energy gap is comparable to the

For the stoichiometric clusters we observed an electron trand2lue for the crystalline compounds, which can be ascribed
fer in the outer regions corresponding to somewhat less tha@u@ntum-size effects in combination with the well-known
two electrons donated by the Cd atoms to the Se atOmé_{nderestlmate of the band gap in density-functional calcula-
which in total resulted in a situation where the Fermi leveltONS- o , L
occurred in a fairly large energy gap. For the nonstoichio- For nonstoichiometric clus.ters we found a significantly
metric clusters, a somewhat similar electron transfer is obSmaller value of the gap, mainly due to the lack of above-
served (with, however, modifications; cf. Fig.)8but al- mentioned transfer of somewhat Iess_ than _2 electrons per
though the overall shape of the density of states remaifiom from Cd to Se. We suggest that, in particular, for these
unchangedcf. Fig. 9, the Fermi level occurs now outside clusters surfactarl'gs thz:t passivate dangling bqnds and in ef-
the large-gap region. This means that a surface passivatidfct !€ad to the “ideal” electron transfer are important to
that will recover the behavior of the stoichiometric clustersStaPilize them. But also for the stoichiometric clusters, sur-
(i.e., a transfer of somewhat less than two electrons betwedActants that bind to the Se atortwhich are the ones that
Cd and Se in the outermost regioris needed in order to d€fine the outermost atommay stabilize them.
obtain a large-gap cluster, and, accordingly, due to the HSAB Finally, although this study suffers from some shortcom-
principle, a particularly stable structure. ings, i.e., the lack qf surfactants and of a solvent, the Slm}i-)“?
fied, non-self-consistent computational scheme, and the ini-
tial assumptions about the structure, it is one of the first
systematic studies of a large class of also large clusters,
We have presented results of a theoretical study devote@here also structural properties have been addressed. Thus,
to both structural and electronic properties of a whole serieglthough it cannot answer all questions definitely, we believe
of stoichiometric and nonstoichiometric naked.Se, clus- it to be an important contribution to the understanding of the
ters. Due to the computational demands of a such study, weroperties of semiconductor nanoparticles, in general, and
were forced to employ two fundamental approximations:nanocrystalline CdSe, in particular.
first, we used a parametrized, non-self-consistent electronic-
structure method and, second, we assumed that the structure
of the clusters were related to spherical parts of the wurtzite,
the zinc-blende, or the rocksalt crystal structure. This work was supported by the German Research Coun-
Checking the computational method on the infinite crys-cil (DFG) within the SPP 1072 through Project No. Sp 439/
tals led to structural results in good agreement with availabl®-1 and by the SFB 277 at the University of Saarland. One of
information. Subsequently, we found that the zinc-blendethe authorsM.S.) is grateful to Fonds der Chemischen In-
and the wurtzite-derived stoichiometric clusters were enerdustrie for generous support.
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