Evolution of the electronic structure with size in II-VI semiconductor nanocrystals
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In order to provide a quantitatively accurate description of the band-gap variation with sizes in various II-VI
semiconductor nanocrystals, we make use of the recently reported tight-binding parametrization of the corre-
sponding bulk systems. Using the same tight-binding scheme and parameters, we calculate the electronic
structure of II-VI nanocrystals in real space with sizes ranging between 5 and 80 A in diameter. A comparison
with available experimental results from the literature shows an excellent agreement over the entire range of
sizes.

I. INTRODUCTION Brus proposet the following expression for the band gap of
the finite-sized system:
It is now possible to grow a large variety of semiconduc-

tor nanocrystals and also control their sizes to obtain mono- B h2l 1 1\m? e’ N
dispersed particles? A large number of II-VI(Refs. 3—-5 E(R)=Eq+ 2\ m + m_;‘ R 1'7866_R_0'248 Ery:
and llI-V (Refs. 6—8 semiconductor nanocrystals have been € (1)

prepared over the past two decades. These quantum dots are _ )

good candidates for electronic and optical devicEdue to ~ Where Eg is the bulk band gap. The second term is the
their reduced dimensions, enabling one to reduce the size #inetic-energy term containing the effective masse$,and
electronic circuitry. Also, due to the increased oscillatorMy . Of the electron and the hole, respectively. The third term
strengths in these nanocrystals as a result of quamu,ﬁrises due to the Coulomb attraction between tr_]e electron
confinement* these are expected to have higher quanturn"}”d the hole, and the fourth term due to thg sp:?\tlal correla-
efficiencies in applications such as light emission. This is 4100 Petween the electron and the hole which is generally
direct consequence of a greater overlap between the electrGifiall compared to the other two terms. »
and the hole wave functions upon size reduction. Moreover EMA calculau.ons have also been reported where a f|n_|te
one can tune these properties to suit a specific application b pnfining potential was used to account for the passivating

merely changing the size of the nanocrystals. For example gents that coat the surface of the nanocrystals in order to
. : thei h. Fini ial calculati re shown
the band gap of CdSe can be varied from 1.9 eV to 2.7 eV barrest elr growth. Finite potential calculations are shown to

. . . mprove the description for CdS nanocrystals to a large
changing the size of the particle from 5.5 nm to 2.3 ¥im. o tone1 Another improvement to the single band EMA is the
Along with the band gap of the particle, the photolumines-jnqsion of multiple bands for describing the hole effective
cence can also be Vg“ed through the red to the blue region gfiass. This is prompted by the fact that the top of the valence
the visible spectrun This quantum size effect can be ex- pand for I1-VI semiconductors comprised of triply degener-
plained qualitatively by considering a particle-in-a-box like ate pands at th& point and thus is better defined using a
situation where the energy separation between the levels innyltiband theory. To account for this degeneracy, Einé%oll
creases as the dimensions of the box are reduced. Thus, oggd Nairet al?® have used the effective bond-orbital model
observes an increase in the band gap of the semiconductsr the hole wave function, while the electron is described by
with a decrease in the particle size a single-band EMA. Finite barrier heights and the electron-

On a more quantitative footing, various different theoret-hole Coloumb attraction are included in the calculation and
ical approaches have been employed to account for the vari@xciton energies are obtained variationally in an iterative
tion in the electronic structure of nanocrystallites as a funcHartree scheme. The multiband and finite potential EMA
tion of its size. The first explanation for the size dependencenethods explain the experimental results reasonably well,
of electronic properties in nanocrystals was given by Efrosut lack the predictive capabilities desirable of a theoretical
and Efros'® It is based on the effective masses of the elecmodel, since the finite potentials need to be adjusted to
tron (m%) and the hole ifny). Known as the effective mass match the experimental results in each specific case. Pseudo-
approximation(EMA), it is solved by taking various choices potential calculations have also been carried out to study the
for the electron and hole wave functions and solving thevariation of electronic structure with the nanocrystal
effective mass equation variationally. In most EMA calcula-size?*=?® Recently, the semiempirical pseudopotential
tions, the confining potentials for the electron and the holemethod has been employed to calculate the electronic struc-
have been assumed infinite!®2° Therefore, the electron ture of Si, CdSé° and InP® nanocrystals. The atomic
and the hole wave functions vanish at and beyond the surfaqeseudopotentials are extracted from first-principles local-
of the nanocrystal, without the possibility of any tunneling. density approximatiofLDA) calculations on bulk solids.

In the strong confinement regime, whd®ethe nanocrystal Thus, the wave functions are LDA-like while the band struc-
radius, is much smaller thamg, the Bohr exciton radius, tures, effective masses, and deformation potentials are made



to match experimental results. This method provides a reat effectively, we have used this model for calculating the
sonable description of the electronic structure of the nanodeand-gap variation over a wide range of sizes AdiB"!
rystals. However, major computational efforts and difficultiessemiconductor nanocrystals, with=Cd or Zn andB=S,
do not allow one to calculate the properties of large sizedSe, or Te, comparing the calculated results with the experi-
nanocrystals. mental data from the literature. The present results show a
The tight-binding(TB) scheme has been employed by agood agreement with experimental results, where ever avail-
number of researchers over the past ded4d¥. This able.
method enjoys several advantages over the other methods
discussed above, explaining its popularity. Compared to
EMA, both pseudopotential method and the tight-binding ap-
proach provide a substantial improvement in the accuracy of The appropriate minimal TB model for the bulk electronic
the results. The tight-binding method has the further advanstructure of group 1I-VI semiconductors was developed in
tage of being significantly less demanding in terms of comRef. 35 by analyzing the atomic wave-function characters of
putational efforts, besides providing a simple physical pic-the various bands. This establishe@®d® basis with the
ture in terms of the atomic orbitals and hopping interactionsation-anion and anion-anion interactions as the suitable
defined over a predetermined range. A detailed analysis ahodel. The tight-binding electronic parameters, namely the
the first-principle electronic structure calculations can lead twrbital energies and the hopping strengths, were determined
a judicious tight-binding scheme that is minimal in terms ofpy fitting the ab initio band dispersions to the band disper-
the dimension of the Hamiltonian matrix and yet is highly sions obtained from the tight-binding Hamiltonian, given by
accurate due to the use of a physical and realistic Ba3ise
earliest such TB parametrization was provided by Vogl
et al* who used a TB model with thep®s* orbital basisin ~ H=>, ¢ a} ja  ,+> > (1'%} a, +H.c),
order to describe the electronic structure of bulk semiconduc- IFT P e
tors. Thes* orbital was employed in and hocmanner in @)
addition to thesp® orbital basis in order to improve the TB ] o
fit to the ab initio band dispersions. Subsequently, this TBWhere, the electron with spiar is able to hop from the or-
model was used by Lippens and Lanfbto calculate the bitals labeled; with onsite energies equal iq, in theith
variations in the band gap for the corresponding semiconunit cell to those labeled, in the jth unit cell, with a hop-
ducting nanocrystals as a function of the size. Though theiping strength!.llZ; the summation$, andl, running over all
results are in better agreement compared to the infinite pahe orbitals considered on the atoms in a unit cell, radd
tential EMA, thesp’s* TB model tends to underestimate the j over all the unit cells in the solid. We use exactly the same
band gap. The main problem with tis@’s* model appears model with the parameter strengths given in Ref. 35 to cal-
to be a failure to reproduce even the lowest lying conductiorpylate the electronic structure of corresponding nanocrystals
band within that scheni€. Improvements in the nearest- ag a function of the size.
neighborsp’s* model have been carried out by including e build the cluster shell by shell, starting from a central

the spin-orbit coupling and the electron-hole interact®f.  atom. For the tetrahedrally coordinated compounds in the
However, to account for the conduction bands, the inclusioinc-blende structure, the central atom, say the cation, is sur-

of d orbitals becomes necessdfy* This has been shown in rounded by a shell of four anions. In turn each of these
the case of InRRef. 30 nanocrystals, a lll-V semiconductor, anions is coordinated by four cations, one of them being the
that TB model with thesp"d™ orbital basis for the anion and central cation. The other three cations form a part of the next
the sp® basis for the cation with next-nearest-neighbor inter-shell. The clusters are generated in this manner by successive

actions, for both the anion and the cation, gives excellengddition of shells. Assuming a spherical shape of the cluster,
agreement with the experimental data. In a recent work, Wghe diameted is given by

have shown that thep®d® orbital basis for both the cation

and the anion and the inclusion of the next-nearest-neighbor

interactions for the anions provide a very good description of d=a
the electronic structure of bulk 11-VI semiconductdPsThis

model is shown to describe accurately the band gap and the

band dispersions for both the valence and the conductiowherea is the lattice constant and the number of atoms
bands over the energy range of interest. Therefore, this impresent in the nanocrystal. Table | lists the number of atoms
proved model and the parametrization should provide a googresent upto a given shell and the diameter of the nanocrystal
starting point for calculating the electronic properties of cor-for variousA"BY' compounds. The Hamiltonian matrix for
responding nanocrystals, provided the model and parameteasly given sized cluster is obtained from E) with the

are transferable from the bulk to the cluster linfib initio  same atomic orbital basis and electronic parameter strengths
calculations for a CdS cluster of about 16 A diam&ters  as given in Ref. 35 and is diagonalized to obtain the eigen-
well as results of Ref. 24 suggest that the present scheme ¥@lue spectra for the nanocrystal. Direct diagonalization
of sufficient accuracy down to about 16 A, though the appli-methods are practical only for cluster sizes containing less
cability of this approach may be limited for still smaller than~1500 atoms. For larger clusters, we use the Lanczos
sized clusters. In order to explore the possibility of utilizing iterative method®

Il. THEORETICAL PROCEDURE
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TABLE I. The unit-cell edge length for zinc-blende phasg,( 0.4

number of shellsifs), number of atoméN) in ng, and the average (a) LMTO DOS
diameterd for variousA"BY' semiconductors studied.
0.2
ZnS ZnSe ZnTe CdS CdSe CdTe G
a(A) 541 567 610 582 6.05 6.48 = M Ay A e
n, N d(A) A T A
3 17 863 904 973 928 965 10.34 =4 04 (b) TB DOS
4 41 1157 1213 13.05 1245 1294 13.86 £
5 83 1464 1534 1651 1575 16.37 17.53 Z 02
6 147 17.71 1856 19.97 19.05 19.81 21.22 g | M_M
7 239 20.83 21.83 2348 2241 2329 24.95 &
8 363 2394 2500 2699 2576 26.77 28.68 BT T
9 525 27.07 28.38 3053 29.13 30.28 3243 204 -
10 729 3020 31.66 3406 3249 3378 36.18 g (¢)76.5 A manocrystal DOS
11 981 3335 3495 37.60 3587 37.29 39.94 A
12 1285 3649 3824 4114 39.25 40.80 43.70 0-21
13 1647 39.63 4154 4469 42.64 4432 47.47
14 2071 42.78 44.83 4823 46.02 47.84 51.24 0.0-
15 2563 4593 4814 5179 4941 5136 55.01 40 -5 0 5 10
16 3127 49.08 51.44 5534 52.80 54.88 58.78 Energy (V)

17 3769 5223 5474 5889 56.19 5841 62.56
18 4493 5538 5804 6244 5958 6193 66.33 FIG. 1. Comparison ofa) LMTO DOS, (b) TB DOS, and(c)
19 5305 5853 6135 66.00 6297 6546 70.11 DOS ofa76.5A CdS nanocrystals.

20 6209 61.68 6465 69.55 66.36 68.98 73.88
21 7211 64.84 6795 7311 69.75 7251 77.66
22 8315 67.99 7126 76.66 73.14 76.03 81.44
23 9527 7115 7457 8022 7654 7956 85.22

starting seed vector to be a particular orbital of an atom. The
eigen spectrum thus obtained is composed of only those or-
bitals that couple with the seed vector. Thus, taking each
orbital of every atom in the cluster we obtain the entire den-
sity of states. Due to the underlying symmetry in the nano-
crystal we need not perform calculations for all atomic orbit-
als as seed vectors, but only those with distinct symmetries.
The band gap for a particular sized nanocrystal is then
calculated by subtracting the energy of the top of the valence
band(TVB) from that of the bottom of the conduction band
|¢o>22 Cil¢i). (BCB). However, the determinations of the TVB and the
' BCB become ambiguous due to the presence of dangling
Once the starting basis function has been generated, a ndwonds at the surface of the nanocrystals. These nonbonded
basis functiorj ¢,) is generated by applying the Hamiltonian states lie in the band-gap region of the nanocrystals. These

The Lanczos algorithm uses a starting basis fundtigy)
which can be a linear combination of the atomic orbitals,
QDi,S, i.e.,

and then making the resulting function orthogonal ¢@). surface states need to be either selectively disposéd aff
passivated =< in order to remove the midgap states. Once
ivatetf**in ord he mid o
) =H| _<¢0|H|¢0>| the surface states are removed, the band gap can be easily
¢1)=Hldo) {o| Po) Po)- determined. In the present work, we have passivated the sur-

. . faces of the nanocrystals in order to remove the midgap
Then onwards the subsequent basis functions can be 9engksias from the calculations

ated by using the recursion formula

|¢n+l>:H|¢n>_an|¢n>_bﬁ|¢n—l> n=012..., III. RESULTS AND DISCUSSION
where, The various steps involved in the calculations for the
variation of the band gap with size are quite similar for the
(alHlbn)  ,  (duldn) different A"BY' compounds studied here. We therefore use
an:m- bn:m7 the case of CdS as an example to illustrate all the steps and

various considerations, prior to presenting comprehensive re-
with by=0 and|¢_;)=0. By construction, each basis func- sults for all the systems together at the end.
tion is orthogonal to the previously generated basis func- Figure Xa) shows the first-principle results for the density
tions. Here the,’s are the diagonal elements, whidg’s are  of states(DOS) for CdS bulk obtained from the linearized
the off-diagonal terms of the Hamiltonian matrix. Diagonal- muffin-tin orbital (LMTO) method with the atomic sphere
ization of this tridiagonal matrix is less time consuming andapproximation(ASA). It should be noted that the parameters
gives the eigenvalue spectrum for the clusters. We choose th#pearing in the TB HamiltonidfEq. (2)] were determinet}



by a least-squared-error approach in order to obtain disper- (a) CdS
sions at high-symmetry points and a few otkgmints along
the symmetry directions in the Brillouin zone. Since we are

eventually interested in the density of states which involves 0 5
an integration over the entire momentum space, we have
explicitly verified in each case that the DOS calculated
within the TB approach is very similar to the one obtained
from the LMTO-ASA method. We illustrate this point with
the help of DOS calculated within the TB model for CdS
with parameter strengths from Ref. 35; this TB DOS is
shown in Fig. 1b) with the same energy scale as in Figa)l .
We note an excellent agreement of the TB DOS with the ®) Pag;g’ated
LMTO DOS over the entire range of the energy considered.

While the electronic structure of small sized nanocrystals 0 5
is known to be pronouncedly dependent on the size, larger
sized nanocrystals are expected to resemble the bulk in terms
of their electronic structures; evidently in the limit of the
large size, the electronic structure of the nanocrystal must
smoothly evolve into that of the bulk. It is known that the
guantum confinement effect is generally small for a nano-
crystal with typical size larger than the excitonic radius. The
excitonic diameter of CdS is about 58%_ We consider a Energy (eV)
CdS cluster of 76 A containing 9527 atoms that is consider- ) )
ably larger than the excitonic diameter. In Figc)lwe show FIG. 2. The DOS for 46 Aa) unpassivated anth) passivated
the DOS for this large CdS cluster. The DOS of the nano-,CdS nanocrystals. The inset shows the expanded region encompass-
crystal indeed resembles the bulk DOS closely, as is evide pg the top _Of the valence band anq the bottom of the conduction
in Fig. 1, apart from the discrete nature of the DOS arising[:llri'g’ s:sc;‘;‘:;;?e;he removal of the midgap states when the nanocrys-
from the finite size of the nanocrystallite system. P '

As discussed in the preceding section, the dangling orbit-
als on the surface atoms appear within the band-gap regiothe effect of passivation on the midgap states, we show an
complicating the identification of the band gap. Figufe)2 expanded view of the band-gap region between the TVB and
shows the normally obtained DOS for a 46 A CdS nanocrysthe BCB in the inset to Fig.(®). This inset shows that the
tal; the corresponding inset shows an expanded view of theurface passivation is indeed effective in removing the mid-
band-gap region. As one can clearly see in the expandegap states, present in the inset to Fi¢g)2illustrating the
view, there are many states spread out over an energy rangepassivated case.
appearing between the valence band and the conduction band Most often, the total band-gap variation as a function of
due to the aforementioned dangling bonds within the bandthe size of the nanocrystal is reported in the literafdrEhis
gap region. As already discussed, different authors apis primarily motivated by the fact that this quantiyg, is
proached the problem of dangling bonds or its removal fromeasily determined by experimental UV-visible absorption
the DOS in different ways. For example, Lippens andspectroscopy, which is a routine characterization tool. How-
Lannod’ got rid of the dangling bonds by removing the ever, it is to be noted that the total change in the band gap of
unconnected orbitals on the surface atoms in order to obtaiany material is simultaneously contributed by shifts of the
the band gap free of the midgap states. In spirit, this apvalence and the conduction-band edges away from each
proach is similar to the infinite potential barrier on the sur-other. In general, the shift of the top of the valence band is
face of the nanocrystal assumed in the infinite potentiahot the same as that of the bottom of the conduction band.
EMA. Akin to the finite potential EMA, we choose to passi- Moreover, there are recent studies, though few in
vate the surface with a layer of atoms, whose electronic paaumbef!=#4 that report the individual shifts in TVB and
rameters are so chosen that the hopping interactions betwe&TB as a function of the size employing various forms of
the surface atoms and the passivating atoms are strongkigh-energy spectroscopies, such as the photoemission and
compared to those in the bulk of the nanocrystal. Specifithe x-ray absorption spectroscopies. Thus, it is desirable to
cally, we choose only the orbital basis on the passivating compute these shifts of the individual band edges with the
atoms with the tight-binding hopping parameters about twasize of the nanocrystallite. The variation of TV@ircles
to three times larger than that 8£B interactions. The cor- and the BCB(squares with respect to the bulk values are
responding DOS of the passivated nanocrystals of CdS isalculated for different sized passivated nanocrystals and
shown in Fig. 2Zb). In the main frame of the figures, the shown in Fig. 3. As expected, the shifts of the band edges
unpassivated case in the upper panel and the passivated caserease smoothly to zero for large sized nanocrystals in
in the lower panel appear almost identical, suggesting thagvery case. We find that the shift in the BCB is in general
the intrinsic electronic structure of the nanocrystals remaingnuch larger compared to the shift in the TVB for any given
largely unaffected by the passivation. In order to illustratesize of the nanocrystal; this indicates that the shifts in the
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3 4 TABLE II. The values of the parameteasandb used in Eq(4)

5] ZnS 3] Cas for all the A"BY' semiconductors studied.
1 27 ZnS ZnSe ZnTe cds CdSe CdTe
0 1

] ] a, 1572 1371 823 2447 2443  16.38
-1+ 0 -3 b  1.01 0.91 065 105  1.05 0.92
odd 14 a, —14.93 -1331 -2047 -7.76 -—19.49 -19.03

0 20 40 60 80 0 20 40 60 80 by, 1.18 1.15 1.13 1.27 1.19 1.13
CdSe

A

EMA-like d~2 dependence and instead the best exponent for
d is in the range of 1.13-1.27 for TVB and 0.65-1.05 for
1 BCB, as shown in Table II.
1 /M 44 Figure 4 shows the variation of the shift in the band gap
] 2] ; (AE,) for the A'BY' semiconductor nanocrystals with
2 T T T 1 U =Zn, Cd andB=S, Se, and Te as a function of the nano-
3 3 crystal size.AEy is calculated in the present model after

5] ZnTe| ] CdTe subtracting the Coulomb terifithird term of Eq.(1)] from
] \\\\\M . the calculated difference between the TVB and the BCB to
i 1] account for the excitonic binding energy, since the experi-

0] 0 mental data obtained from the UV absorption include the

] -1 4
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FIG. 3. The variation of the TVB and the BCB with size for
1I-VI nanocrystals.

total band gap as a function of the nanocrystal size are al-
ways dominated by the shifts of the conduction-band edge in
these systems. A larger shift for the BCB is indeed expected
in view of the fact that the band-edge shifts are related in-
versely to the corresponding effective masge=e Eq.(1)]
and the effective mass of the electron is always much smaller
than that of the hole in these 1I-VI semiconductors. For ex-
ample,m} andm} in CdS are 0.18 and 0.53, respectively.

In the spirit of EMA, one can attempt to describe the
shifts in the conduction and valence-band edges, as

5 CdSe

band gap shift (eV)

CdTe

a,
AEfY9e= e (4)

whereAE?9%is the variation in the band edge with diameter
d; i=h for TVB and i=e for BCB. Comparing with the
EMA [Eqg. (1)], one expects the fitting parameter to be
e s v a5 e a0 TSP T el it h catonaion and srin
. T ! . o anion interactiongRef. 35, filled circley compared with the p*s*
fitted the sh!fts in BCB and TVB as a functlpn_dfthh Eq. TB nearest-neighbor modéRef. 45, dashed lineand the experi-
(4) by varying the parametera; and b; within a least-  enta| data pointsia) ZnS: [0 Ref. 47,A Ref. 48,V Ref. 49, ¢
squared-error approach; the resulting best fits are shown ief, 50, * Ref. 5:(b) ZnSe: [ Ref. 51,A Ref. 52:(c) ZnTe: [

Fig. 3 by the solid lines overlapping the calculated dataref. 53.(d) CdS:O Ref. 4, A Ref. 54, * Ref. 551 Ref. 56;(¢)
points. We find that the fits are reasonable, though not verggse: Ref. 57, A Ref. 58, * Ref. 59:(f) CdTe: [ Ref. 60, A
good, in most cases. More importantly, these fits suggest Ref. 61, * Ref. 62. The solid line passing through the calculated
gross deviation from the EMA predictions; for example, thefilled circles is the best fit to the calculated points obtained using
variations in TVB and BCB shown in Fig. 3 are far from the Eq. (5).

Diameter (A)



TABLE Ill. The values of the parametessandb used in Eq(5)  well as the earlier calculations give almost similar descrip-
for all the A"BY' semiconductors studied. tions; unfortunately, the experimental data are limited and
there are large uncertainties in the data, so it is difficult to

Zns ZnSe  ZnTe Cds CdSe  CdTe compare the experimengalsresults with our calculations. For

most of the cases, thep>d®> model with the next-nearest-

a 744 265 510 283 762 5.77 neighbor interactions ispin better agreement with the experi-
by 2.35 761 10.35 8.22 6.63 845 ments compared to the nearest-neighbor-ap§s* model.
a 3.04 1.90 1.05 1.96 2.07 133 This is due to the fact that the so# orbital does not ac-
b, 1530 2350 9793  18.07 2888  43.73 (ount well for the unoccupied states. These can only be de-
scribed by the inclusion of the empty aniomrbitals and
the anion-anion interactions which are of significance in the
description of the bulk electronic structute.

contribution from the excitonic binding energy. The solid
line passing through the calculated data poiistall solid
circles is the best fit to the calculations. The best fit is ob-

. . . . ; 8 IV. CONCLUSIONS
tained by using simple exponential functions relatixig, to

the diameter of the nanocrystallites as We have calculated the electronic structure as a function
Wb b of the nanocrystallite size foA'BY' semiconductors with
AEg=ae” "Pit+aze T2 (5 A=2ZnandCd, and BS, Se, and Te, using the tight-binding

. 3 5 . . . .
While this expression is entirely phenomenological, it hasmethOOI \.N'th thgsp d qrbltal basis set '”C"%d'ﬂg tha-B
the correct limiting behavior at large. The advantage of andB-B interactions. It is shown that the shift in the top of
such a best fit is that thAE, for any given system can be the valence band as well as that in the bottom of the conduc-

9 , . o

readily calculated for any size of the nanocrystallites with thel'on pand are dlfferer)t frgm the predlptlons pasgd on the
knowledge of the parameter values, by, a,, and by, effective mass approximation, not only in quantitative terms,
which are tabulated in Table Il for all the systems investi—bUt also qual|t§t|vely. The cal_culated variations in fche band
gated here. For comparison, we also show in the same panqupS over a wide range of Sizes are co_mpared W'th all ex-
the results obtained from thep®s* nearest-neighbor TB per!mental data published so far in thg literature. This com-
model(dashed ling (Ref. 45 and the results from the EMA parison Sh9W$ avery good agreement in every case, suggest-
equation(dotted ling (Ref. 46. Experimental results avail- ing the reliability and the predictive ability of the present
able in the literature are also plotted as scattered points Witﬁpproach.
different symbols for comparison with the calculated
results*>*’~®2There is a plethora of experimental data for
ZnS, CdS, CdSe, and CdTe and we see that the present ap- The authors thank O. K. Andersen and O. Jepsen for the
proach provides a better description of the experimental datemTo codes and P. Mahadevan for providing unpublishbd
in all these cases. The case of ZnSe, where the experimeniaitio results for~16 A CdS nanocrystals. We acknowledge
results are limited, also exhibits good agreement between thiancial support from the Department of Science and Tech-
experiment and the theory. In the case of ZnTe, the present a®logy, Government of India.
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