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Comparison between calculated and experimental values
of the lowest excited electronic state of small CdSe crystallites
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The lowest excited electronic state of small CdSe crystallites is calculated within a tight-binding

approximation. Two types of crystal shape and a spatially varying dielectric constant are con-
sidered. The results are found to compare favorably to recent experiments.

Quantum size effects in small semiconductor crystal-
lites have been widely studied experimentally. Much
work has been devoted to the II-VI compounds and re-
cently to CdSe. Quasispherical CdSe crystallites of aver-
age radius lower than 30 A have been synthesized by
different methods: by colloidal preparation, ' in
glasses, or by chemical deposition. The optical-
absorption spectra of these crystallites exhibit a peak
near the absorption threshold. This peak is assigned to
the creation of electron-hole pairs in the crystallites. Its
position is size dependent and shifted to higher energies
as the crystallite average radius decreases.

Theoretical predictions of the lowest excited state of
the crystallites are generally based on the effective-mass
approximation (EMA). In the small-size limit, typi-
cally for a crystallite radius lower than the exciton Bohr
radius (=50 A for CdSe), this approximation overesti-
mates the real values. In a previous paper' we have pro-
posed an empirical tight-binding calculation for CdS and
ZnS crystallites. We have shown that large discrepancies
exist between the results of this calculation and those ob-
tained with the EMA. However, the comparison with
the experimental data was not conclusive.

In this paper we use the same basic approach as in Ref.
10, but for CdSe crystallites which are the object of
current interest because of their optical applications. In
addition, the experimental preparation of these crystal-
lites seems to be better controlled than in the past, and a
comparison with the theoretical results is more meaning-
ful. For example, a very narrow size distribution
(+1.5 A) has been obtained by Alivisatos et a/. for
CdSe crystallites of 22.5 A radius. In the present calcula-
tion we have considered crystallites of spherical shape
which are in closer correspondence with the experimental
situation than those of Ref. 10. We have also improved
the description of the Coulomb energy of the electron-
hole pairs in the crystallites. However, we will show that
these changes have a sma11 inAuence on the value of the
lowest excited state.

The lowest excited state of a crystallite is assumed to
be the ground state of an electron-hole pair. In the
small-size limit the two particles can be considered as in-
dependent. The energy of the ground state E(R ) can be
considered as the sum of the crystallite band gap Eg(R ),
which is the dominant term, and of the Coulomb energy

E,(R ) of the electron-hole pair which appears as a small
correction.

The band-gap energy Eg(R) is calculated within a
tight-binding approximation. The sp s' model proposed
by Vogl et a/. " is used. Since the CdSe crystallites have
the same zinc-blende structure as the bulk material, the
tight-binding parameters are calculated from the energy
levels at some symmetry points of a bulk band structure.
We use the experimental data compiled by Wang and
Duke' and the parametrization scheme described in Ref.
10. The resulting tight-binding parameters are given in
Table I. A good description of the bulk band structure
near the band gap (I »~1 &) is of importance because it
refiects the evolution of the crysta11ite band gap for large
R. A good test is the evaluation of the electron and hole
effective masses which are found equal to m,'=0. 13m
and m&* —-0.41m, respectively, where m is the free-
electron mass, in good agreement with experiments. '

To calculate Eg (R ), the one-electron Schrodinger
equation is solved by the recursion method. ' The Ham-
iltonian matrix is formed by 5 X 5 block matrices describ-
ing the intra-atomic energies and the interactions be-
tween the first-nearest neighbors. We have considered
spherical crystallites of radius R, in which all the neigh-
bors of the central site at a distance smaller than R are
taken into account. To evaluate the inhuence of the crys-
tallite shape, we have also considered the crystallites de-
picted in Ref. 10, which are obtained by connecting the
successive shells of first-nearest neighbors. For the two
sets of crystallites the symmetry of the Td group is
preserved as the crystallites grow. Thus, the energy lev-
els of each representation of the Td group can be calcu-
lated independently by the recursion method. In the ab-
sence of experimental characterization of the surfaces, we
have considered crystallites without dangling bond.
These orbitals are excluded from the orbital basis by a
computer program. As indicated in Ref. 10, this pro-
cedure provides an unambiguous determination of the
band gap. The variations of the top of the valence band
and the bottom of the conduction band as a function of R
are plotted in Figs. 1 and 2, respectively. The tight-
binding results obtained for the two different shapes of
crystallites are very similar. In the two cases, the band
edges show successive large and small variations as a
function of R, depending on the type of ions which are
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TABLE I. Tight-binding parameters (in eV) for CdSe crystals. The notations of Vogl et al. (Ref. 11)
are used. The indexes a and c refer to anion and cation, respectively.

E(s,a)
—9.63

E(p, a)

1.47

E(s,c)

0.03

E(p, c)

4.73

E(s,a)

7.53

E(s*,c)

5.72

V(s, s )

—4.64

V(x, x )

2.64

V(x,y )

5.36

V(sa, pc )

4.57

V(sc,pa )

5.54

V{s a,pc)

3.05

V(s*c,pa )

2.49

connected on the surface. The comparison between these
results and those obtained within the EMA, which are of
the form 2R m /m "R, shows large discrepancies in the
small-size limit.

The calculation of E,(R) is not simple because it re-
quires the determination of the eigenfunctions. As no-
ticed below, the value of E,(R ) is small compared to
E (R ), and a correct order of magnitude is sufficient for
the evaluation of E(R). Thus, we have just considered
the interaction of two charge carriers in a spherical well
of infinite depth for which the 1s wave functions are easi-
ly found. A simple Coulomb law of the form e /er, —
where r is the distance between the two particles and e
the dielectric constant of the bulk semiconductor, can be
used and gives

E,(R )= —
(
—),

where the term in large angular brackets denotes the
value of R /r averaged over the ls wave functions, and is
approximately equal to 1.786. In this calculation e is a
constant and the choice of its exact value is a matter of
controversy. Some authors ' have used the optical
dielectric constant e( ~ ), and others the static dielec-

1.5

1.0

tric constant e(0). In this work, we have made use of the
more accurate expression derived by Haken, ' which is
equivalent to consider a spatially varying dielectric con-
stant

e(r)= 1

e(ao )

1

e(co )

1

e(0)
—r /p —r /p&'+e

(2)

with

pe

' 1/2

and pp
=

2me Lp 2m' NLp

' 1/2

where coLo (=4X10' s ' for CdSe), is the longitudinal-
optical-phonon frequency. The average value of the
Coulomb energy with e defined by (2) has been calculated
by expanding the two exponentials in power series. An
analytical, but somewhat complicated, expression is ob-
tained which is then computed numerically.

We now compare the calculated values of E(R) with
the experimental values obtained recently. We do not
compare directly E (R ) but the difference E ( R ) Eg ( )x) ), —
where E ()x) ) is the bulk band gap of CdSe. We assume
that the temperature dependence of E(R) is similar to
that of E ()x) ). Thus, the difference between these two
terms does not vary very much with temperature, and it
is possible to compare the experimental data obtained at
different temperatures. We have plotted in Fig. 3 the
variations of E(R) Eg( ao ) obtain—ed by a smooth extra-
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FIG. 1. Variations of the bottom of the conduction band as
function of the radius R for CdSe crystallites. The tight-binding
results are given for crystallites built by connecting the succes-
sive shells of first-nearest neighbors (+ ) and by connecting the
successive neighbors of the central site ( X ). In the latter case a
solid line is drawn as a guide for the eye. The dashed line
represents the results of the effective-mass approximation. The
origin of energies is taken at the bottom of the conduction band
of the bulk material.
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FIG. 2. Same as Fig. 1, but for the top of the valence band.
The origin of energies is taken at the top of the valence band of
the bulk material.
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FIG. 3. Variations of the lowest excited state energy as a
function of the radius R. The tight-binding results are given for
the two crystallite sets obtained by connecting the successive
shells of first-nearest neighbors (solid line) and the successive
neighbors of the central site (dashed line). The effective-mass
results are also plotted (dashed-dotted line). The experimental
data are taken from Refs. 1, 2, 5, and 6, as the cross, open trian-
gles, solid squares, and open square, respectively.

polation between the calculated values, and the experi-
mental data. Note that the data point for the smallest
crystallite (E=1.5 eV) is given for guidance because the
average radius has not been accurately determined. The
smallest expected radius has been considered.

Calculated and experimental values of E(R) differ by
less than about 0.2 eV, i.e., they are in fairly good agree-
ment. It is difficult to estimate the accuracy of our mod-
el, but at least three limitations can be suggested. At
first, the tight-binding parameters are computed from en-
ergy levels at special points of the Brillouin zone, which
are known with a precision of about a tenth of an elec-

tron volt. Second, the sp s' tight-binding model gives a
correct description of the valence band and of the lowest
conduction band, but not of the upper conduction bands.
Finally, the description of the crystallite surface is rather
simple in our calculation. A more accurate description
requires new experimental data. However, the last two
effects should not noticeably modify the values of E (R }
for crystallites of about one thousand atoms (R =20 A).
Thus, a precision of about 0.2 eV can be expected in this
size range.

The agreement between the calculated values of E(R )

and the experimental data is better in the present work
for CdSe than in our previous paper' for CdS. The
reason is not clear at the present time and could be attri-
buted to the better accuracy of the experimental data. By
comparison with Ref. 10, two changes have been made to
improve the calculation of E(R ). At first, a more realis-
tic shape of the crystallites has been considered, but no
noticeable change in the value of E(R) can be observed
(see Fig. 3). We have also used a spatially varying dielec-
tric constant [Eq. (2)]. However, its effect on E(R) is
rather small. For example, the values of E(R) for CdS
are increased by less than about 40 meV when Eq. (2) is
used instead of Eq. (1) with e(cc }. The differences be-
tween the calculated and the experimental values of E(R)
in Ref. 10 have been found equal to several tenths of an
electron volt. Thus, they cannot be explained from the
slight improvement caused by these two modifications.

In conclusion, we have obtained accurate predictions
of the lowest excited state for CdSe crystallites with
R = 15—25 A. Two crystallite models with different
shapes, and a new evaluation of the Coulomb energy of
the electron-hole pair have been considered. A compar-
ison between our results and the experimental data for
R =10—15 A would be interesting to check our calcula-
tion and evaluate the influence of the surface atoms.
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