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Several recent theoretical advances concerning semiconductor quantum dots are
reviewed. First of all, the eﬀect of the quantum conﬁnement on the energy gap
is revisited on the basis of GW and Bethe–Salpeter calculations, showing that the
excitonic gap is practically equal to the ordinary eigenvalue gap of single-particle
approximations. The second part demonstrates that it is now possible to calculate
the conductance peaks for the tunnelling current through a nanostructure. Finally,
we discuss in some detail the concept of a macroscopic dielectric constant for nanostructures, showing that, except for a thin surface layer, the local dielectric constant
still keeps its bulk value down to pretty small nanostructures.
Keywords: quantum dots; nanocrystals; conﬁnement

1. Size dependence of the gap
We consider here the gap-versus-size problem for nanocrystallites. This can be
obtained from three approaches as an eigenvalue gap, a quasi-particle gap or an
excitonic gap. We discuss the results and relations between these three distinct definitions showing that the excitonic gap is almost equal to the eigenvalue gap.
(a) The eigenvalue gap, ε0g
This is deﬁned as a diﬀerence in eigenvalues of standard one-particle theories such
as the Hartree–Fock theory, the local density approximation (LDA) or semi-empirical
theories. We compare here diﬀerent calculations of ε0g for Si nanocrystals.
Ab initio, self-consistent methods such as the LDA can only be used for small clusters (less than 1000 atoms) with high symmetry (Delley & Steigmeier 1995). They
are not suitable for the computation of optical and transport properties in realistic
situations. Semi-empirical, non-self-consistent methods—such as pseudo-potentials
(PP) (Wang & Zunger 1994a; Zunger & Wang 1996), tight binding (TB) (Slater &
Koster 1954; Proot et al . 1992; Delerue et al . 1993; Ren 1997), or k · p (Takagahara & Takeda 1992)—can solve much larger problems. Semi-empirical methods are
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Figure 1. Band structure of bulk Si in the orthogonal third-nearest-neighbour TB
and GW models. TB parameters are given in Niquet et al . (2000).

designed to make the best possible approximation to the self-consistent, one-particle
Hamiltonian H0 in bulk material, either in the whole ﬁrst Brillouin zone (PP, TB)
or around speciﬁc k-points (k · p). They involve adjustable parameters (e.g. eﬀective
masses, TB interaction parameters, etc.) that are ﬁtted to experimental data or ab
initio bulk band structures. These parameters are then transferred to the nanostructures (i.e. H = H0 inside the nanostructure) with appropriate boundary conditions.
The better the bulk description and boundary conditions, the better the electronic
structure we expect in nanostructures.
We present here an improved TB description designed to give accurate results over
a whole range of sizes (Niquet et al . 2000). For this, we ﬁt the TB parameters not only
on bulk band energies in the ﬁrst Brillouin zone but also on eﬀective masses. This
was not the case for previous TB treatments but is essential if one wants to obtain
accurate results for large nanostructures, where the eﬀective mass approximation
(EMA) or k · p models become exact. We also include spin–orbit coupling. From
improved computer codes we are able to apply TB to nanostructures with feature
sizes in the range 1–12 nm, which has never been achieved previously. This extended
range allows us to study precisely the overlap region where both TB and k · p or the
EMA are accurate. We provide analytic ﬁts to the conﬁnement energies, which are
practically exact over the whole range of sizes.
When ﬁtting TB parameters on bulk band energies as well as conduction or
valence-band eﬀective masses, the total root-mean-squared (RMS) error is taken as a
weighted average of the RMS error on bulk band energies and on eﬀective masses. It
is minimized with a conjugate-gradients algorithm. Bulk band energies are selected
from a GW band structure (Hybertsen & Louie 1985; L. Reining 1999, personal
communication), which is the best available at the moment. An orthogonal sp3 TB
model including all of the interactions up to the third nearest neighbours and taking
into account three centres integrals is considered here. The set of 20 TB parameters
is reported in the work of Niquet et al . (2000). As can be seen from ﬁgure 1, the
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Figure 2. Energy of the (a) highest occupied state and (b) lowest unoccupied state for spherical
and cubic ((100) faces) Si dots. Results are given versus eﬀective dot diameter d (see text),
within TB and k · p or EMA models.

overall quality of the ﬁt is excellent. This is, to our knowledge, the best description
of the band structure obtained so far in Si with a sp3 TB model.
To achieve better boundary conditions in nanostructures saturated by hydrogen
atoms, the TB parameters describing the Si–H interactions have been ﬁtted on the
SiH4 experimental excitonic gap (Rohlﬁng & Louie 1998) and charge transfer calculated within LDA. H atoms are described by their 1s orbital. Si–H parameters are
also reported in the work of Niquet et al . (2000).
Results for spherical and cubic ((100) faces) Si dots are shown in ﬁgure 2. The
energy of the highest occupied valence state (εv ) and lowest unoccupied conduction
state (εc ) are plotted against the eﬀective diameter d of the dot, which is the diameter
Phil. Trans. R. Soc. Lond. A (2003)
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Figure 3. Comparison of conﬁnement energy in spherical Si dots,
between our TB model and PPs or LDA.

of the sphere with the same volume as the dot. The energy of these states can be
ﬁtted in the whole range with the expressions
Kv
+ εv (∞),
d2 + av d + bv
Kc
εc (d) = 2
+ εc (∞),
d + ac d + bc

εv (d) =

(1.1)
(1.2)

where K, a and b are adjustable constants; εc (∞) − εv (∞) = 1.143 eV is the bulk
bandgap energy. This expression is more accurate than the widely used ﬁt K/dα
when large range of dimensions are considered. It correctly behaves like 1/d2 in large
structures, so that it can be considered valid over the whole range of sizes. The
ﬁts are reported in ﬁgure 2 (solid lines). The parameters are given in Niquet et al .
(2000).
We now proceed to compare the TB model with other descriptions such as PP or
LDA or with other TB models in the case of small spherical Si dots. Our results are
ﬁrst compared with those calculated with PP (Zunger & Wang 1996) in the range
1–4 nm. As shown in ﬁgure 3, they are in good agreement. Comparison with the ab
initio LDA calculations (Delley & Steigmeier 1995) corrected for the bulk bandgap
error of 0.65 eV shows that our results are extremely close down to the smallest
clusters, except for some oscillations in the LDA that do not exist in TB. Finally,
the agreement with other more complex TB models with overall band structure of
similar quality, such as an sp3 d5 s∗ model (Jancu et al . 1998) or a non-orthogonal TB
model (Allen et al . 1986) is also excellent for small (d0 < 4 nm) crystallites. Figure 3
thus provides a fairly coherent description of what will be called the eigenvalue gap
ε0g = εc (d) − εv (d) in the following.
Phil. Trans. R. Soc. Lond. A (2003)
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(b) Quasi-particle and excitonic gaps
For silicon, we have seen that the corrected LDA bandgaps ε0g are in quite good
agreement with the best TB or PP results. To ﬁnd the excitonic gap, a common
practice has been to subtract the screened direct electron–hole attraction from this
value. However, the whole procedure is not clearly justiﬁed and conﬂicting points of
view (Ögüt et al . 1997; Godby & White 1998; Franceschetti et al . 1999) have been
expressed concerning its validity. To clarify this problem, we express the excitonic
as the diﬀerence between the quasi-particle gap εqp
gap εexc
g
g (the diﬀerence between
the separate electron and hole quasi-particle energies) and Ecoul , the attractive interaction between these two quasi-particles,
0
= εqp
εexc
g
g − Ecoul = εg + δΣ − Ecoul ,

(1.3)

0
where εqp
g is written as the sum of the independent particle value εg (obtained from
§ 1 a) and a self-energy correction δΣ. The main result that we obtained (Delerue
et al . 2000) is that there is strong cancellation between the two large quantities
≈ ε0g + δΣb . This
δΣ − δΣb (where δΣb is the bulk value) and Ecoul , such that εexc
g
justiﬁes why the above-mentioned single-particle calculations should yield accurate
results. We also show that δΣ and Ecoul are dominated to a large extent by classical
electrostatic contributions.
To perform these calculations, we have proceeded in two steps, ﬁrstly calculating
the separate electron and hole quasi-particle energies via the GW method (Hedin
& Lundqvist 1969) and, secondly, determining the attractive Coulomb interaction
between these quasi-particles by resolution of the Bethe–Salpeter equation. Similar
work has already been successfully applied from an ab initio point of view to bulk
semiconductors (Albrecht et al . 1997), Na4 clusters (Onida et al . 1995) and small
silicon clusters saturated by hydrogen atoms (up to Si14 H20 ) (Rholﬁng & Louie
1998). However, the computation is very time consuming and cannot be extended
to nanocrystals. This is why we have chosen a TB formulation which allows us to
reduce the complex integrals occurring in the GW or Bethe–Salpeter equations to
matrices whose size is given by the number of atoms in the system. Details about
the calculations are given in Delerue et al . (2000).
In ﬁgure 4 we plot δΣ − δΣb calculated for nanocrystals containing up to 275 Si
atoms from three approaches (Delerue et al . 2000) that give very similar results, especially for a crystallite radius R > 0.6 nm. In fact, the main contribution to δΣ − δΣb
is actually a classical electrostatic eﬀect (Lannoo et al . 1995): when one puts an extra
electron (or hole) into a nanocrystal at site r, the electronic relaxation (screening)
induces charges at the surface and the extra particle interacts with this self-image
charge distribution, leading to a self-polarization energy Epol (r) as discussed by Lannoo et al . (1995). We see in ﬁgure 4 that the resulting self-energy Σpol for the separate
addition of one electron plus a hole into the cluster gives the essential contribution
to δΣ − δΣb .
by solving the Bethe–Salpeter
We have then calculated the excitonic gap εexc
g
equation for the two-particle Green functions (Nozières 1964; Sham & Rice 1966;
Strinati 1984). We follow the same procedure as in the work of Rholﬁng & Louie
(1998). The corresponding results are given in ﬁgure 5. However, for reasons which
will become clear later, we have preferred to plot Ecoul against size, taken as the
exc
diﬀerence εqp
g − εg . We also compare the computed Ecoul with the result of the
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Figure 4. Variation against size of the self-energy correction (δΣ − δΣb ) in Si nanocrystals,
calculated using the three diﬀerent methods described in the work of Delerue et al . (2000). The
continuous line denotes the classical electrostatic energy for the separate addition of an electron
and a hole in a nanocrystal.
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Figure 5. Graph of exciton Coulomb energy (crosses) against size in Si nanocrystals: curved line,
full GW and Bethe–Salpeter calculation; straight line, classical electrostatics calculation with
eﬀective mass wave functions. The diﬀerences between the self-energy correction and the following: asterisks, present full TB calculations; closed squares, present second-LDA calculations;
open squares, ab initio results of Rholﬁng & Louie (1998) are shown.
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classical electrostatic argument (Lannoo et al . 1995), where the eﬀective interaction
for the electron and hole is the sum of two terms: a direct screened interaction plus
the interaction of one particle with the polarization charge induced by the other.
In ﬁgure 5 we also plot the diﬀerence (δΣ − δΣb ) − Ecoul for our two extreme
values of δΣ − δΣb , and we compare them with the same quantity obtained from
the full ab initio calculation (Rholﬁng & Louie 1998) for SiH4 , Si5 H12 , Si10 H16 and
Si14 H20 . Our values fall in the same range as the ab initio values, especially those
arising from the second LDA model. A striking feature displayed by ﬁgure 5 is that
the quantities Ecoul and δΣ − δΣb , while being fairly large, compensate each other
to a large degree and, for clusters with R > 0.6 nm, the two quantities are practically
identical, so their contributions to the excitonic gap cancel each other. From equation
(1.3) one thus obtains
≈ ε0g + δΣb .
(1.4)
εexc
g
This means that εexc
is given directly by the single-particle gap (ε0g )TB in full
g
TB (where δΣb = 0) and (ε0g )LDA + 0.65 eV in LDA calculations. This result not
only justiﬁes the use of single-particle calculations to ﬁnd the excitonic gap but also
explains the agreement between empirical and LDA results once these are shifted by
the bulk correction 0.65 eV (Delley & Steigmeier 1995). Of course, the cancellation is
not strictly exact, but for R > 0.6 nm it is veriﬁed to better than 0.2 eV in ﬁgure 5.
One can also notice that equation (1.4) is likely to hold true to some extent for other
semiconductor crystallites. We have checked that this is indeed the case for Ge and
even for C, for which at R = 0.8 nm the deviation from prefect cancellation is 0.8 eV:
a value that is still small compared with the gap value (12 eV in this case). Recent
results based on the diﬀusion quantum Monte Carlo approach totally conﬁrm the
cancellation for small Si clusters (Porter et al . 2001).

2. Single-particle tunnelling through semiconductor quantum dots
Coulomb charging eﬀects are signiﬁcant in nano-sized transistors and memories. It
is thus of major importance to realize nanostructures in a well-controlled way, then
to study and try to understand their electronic properties. A major step in this
direction has been achieved recently by Banin et al . (1999), who reported tunnellingspectroscopy experiments on InAs nanocrystals which reveal rich features due to the
interplay between quantum conﬁnement and single-charge eﬀects. In this context we
show that it is now possible to perform complete self-consistent electronic structure
calculations which allow a detailed understanding of the experimental data.
We use an extension of the theory of Averin et al . (1991) and consider a standard
double-barrier tunnel junction (van Houten et al . 1992). It consists of two metallic
electrodes, E1 and E2, weakly coupled to a semiconductor quantum dot by two tunnel
junctions, J1 and J2, with capacitances C1 and C2 . The metallic electrodes E1 and
E2 are characterized by their Fermi energies ε1f = εf − eV and ε2f = εf , where V is
the bias voltage and e is the electronic charge. The total energy of the quantum dot
charged with n electrons and p holes with respect to the neutral state can be written
in the orthodox model as (van Houten et al . 1992)


ni εei −
pi εhi − ηeV q + 12 U q 2 ,
(2.1)
E({ni }, {pi }, V ) =
i
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dot,
where εei and εhi are the conduction and valence energy levels
 in the quantum

ni and pi are electron and hole occupation numbers (n = i ni , p = i pi ), and
q = n − p. In terms of the junction capacitances C1 and C2 , the charging energy
U = e2 /(C1 + C2 ), and η = C1 /(C1 + C2 ) is the part of the bias voltage V that
drops across J2 in the neutral quantum dot. Tunnelling of an electron onto the
energy level εei occurs at transition energy
εei (q, q + 1) = E(ni = 1, {pj }, V ) − E(ni = 0, {pj }, V )
= εei − ηeV + U (q + 12 ),

(2.2)

while tunnelling out occurs at εei (q − 1, q). Symmetrically, hole tunnelling in (out)
occurs at εhi (q − 1, q) (εhi (q, q + 1)). The total tunnelling rates through junction Jα
(α = 1, 2) can be expressed (Niquet et al . 2002) in terms of the tunnelling rates
Γ α onto levels εei and εhi , following the work of Averin et al . (1991). The diﬀerence
is that we treat both electrons and holes at the same time and incorporate the
electron–hole recombination rate R(n, p) from the charge state (n, p) to the charge
state (n − 1, p − 1) into the master equations. At T → 0 K, the I(V ) curve looks
like a staircase (Averin et al . 1991). It exhibits a step each time ε1f or ε2f crosses
a transition energy εei (q, q + 1) or εhi (q − 1, q). A new charge state then becomes
available in the quantum dot (addition step), or a new channel εei or εhi is opened for
tunnelling to a given, already available charge state (excitation step).
This behaviour is apparent in the results of Banin et al . (1999), who reported
tunnelling spectroscopy experiments on InAs nanocrystals. The diﬀerential conductance G(V ) = dI(V )/dV is shown in ﬁgure 6 for a nanocrystal 6.4 nm in diameter.
The tip was retracted from the quantum dot so that C1 /C2 is maximum and η is
close to unity. A zero-current gap is observed around V = 0, followed by a series of
conductance peaks for V < 0 and V > 0.
The energy levels εei and εhi of spherical InAs nanocrystals are calculated with
an orthogonal sp3 TB model with second-nearest-neighbours interactions. The TB
parameters are ﬁtted to the bulk InAs band structure that was calculated with
the local density approximation corrected from the bandgap problem, and to the
experimental eﬀective masses (Niquet et al . 2000). Spin–orbit coupling is included.
The surface dangling bonds are saturated with pseudo-hydrogen atoms. We ﬁnd that
the lowest conduction level (1Se ) is s-like, twofold degenerate, and the next level (1Pe )
is p-like, sixfold degenerate. The highest two valence levels 1VB and 2VB are found
to be fourfold degenerate.
To compare these results with the interpretation of Banin et al . (1999), we perform
two types of calculation: ﬁrstly, we use the capacitative model of equation (2.1) with
our calculated TB level structure and consider U and η as ﬁtting parameters chosen to
optimize the agreement with the position of the peaks in the G(V ) curve. Secondly, we
make a full self-consistent treatment on a system with a realistic geometry described
below. Here the ground-state energy E0 (n, p, V ) is self-consistently computed for
a set of charge states (n, p) and several voltages Vi . This is done in the Hartree
approximation corrected from the unphysical self-interaction term (Niquet et al .
2002). The electrostatic potential inside the quantum dot is computed with a ﬁnitediﬀerence method. The calculation is performed in the subspace spanned by the
lowest NVB valence states and NCB conduction states of the neutral quantum dot
calculated with the TB model. The transition energies are derived from equation
Phil. Trans. R. Soc. Lond. A (2003)
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Figure 6. Comparison between calculated and experimental diﬀerential conductance G(V ) curves
for a 6.4 nm diameter InAs nanocrystal. The optimized parameters for the capacitative model
are U = 100 meV and η = 0.9.

(2.2). The ground-state energy is interpolated over the whole bias voltage range and
excited conﬁguration energies E({ni }, {pi }, V ) are approximated from the spectrum
of the self-consistent ground-state Hamiltonian and interpolated between successive
Vi .
For the capacitative model, we consider a spherical InAs nanocrystal 6.4 nm in
diameter. For the self-consistent calculation we obtain better results with a slightly
ﬂattened dot (Niquet et al . 2002). This does not signiﬁcantly change the electronic
structure of the quantum dot but changes only the details of the electrostatic potential. The dielectric constant of the quantum dot εr = 13.6 is calculated as in Lannoo
et al . (1995). The quantum dot is linked to the gold substrate (E1) by a hexane
dithiol layer 5 Å thick and is surrounded by a layer of molecular ligands (εr = 2.6)
Phil. Trans. R. Soc. Lond. A (2003)
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5 Å thick. The radius of curvature of the Pt–Ir STM tip (E2) is r = 2.5 nm, and
the tip–QD distance is d = 5 Å. Taking NVB = 240 and NCB = 120 ensures convergence of the self-consistent calculation. The zero-bias Fermi energy εf = 0.5 eV is
obtained from the position of the centre of the zero-current gap. Since an accurate
calculation of the tunnelling rates Γ α is not possible, we take them as adjustable
parameters. A detailed analysis of the relative height of the low-lying current steps
(Banin et al . 1999) around the zero-current gap suggests that Γ 1  Γ 2 . Thus, we
set Γ 1 = Γ 2 = 6 × 108 s−1 for electrons and Γ 1 = Γ 2 = 3 × 108 s−1 for holes to ﬁnd
the correct order of magnitude for the current. It is important to note that the position of the calculated conductance peaks does not depend on the tunnelling rates
Γ α . Last, we set R(n, p) = np/τ and τ = 1 ns, which is characteristic of direct-gap
semiconductors.
The calculated G(V ) curves are compared with the experimental one in ﬁgure 6. They are broadened with a Gaussian of width σ = 15 meV. The optimized
parameters for the capacitative model are U = 100 meV and η = 0.9 (C1 = 1.44 aF,
C2 = 0.16 aF). As shown in ﬁgure 6 the agreement with experiment is extremely good
with practically a one to one correspondence between the calculated and experimental peaks over a range of 3.5 V. The negative-bias-voltages side is clearly improved
in the self-consistent calculation.
We can now proceed to a more detailed analysis of the G(V ) curves. For V > 0, the
ﬁrst group of two peaks is assigned to the tunnelling of electrons ﬁlling the 1Se level
(Banin et al . 1999), and the next group of six peaks to the tunnelling of electrons
through the 1Pe level and tunnelling of holes. There are also two excitation peaks X1
and X2 in ﬁgure 6 (tunnelling through the 1Pe level in the charge states n = 0 and
n = 1) that are hardly visible on the experimental G(V ) curve but disappear at higher
Γ 2 /Γ 1 ratios. For V < 0, the ﬁrst two peaks can be unambiguously assigned to the
tunnelling of holes ﬁlling the highest valence level 1VB . However, the next group of
peaks is a very intricate structure involving single-hole charging peaks and tunnelling
of electrons through the 1Se level. This disagrees with the interpretation of Banin et
al . (1999), based on single-hole transitions, and means that the multiplicity of the
peaks is not the same from one size to another as has been found experimentally.
Finally, the strong increase in the current below −1.25 V is mainly related to the
tunnelling of electrons through the 1Pe level.

3. Concept of dielectric constant for a single quantum dot
It is of major interest to know when the use of macroscopic quantities such as the
dielectric constant breaks down for quantum conﬁned systems as a function of the
reduction in size. Some calculations have been performed recently for spherical dots
(Lannoo et al . 1995; Wang & Zunger 1994b; Tsu & Babic 1994), tending to show
that one can still deﬁne a size-dependent inner dielectric constant in (R) but with a
reduced value compared with the bulk one. However, these calculations were lacking
generality and were not conclusive about the origin of this reduction with smaller
size. It is generally accepted that such a reduction can result from two eﬀects: ﬁrstly,
the opening of the gap due to conﬁnement which should reduce the ﬁrst-order polarizabilities and, secondly, a boundary eﬀect which exists even if the space-dependent
susceptibility keeps its bulk value inside the dot but is zero outside. The reason most
often invoked is the former, but we show in the following that it is not the case. A
Phil. Trans. R. Soc. Lond. A (2003)
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second conclusion is that locally the concept of a dielectric constant remains valid
down to very small sizes.
To describe macroscopic screening in real space, one must deﬁne macroscopic ﬁelds
as averages of the microscopic ﬁelds over a suitable volume. This procedure leaves
Phil. Trans. R. Soc. Lond. A (2003)
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Maxwell’s equations valid for the macroscopic quantities. For bulk crystals the natural volume over which to perform this average is the unit cell. One can keep this
procedure within a nanocrystal and, in principle, still get a set of equations relating
the macroscopic ﬁelds. We shall here examine this question in a tight binding framework (details will be given in a future publication) which automatically provides a
weighted average of the potentials over the atomic cells.
Let us ﬁrst come back to the case of a hydrogenic donor impurity at the centre of
a crystallite (Lannoo et al . 1995). The bare potential energy of the donor electron at
distance r = |r| from the nucleus of charge +e is Vb (r) = −e2 /r. In TB this has only
diagonal matrix elements (Vb )j on each site. Screening reduces this bare potential
on site j to a value Vj . Fig. 1 of Lannoo et al . (1995) shows that the ratio [V ]j /[Vb ]j ,
where j runs over the Si atoms, can be ﬁtted by a straight line when plotted against
the distance from the centre. This result has a straightforward interpretation in a
classical macroscopic picture, where the screened potential energy is given by



1
1
1
2
+  1−
,
(3.1)
V (r) = −e
R
in r
in
R being the eﬀective radius of the macroscopic dielectric sphere corresponding to
the average position of the surface polarization charge e(1 − 1/ in ). In principle, R
should diﬀer slightly from R, the radius of the sphere containing the silicon atoms.
We consider in and R to be adjustable parameters. Figure 7 shows the values of in
deduced in this way. We ﬁnd that R ≈ R + 0.4 Å over the full range of crystallite
sizes. R > R is consistent with the presence of polarizable Si–H bonds at the surface,
which participate in the screening. To get some feeling about the accuracy of such
a deﬁnition of the eﬀective dielectric constant we have estimated in using other
approaches. A quite natural approach is to calculate the dielectric response of the
nanocrystals to a constant external ﬁeld Eb . Thus, the bare potential Vb is a linear
function of the position. We then calculate the screened electric ﬁeld E on each
atom using two methods. Firstly, we calculate the induced charges [Q] on the atoms
([Q] = [P ]([V ]−[Vb ]), where [P ] is the polarizability matrix (Delerue et al . 1997), and
we deduce the electric ﬁeld on each atom induced by these point charges (excluding
the charge on the atom itself); secondly, we estimate the electric ﬁeld on each atom
using a linear interpolation of the potential V from the knowledge of the potential on
the atom itself and on its four nearest neighbours. In both cases the electric ﬁeld E
is close to constant, with some scattering around the average value. We calculate the
average, Ē, of the screened electric ﬁeld over all the silicon atoms. We then deduce
the eﬀective dielectric constant using the macroscopic relation
Ē =

3
2+

Eb .

(3.2)

in

Figure 7 shows that the values of in calculated in this way agree with the previous
ones and with those of Wang & Zunger (1994b) performed in a pseudo-potential
framework. This agreement gives us some conﬁdence concerning the accuracy of the
results.
It now remains to understand the origin of the variation of the eﬀective dielectric
constant with size of nanostructures. For that purpose, we consider the case of quantum wells, which are simpler systems to analyse because the conﬁnement takes place
in one direction only. We treat the case of N silicon (100) planes to which we apply
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a constant electric ﬁeld Eb perpendicular to the surface. Figure 8 shows that the
concept of a constant local dielectric constant remains valid except in the vicinity of
the surface. This value remains practically equal to the bulk one. Furthermore, the
response remains extremely close to that obtained by applying Eb to a layer of the
bulk material with the same thickness and by using the bulk dielectric response (q).
All these results show that the concept of a local macroscopic dielectric constant
remains valid even within very small systems. This dielectric constant keeps its bulk
value except in the vicinity of the surface, where it decreases. This is consistent
with the general fact that boundary conditions aﬀect the electron density only over
few Thomas–Fermi wavelengths. The average dielectric constant, on the other hand,
is a combination of the two and exhibits a decrease with decreasing size of the
nanostructure due to the surface contribution.
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Discussion
A. M. Stoneham (Department of Physics and Astronomy, University College London, UK ). I think you have used highly symmetric, non-polar clusters, in which the
excited states are all delocalized. But Gavartin (see Gavartin & Stoneham 2003)
showed lower symmetries, perhaps with electric ﬁelds, which could lead to localized
excited states. How many of your results will carry over to these cases?
M. Lannoo. In the case of localized states induced by internal electric ﬁelds, the
eﬀect of the conﬁnement is not the same. The calculations presented here do not take
these eﬀects into account, but they can be straightforwardly included in a Hartreelike approximation for example.
B. K. Ridley (Optoelectronic Materials and Devices Laboratory, University of
Essex, UK ). What exactly were the orbitals? Using sp3 orbitals with basis |s, |px ,
|py , |pz  turns out to mean that x, y, z do not commute (Foreman 2002). Also, how
does the interaction with phonons aﬀect the energies?
M. Lannoo. We use a basis with one s and three p orbitals for each silicon atom
and one s orbital for each hydrogen atom. This is a standard tight binding approach.
Phonons have a minor eﬀect on the conﬁnement energies, but they can drastically
inﬂuence the optical transition probabilities, in particular in the case of indirect gap
materials.
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