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Abstract

Density functional theory has been extensively applied to the study of the
electronic and structural properties of semiconductors. Whereas the structural
properties are fairly well calculated with the local density approximation, this
approximation fails for the value of the band gap, the most important of the
electronic properties. The generalized gradient approximation does not
improve the picture, except for the binding energy of the crystal. Only more
complicated approaches like the GW approximation give accurate values for
the band gap in semiconductors. We will review briefly the situation, and dis-
cuss the physical origin of the band-gap problem.
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1. Introduction

Semiconductors are the key material for the electronic industry. Therefore the
electronic and structural properties of semiconductors have been the subject
of many applications of density functional theory. Bulk properties, such as
band gaps or lattice constants, of the most common semiconductors are accu-
rately known from experiment, and provide excellent reference data to test the
physical accuracy of different approximations used within the framework of
density functional theory. In the case of less common semiconductors, or for
defect and surface and interface properties, density functional theory has been
used as a predictive tool, and many phenomena have been elucidated from an
interaction between simulation and experiment.

In the next section we will discuss how the local density approximation of
density functional theory describes structural properties of semiconductors,
for bulk materials and for defects and surfaces. In section 3 we will discuss
how and why the local density approximation fails for the band gap in semi-
conductors, and review how methods beyond local-density can improve the
calculation of the band structure.

2. Structural properties
2.1. Bulk semiconductors

Density functional theory allows the calculation of the ground state total ener-
gy, E, of a system bound by electrons. In the case of crystals this energy can
be calculated as a function of volume, E(V). The minimum of that function
gives the equilibrium volume and hence the lattice constant, subtracting the
energy of separate atoms gives the binding energy and the second derivative
at the minimum gives the bulk modulus B = V(a'2 E/dV? )- The first deriv-
ative gives the pressure p(V)=—dE(V)/dV ana wererore the pressure--
volume equation of state.

The calculation of the structural properties of bulk semiconductors is a good
test of the accuracy of the Local Density Approximation (LDA) of the density
functional theory [1-4]. The general trend is for the lattice constant to be
slightly under-estimated, the binding energy to be over-estimated by five to
ten percent and the bulk modulus to be overestimated by a few percent. In
contrast to the results for first row molecules, there is no systematic improve-
ment in the use of the Generalized Gradient Approximation (GGA), except in
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an improvement of the binding energy [5-7]. That improvement is related to
an increase in the binding of the isolated atom, as the GGA prefers situations
where regions of space have low electronic density, and therefore it does not
seem that GGA is an improvement over LDA for the bulk semiconductor
properties. Table 1 shows an example of a few calculations for Si. The earlier
LDA calculations seem to be the most accurate, but that is due to the use of a
small basis set. Computer resources at that time did not allow the use of larger
basis sets. (It is interesting to note that those calculations were performed on
a computer that was a 1000 times slower and had 500 times less memory than
a good personal computer in 1999.) A smaller basis set decreases the binding
energy, increases the bond-length and decreases the bulk modulus, improving
systematically the agreement with experiment.

Table 1 - Structural properties of Si, lattice constant a, binding energy F p and bulk modulus
B, calculated with the LDA and GGA (PW91) as compared to experiment.

LDA? LDA? GGA® |  Experiment®
a() 5.45 5.41 5.50 5.429
Eg (V) 4.67 5.28 4.65¢ 4.63
B (GPa) 98 96 83 99
4 Ref[1]
b Ref. [5]
¢ Cited in ref.[5]
4 Ref[7]

For non-zincblende semiconductors, the determination of the zero pressure
structure is complicated, as the total energy may depend on the lattice bond
lengths and angles, and internal atomic coordinates, and therefore one must
find the minimum of the total energy with respect to several parameters
instead of just the volume. For more than a couple of free parameters that
search should be automatic, and variable cell shape (VCS) molecular dynam-
ics (MD) algorithms have been developed for the optimization of crystal
structures [8, 9]. Table2 shows an example of the calculation of lattice con-
stants and internal parameters ofternary calcium nitrides [10] compared with
the experimental results [11, 12]. The structure of these crystals correspond to
an orthorhombic distortion of a cubic perovskite structure. One can see that
the subtle distortions of the lattice are well described by the LDA, and that
VCS-MD is quite effective in the determination of equilibrium geometries.
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