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Structural and chemical changes in binary versus ternary tetrahedral semiconductors
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The properties of a prototype ternary semiconductor with the chalcopyrite structure —MgSiP2 —are studied

as a function of lattice constant, tetragonal distortion, and anion displacement with the use of the ab initio

density-functional method. This system is then used as a general model for understanding the chemical
and structural differences between a binary tetrahedral semiconductor (e.g. , zinc blende) and its isoelec-
tronic ternary analog (e.g. , MgSiP2).

Fourfold-coordinated tetrahedrally bonded ternary
A "B' Cq semiconductors (e.g. , MgSiP2, space group D2d,
Fig. I) are related generically to their binary zinc-blende
A'"Cv analogs (e.g. , A1P, space group Td2) in the same way
as the latter are related to the diamondlike 8' 8' homopo-
lar semiconductors (e.g. , Si, space group 0»). Much as a
(hypothetical) nuclear disproportionation converts the dia-
mond structure of '"Si' Si into the zinc-blende structure
' Al' P, so does an analogous cation disproportionation con-
vert the (doubled unit cell) zinc-blende structure of
' Al' AlP2 into the chalcopyrite structure ' Mg' SiP2. All
three structure types show a fourfold tetrahedral coordina-
tion with an average of four electrons per atom (Grimm-
Sommerfeld compounds) and exhibit covalent semiconduct-
ing properties. ' Ho~ever, whereas the diamond-to-zinc-
blende sequence offers but a single added (chemical)
feature (the distinction between a cation and an anion), the
zinc-blende-to-chalcopyrite sequence offers, in addition to a
new chemicaf degree of freedom (the distinction between
one and two cations), two new structural degrees of free-
dom. These are2 (i) the ability of the crystallographic c axis
to deviate from twice the a axis (denoted here as the tetrag-
onal distortion q = c/2a), and (ii) the ability of the anion to
be displaced from its ideal tetrahedral site, creating two dis-
similar anion-cation bond lengths Rqc and Rttc [a distortion
denoted here by the bond-alternation parameter u =—~1

Mg 8i P
FIG. 1. Crystal structure of MgSiP2. The coordinates of the P

atom on the lower left corner are (u , /a4a, c/8).

+ (RA2c —Rt2tc)/a2]. In the diamond and zinc-blende struc-
tures q =—1, u =—~. The structural and chemical changes at-

tendant upon the formation of a ternary sp-bonded
tetrahedral structure from two binary systems are pertinent
to the understanding of locally or coherently ordered solid
solutions formed from binary semiconductors (e.g. ,
GaAs+ AlAs GaA1As2). The simplistic but com.44Td
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model24 which assumes that AcF is proportional to (q —1).
The I 3, state at the bottom of the conduction band of

MgSiP2 is antibonding between the phosphorus s and the ca-
tion p, functions. It is mostly localized in the cationic inter-
stitial site. It has antibonding character along the atomic
chains in the (110) plane but is bonding along the chains in
the (011) and (101) planes; it is thus stabilized by a tetrago-
nal distortion which lowers the value of q.

The lifting of the degeneracy of the valence-band max-
imum and the stabilization of the conduction-band
minimum with decreasing q dominate the r'eduction of the
band gap. If in our relaxation process we first relax u and
then q (the change in volume is so small that it gives a
negligible contribution), we find EEg = 0.19 eV and
AEg" = —0.68 eV. If we relax in the opposite order, we find
AEg = —0.84 eV and AEg = 0.35 eV. In both cases, the to-
tal structural contribution AEg = AEg + AEg~ = —0.49 eV
reduces the band gap because the tetragonal distortion
lowers the band gap more than the anionic displacement in-
creases it.

The sensitivity of the band gap to tetragonal distortions is
reflected in the deformation potentials, i.e., the energy
derivatives of the band gap with respect to the structural
parameters. At the equilibrium geometry we find

BEg BEg BEg
a =0.5 eV, c =5.8 eV, u =2.4 eV . (3)
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