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Stability and band offsets of heterovalent superlattices: Si/Gap, Qe/Gaps, and Sj/Gags
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First-principles pseudopotential theory is used to calculate the formation enthalpies ~ and

valence-band offsets for the heterovalent (Si2)„/(Gap)„(Ge2)„/(GaAs)„and(Si2),/(GaAs), su-

perlattices with repeat periods n(4 and growth directions Gll[001], [110], and [111]. A11 of
these superlattices are found to be unstable with respect to phase separation; the [111]system is
the least unstable. The unreconstructed [001] and [111] polar super'attices have large internal
electric fields, causing the [001] superlattices to reconstruct for n~ 2; [111] are predicted to
reconstruct for n &6. Different types of reconstruction lead to different band offsets. A simple

model for M which includes the short-range nonoctet-bond energies and the long-range electro-
static interactions between donor and acceptor bonds is shown to capture the chemical trends of
all calculated ddPs.

Semiconductor superlattices (SL's)
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hH's; this model is then used to predict hH for geometries
which are too complex to calculate directly. Our second
purpose is to calculate the valence-band offsets ~, of the
superlattices lacking the oscillating electric fields; since
A&„depend strongly on the type of reconstruction, com-
parison to the measured A&, could be used as a probe into
the structure of the experimentally grown interfaces.

We use the first-principles pseudopotential method 'o
to calculate total energies and valence-band offsets as a
function of the SL repeat period n (number of bilayers in
each sublayer) and direction G. The lattice mismatched
Si/GaAs SL's were coherently constrained to a Si sub-
strate, whereas for the lattice-matched Si/GaP and
Ge/GaAs SL's, the basal lattice constants (perpendicular
to G) were chosen to be the average of the calculated
equilibrium lattice constants of the constituents. Semi-
relativistic pseudopotentials were generated using
Kerker's method, "and the wave functions were expanded
in plane waves with kinetic energies up to 15 Ry. The cal-
culation is done
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FIG. 1. Calculated (solid circles) and modeled [dashed lines

and crosses, from Eq. (3)] formation enthalpies (a) per 4n
atoms and (b) interinterface charge transfer (Ref. 15) of
heterovalent (unrelaxed) Si/GaP superlattices. The zero of en-

ergy is taken as the energy of the separated constituents. The
reconstructed superlattices are described in the text. The model
energies correspond to a range of the parameters. The extreme
values are AERY(0) 0.8 eV, b 0.20 eV, U~+U" 1.71 eV, and

hEs(0) 1.2 eV, b 0.22 eV, UD+ U" 3.52 eV.

(iii) As expected from above, our calculated electric
fields run from the IV-V donor to the III-IV acceptor
bond for a/I unreconstructed [001] and [111]SL's. This
is in disagreement with the results of Bylander and co-
workers4 for Ge/GaAs, where the fields run in opposite
directions in the [001] and [111]superlattices.

(iv) For the n I [001] SL reconstruction is unstable
(it raises the energy, see Table I), presumably because the
layers are too thin. For n 2 [001] all reconstructions
lower LLH considerably; the vertical swap is favored by a
small amount. The energy difference between swapping
the anion or cation is negligible for Ge/GaAs and favors a
cation swap for Si/GaP and Si/GaAs. Since these energy
differences are small, we cannot rule out a more compli-
cated combination of anion and cation swaps as suggested
in Ref. 5. For the [111]SL's complete intra-interfacial
compensation can be achieved by swapping 4 of the inter-
face atoms. This, however, results in a 50% increase in
the number of nonoctet bonds, and thus need not neces-
sarily lower hH. We use our model lUE below to study
these [111]reconstructions.

(v) While it is commonly assumed that the various
nearest-neighbor bond lengths in systems whose constitu-
ents have the same cubic lattice constants (e.g., Si/GaP or
Ge/GaAs) are equal to their "ideal" values, our total en-

ergy minimization showers that chemical interactions can
drive bond-length changes. Compared with the ideal bond
length R (J3/4)aaL 2.339 A for Si/GaP (where asL
is the SL lattice constant), we find that the Si—Ga bond
lengths at the interface are longer by 2.3%, 1.9%, and
2.6%, and the Si—P bond lengths are shorter by 2.4%,
2.7%, and 3.3%, for [001], [110],and [111]SL's, respec-
tively. For [111]SL's, the Ga —P bonds at the center of

TABLE II. Calculated valence-band offsets (in eV) for (001)
reconstructed and (110) unreconstructed superlattices. A posi-
tive valence-band offset puts the valence-band
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(3)

of one electron, eu is the static dielectric constant, and UD and U" are the intrabond electron repulsion (including both
electrostatic and exchange-correlation contributions). Using Janak's theorem, the integral

I q
AF. CT

~ — Es dq

is the total energy change upon a donor-to-acceptor charge transfer q. Thus, hH (per 4n atoms) becomes 2I+n &I cs,
where

2I/N-2b —Es(0)q+(2eo) '[Vg,q,~„„s(n,G)+ VMq, ~„„s(ttG)]q'+2(U +U")q',

(4)

where N 1 for [111]and N 2 for [001] and [110].The
charge transfer q is calculated from Eq. (2) by setting
Es(q) 0 and then limiting q to a maximum of —,

' elec-
trons. If the resulting q is less than 4 [i.e., long




