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Total energy calculations show that the (111) (AlAs), (GaAs), superlattice has a lower
formation enthalpy (i.e., is stabler) than either the (C01) or (110) superlattices. Self-
consistent band structure calculations further show that while the (001) superlattice is direct
only for n> 7, the (111) superlattice has (i) a smaller and (i) a direct {not pseudodirect) gap
for all w’s. Contrary to the expectations based on particle in a box models, the confined states
at the zone center are strongly localized even for the monolayer superlattice.

Advances in solid-state lasers, light-emitting diodes,
and high-efiiciency solar cells have motivated an ongoing
search for epitaxial alloys and superlattices with technologi-
cally useful direct band gaps. The limnited success encoun-
tered in early' molecular bearn epitaxy (MBE) growtk of
(111) films of IIE-V semiconductors, contrasted with the
rapid progress made in achieving low defect densities and
gocd surface morphologies in (100} films,” established the
tradition of using {100) structures, almost to the exciusion
of any other orientation, ir: 2 wide range of devices. Inspired
by this early elimination process, most theoretical investiga-
tions of 1F1-V superiattices have focused on this particular
orientation (Ref. 3, and references therein}. More recently,
the advent of zinc-blende on diamond-type heterostructures
{e.g., GaAs/Ge, GaP/Si) renewed interest in nontradi-
tional growth directions for III-V’s, including the (2113,¢
(311),% and (110)." Substantial progress has recently been
made also in (111) growth of GaAs-AlAs gquantum well
structures, " exhibiting a higher radiative efficiency than the
traditional  (100) oriented structure.® This pro-
gress, as well as new observations of sponfaneous ordering of
IH1-V ailoys into short-period (111} oriented superlattice-
like phases,’ is now motivating theoretical calculations of
stability and band gaps of lattice-mismatched' and lattice-
matched (111} superlattices. While the Al . Ga, ; As alfoy
has an indirect band gap near'! X, and the (001) oriented
(AlAs), (GaAs), superlattice’ is indirect at an L-folded
state for # = 1 and indirect at an X-folded statefor 1 «<n &7,
we find that the (111) oriented (AlAs), (GaAs), superlat-
tice has a direct band gap for all n values, from ~1.97eV at
r = 1, converging to the GaAs bulk valuze of 1.52 eV for
large #’s. We describe here the first ab initio calculation of
the electronic structure of (111) oriented { AlAs), (GaAs},
superlattices, and identify a novel physical mechanism
which clarifies why this superlattice is direct although short-
period (AlAs), {GaAs), (001) superlattices are indirect.

We have used the first-principles self-consistent all-elec-
tron local density formalism, as implemented by the linear
augmented plane wave (LAPW ) method'? to calculate the
total energics and band structures for short-period (001)
and (111} oriented {AlAs),(GaAs), superlattices. Defin-
ing the formation enthalpy of an a-period (4£C), (BQC),
superiattice in the orientation G as its total energy relative to
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equivalent amounts of its binary constituents (per four
atoms)?

AH(n,G) = (1/m)E [(4C),(BC) ;G|
—~E[4C} - E[BC], (1)

we find: (i) forn = 1, AH{00!) = AH{110) = 11.4 meV/
{four atoms), but AH{111) = 7.5 meV/{four atoms}), so
that the (111) alternate monolayer superlattice is therme-
dynamically stabler than the other two n = 1 superlattices.
(i1} As the superlattice period » increases, AH(n,G) de-
creases for all orientations, so the stability is enhanced. How-
ever, the rate of this decrease depends on the orientation G.
Assuming that the interaction energies beyond the fourth
cation-cation neighbor are negligible, we find that past a
critical repeat period x, [2 for (601) and (111) oriented
superlattices but 4 for the (110) oriented system]

AH(nG) =2KG)Y/n, n2n,, (2)

where /() is the “interface energy.” Qur total energy cal-
culations vield (in meV)

f[001] =36, 1110} =58, f{111]=27, 3

showing that the (i111) oriented superlattice is not only
stabler than the other two orientations for n = 1, but indeed
it ig stabler for all » values. Note that (110} superlattices are
predicted to be thermodynamically the most unstable
towards disproportionation intc binary constituents in this
group.®

Our strategy for obtaining trends in the energy levels of
different superlattices is as follows. First, we calculate the
bulk energy levels of GaAs and AlAs on a common energy
scale using the valence-band offset AE, = 0.45 eV we ob-
tained earlier'’® with the same LAPW method. This estab-
lishes the energies of the varicus conduction-band potential
wells, hence also the band edges to which superiattice energy
levels will converge in the limit of very large (51— oo ) repeat
periods. Second, we calculate seff-consistently the electronic
structure of # = 1 and 2 superiattices in the (001 ) and (111)
orientations, placing these levels on the same common ener-
gy scale deduced from the binary bulk systems. This estab-
liskes the electronic structure, wave-function localization,
and direct/indirect nature of the transitions. Finally, given
the results for v = 1,2 and #n = «», we identify qualitative
trends of energy levels € with n, assuming that for intermedi-

©® 1988 American Instituie of Physics 2077



{GaAs); (AlAs) {GaAs); (AlAs),
n {001) [111] N
sop=— (&) (c} S
: i a2
T [1¢313
Xic(x'-c) .
e e 1003 0 2,83
255 2T Kopge” [relbid ]
Xq0? 30 pd
L Tl 2. | Xaet 9B = i
%* 20 tc ;i______%-;m - ~ Myl 2,13
5 HIge T i I BTSN B
g 152 4 Koo 23 Tyl
& 152, - .52
W */(.A == i
I’y 1.52 N
Diract Direct [
gap | Aid gap g
b g (001} ] SRR (1) LT
- h =9
005287, : [i5e00 B 0.6]
. \“‘f}\»\ s . g o
4 Tadlig) L TauFig) B
——— T T =
T Ty T15y 0.0 Fidlss)
05

FIG. 1. Culculated energy levels (ineV) of (AlAs), (GaAs), at high sym-
metry poinis for the (a) (001) and (¢) (111) orientations. (b) shows the
energy levels of bulk GaAs and AlAs on a common energy scale. The
dashed linc connecting the centers of the various potential wellsin (b) to the
superlattice energy levels in (a} and (¢} denate the level repulsion effect.
The far right and far left parts of the figure show schematically the conver-
gence, as a function of repeat period &, of the superlattice energy levels to the
bulk band edges. The (111) superlattices are direct for all #, whereas the
(10C) superlattices are direct only past n> 7.

ate » values € ~ 1/n? (our main conclusions, however, do not
draw heavily on the details of this scaling).

Figuares 1{a} and !(c) depict the calculated energy lev-
eis at some high symmetry points in the Brillouin zone for
then = 1 (001} and (111) superlattices, respectively. These
energy levels were corrected for the local density band-gap
error according to the procedure described earlier.” We have
denoted in Fig. I the superlattice labels with an overbar,
indicating in parentheses the zinc-blende states from which
they fold. We see that in the (001 superiattice the X-folded
states M(Xx,y) and ﬁ, (X,) are at £, + 2.10 ¢V and E,
+ 2.17 eV, respectively, both lower in energy than the direct
superiattice state T, (T",.) at E, + 2.18 eV. The conduc-
tion-band minimum {not shown in Fig. 1(a)] in this case is
at R, (L) (ie., the superlattice state folded from L,,) at
E, + 1.93eVY. Incontrast, in the (111) oriented superlattice
the conduction-band minimum (CBM) is the direct
T,.(T,.) state at E, -+ 1.97 eV, while the X- and Z-folded
states (denoted as ) are Aigher in energy at £, + 2.03 eV
and 2.13 eV, respectively. It is easy to see that the (111}
superlattice will remain direct for # > 1, while the (001) su-
perlattice will exhibit a direct/indirect crossover. As the su-
perlattice period increases, all states eventually approach the
corresponding potential well minima of the binary constitu-
ents. Specifically, the T (I",.} superlattice level in both ori-
entations approaches the value of the direct gap of GaAs
(1.52 eV at low temperature}, whereas the X, -derived
T(X,,) and M (X, ) states in the (801) oriented superiat-
tices approach the bulk AlAs X energy [2.23 eV above the
AlAs valence-band maximum (VBM), or 2.23 — AE,

= 1.78 eV above the GaAs VBM ]. We indicate these trends
schematically on the right- and left-hand sides of Fig. 1 [see
Ref. 3 for more detailed results for n > 1 in (001) superlat-
tices]. Inthe s = 1 (111} superlattice, the T, (I, ) state at
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E, + 1.97 eV is lower in energy than the M superiattice state
atE, +2.03eV.Forn =2thevaluesare &, + 2.08 eV and
E, + 2.15 eV, respectively. Since as » increases, [, ([,)
approaches £, + 1.52eV, while M, approaches a higher val-
ueof £, + 1.78 eV, this superlaitice will remain direct for all
#.'* In contrast, in the # = 1 (001) superlattice, T,, (I, )
at £, -+ 2.18 eV is higher in energy than the M state at E,
+2.1G eV. Since as n increases, [,, (F,.) approaches
E, + 1.52 eV whereas M, approaches the higher value of £,

+ 1.78 eV, this system will remain indirect until T, and A7,
cross after which it will become direct.

Three unexpected {and related) effects are evident in
our results: (i) the (111} oriented superlattice is direct (no¢
pseudodirect ), while the (001) oriented superlattice is indi-
rect for small # values; (i) the {111) superlattice has a con-
siderably smaller T', » T, gap than the (100) superlattice
(Fig. 1); and (i#l} despite a very light electron effective mass
m* at '), (~0.07m), whick in simple square-well or
K ronig-Penny models would suggest for the n = 1 superlat-
tice an enormous upward shift of the confined ievel and ex-
tensive wave-function delocalization, we find the T, (T,,)
states in: either orientation to be only 0.45-0.66 eV above the
bulk GaAs CBM and to exhibit substantial wave-function
localization on the Ga-As sublattice (Fig. 2).

We find a simple explanation to these phenomena in
terms of a ““quantum level repulsion effect,” ignored by other
siteple models. Symmetry considerations show that the zinc-
blende X, state in the n = I common-anion (001) oriented
superlattices folds into T, (X,,), whereas the zinc-blende
T, state folds into itself, creating T',, (I",.). Since both
folded states have the same (T, ) symmetry representation,
in perturbation thecry they repel each other by an amount

SE= + [{m K|AV [m" k') |?

(4

€, (k) — e, (k)

Tadl'isu E

Flted |

Folfer ] [Fie ]

FIG. 2. Calculated electronic charge density contours for the conduction-
band T, ([',.) and the doubly degenerate (I',,,F;,) valence-band and
single (I, ) states in (AlAs), (GaAs), superlattices. Note the higher lo-
calization on the Ga site in {d) (111) relative to (a} (001) superlattices,
and the existence of significant anion character in these states. The valence
states have mostly p-like character on As. The contour increment is
410 *e/an’
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where |m.k) and |m' k') are the zinc-blende states {for band
m and wave vector k) folding in the superiattice into the
same representation, and AV(r) is the ordering potential.
Since the energy denominator for the T |- folded states in
Gahs-AlAs is relatively large (the difference between the
average X, and the average I, energies of GaAs and AlAs
at low temperatures is 2.645 — 2.325 = 0.32 V), this fevel
repulsion is rvelatively weak in the (001) superlattice
{ +C.15eVin Fig. 1(a)]. In fact, this downward repulsion
of T, (. ) is insufficient to push this state below the indi-
rect M{X,,) edge (which experiences negligible repulsion
and remains near the X, well center energy of 2.10eV ). The
situation is qualitatively different in the n == 1 (111) orient-
ed superlattices, where symmetry mandates folding of L
{(not X) into [, yielding in the superlattice the isosymmetry
pair Ty, (L,.) and T, (F,,) which again repel each other.
Here, however, the energy denominator of Eq. (4) is more
than three times smaller than the (001 ) value (the difference
between the average L, and the average [, energies of
GaAs and AlAs is only 2.42 — 2.325 = 0.095 eV). Indeed,
thisT,, — L. level repulsion isso stronginthe (111) super-
lattice that it pushes I, (I",,) downward even below the
indirect M(L,, + X,.) state at 2.03 eV, making the system
direct. In general, a downward repulsion of a level [here,
T (T, )] is associated with enhanced localization on the
sublattice with the lower energy quantum well (here, Ga-
As). Figure 2 compares the calculated charge densities of
the flc ([, ) state in the (001) and {111) monolayer super-
lattices, showing clearly greater localization in (111} rela-
tive to the (001) superlattice, owing to the greater level re-
pulsion in the former case.

In general, we expect a switching between indirect gap
in {001) to direct gap in (111) for systems whose 509%-50%
average energies have the sequence X, < <L, <X,
with small I',_.-L,, and large [, -X,, energy splittings {see
Eg. (4)]. In such cases, the larger £,.-T"|, level repulsion
attendant upon: (111} ordering may push [, below X, and
become the CBM, whereas the weaker X, -, level repul-
sion characteristic of (001) common-anion ordering is in-
sufficient to make ' the CBM [for common-cation {(001)
ordering, repulsion between X -I",. can make the system
only pseudodirect}. AlAs-GaAs and GaP-GaAs appear to
satisfy these conditions.

Since the early days of semiconductor superlattices, it
has been customary'® to rationalize trends in superlattice
entergy levels in terms of confinement of wave functions into
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wells of finite dimension 4, leading to an increase in the ki-
netic energy, hence to an upward shift of the energy levels in
proportion to (z*d ?) ™. Simpie particle in a box, Kronig—
Penny, effective mass, and envelope function models com-
mit to this basic notion of the overriding importance of kinet-
ic energy effects. Our calculation, treating superlattices as
ordinary crystals in their own right in 2 band-theoretic ap-
proach (using potential and kinetic energies on an equal
footing), illustrates the basic shortcomings of these ap-
proaches for altrathin superlattices: even though on the basis
of kinetic energy considerations (the values of m* and &)
one would have judged the superiattice states T, (I, ) to be
displaced substantially upward from the well bottom, and,
hence, to become defocalized, quantum repulsion effects [re-
fiecting the role of potential energy, see Eqg. (4} ] counteract
the kinetic confinement effect, leading to a lowering of the
energy level towards the band edge and to significant wave-
function lecalization.
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