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The bulk GaAsy P, alloy with lattice constant ¢(0.5) has an indirect band gap.
First-principles self-consistent pseudopotential band structure calculations show that the
monolayer {GaAs),; (GaP), superlattice (SL) in either the (001) or the (111) layer
orientation & is also indirect if constrained epitaxially on a substrate whose lattice constant is
a{0.5). However, if grown coherently on a (GaAs substrate we predict that both of these

SLs will have a direct band gap. This is explained in terms of the deformation potentials of
the underlying materials. Predicted band offsets are given for both (001) and

(111) GaP/GaAs.

GaAs/GaAsP superlattices (SLs) were among the
first semiconductor superstructures to be grown." More
recently, cokerent (001) oriented (Gahs; _,P,}, (GaP},
SLs were obtained with p, ¢~20 monolayers on lattice-
matched (graded) substrates.’ Tight-binding and effective
mass calculations® proposed that such SLs have a “pseudo-
direct” band gap (folded from X .} attributed to the ob-
served SL photoluminescence.3 Very recently, however, the
ultimate limit of coherent ultrathin (GaAs) P (GaP) 7 SLs
with p, g~1-6 monolayers was achieved both through
layer-by-layer deposition using atomic layer molecular
beam epitaxy® [{001) ordering], as well as by spontanecus
ordering of a homogeneous GaAs, _,P, alloy seen in vapor
deposition growth®’ [(111) ordering, p = ¢ = 1]. The elec-
tronic structure of these monolayer SLs is still urexplored,
either experimentally or theoretically. At this limit, where
conventional effective mass and envelope function descrip-
tions are no longer valid, direct band-structure calculations
(treating the SL as a periodic crystal in its own right®”)
are needed. Using self-consistent nonlocal pseudopotential
band theory'® we show (Fig. 1) that whereas on a sub-
strate having the lattice constant a, =@ of the GaAsy Py 5
alloy, both the (001} and (111) monolayer (p=¢g=1)
superlattices have an indirect gap, on the GaAs substrate
@, = Qg,a, 0Oth SLs are predicted to have a direct band
gap.

We use the local density approximation as imple-
mented by the plane wave nomnlocal pseudopotential
method,'® a large basis set comsisting of all plane waves
with kinetic energies up to 15 Ry { ~ 550 basis functions)
and the SL equivalent of ten special zinc blende k points
for Brillouin zone integration.!’ Since we model a cokerent
SL, we fix the lattice parameter parallel to the substrate at
a, and optimize all other structural parameters (including
the cell-internal atomic positions) to reach a minimum of
the total energy. Valence-band offsets are predicted values
given in Figs. 2(b}, 2{c)] by calculations on p=¢g=73
SLs. We do not use tight-binding® or effective mass’™
methods, nor do we input empiricai deformation poten-
tials; the virtual crystal approximation (VCA) calcuiation
described below is used only to analyze the results, not to
obtain them. The local density approximation (LIDA) used
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FIG. 1. Calculated energy levels for the monolayer (GaAs), (GaP), SLs
in: (a) (001) ocrientation and (b) (111) orientation on two different
substrates a,. The LDA calculated conduction bands were rigidly shifted
upwards by 0.75 ¢V, Valence energies here are without spin-orbit split-
ting, consideration of which (within a guasi-cubic model’?} decreases all
gaps 0.04-0.07 eV. fis the square of the momentum matrix element
{summed over the three valence maxima at T'), in Ry. In (¢} and (d) we
show the respective biaxial deformation potentials for VCA Ga(AsP).
MNote how increasing g, from @ to ag,,, leads to an indirect-to-direct
CroSsover.
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here underestimates band gaps; we have hence rigidly
shifted our calculated conduction bands upwards by the
average LDA versus experimental error for GaP and GaAs
(0.75 V). Consideration of the remaining 0.1 eV error in
conduction-band energies does not, however, affect our
major conclusions regarding a direct-to-indirect transition.

Our calculations give most reliably the valence-band
offsets [Figs. 2(b)-2(c}, without spin-orbit splittings],
which are unaffected by the above conduction-band error.
Including both strain and spin-orbit'? splitting, we calcu-
late a valence offset between the spin-orbit split of
sy(As)-Ty(P) for (001) of 0.44 eV, and between
Pyw(As)-T 1y (P) for (111} of 0.52 eV. We find [Figs.
i(a}, 1(b)] that for @, ="a the SLs have an /ndirect band
gap for both the (001} and the (111} orientations with
conduction-band minima (CBM) at the M, and X, SL
states, respectively. However, for a, = ag,4, both SLs are
predicted to have direct band gups fincluding spin-orbit '
effects, at 1.78 eV (700 nm) and 1.64 eV (760 nm) for
(601) and (111), respectively] with substantial transition
probabilities [denoted “/" in Figs. 1{a)}, 1(b}] from the
valence-band maximum (VBM). In what follows we ana-
fyze these results in terms of a simple model which reveals
the underlying physics of direct versus indirect gaps in
these SLs.

In these short-period SLs, it is most natural to think of
SL states as evolving from the states of a virtual crystal
approximation (VCA )} binary Ga(PAs) compound whose
unit cell is commensurate with that of the SL. Figures 1{c)
and 1(d) show the pseudopotentia] calculated VCA band-
edge energies as a function of the lattice parameter 4, par-
allel to the substrate. In forming 2 SL on a given substrate,
these VCA states are subjected to (i) folding into the SL
Brillouin zone, as well as (il} interactions between
the folded states through the perturbing potential
&V = Vg — ¥Vyca which can split and shifi them. Since
GaP and GaAs have s 3.7% lattice mismaich, the pertur-
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bation changing the VCA into the SL can be broken into a
chemical piece 8V ., (where the virtual {(AsP) anion is
changed to As and P in the respective halves of the SL)
and a structural piece 6V, (where the two halves of the
SL relax to their equilibrium epitaxial layer spacings). As
there are exactly two VCA Ga(AsP) unit cells in each SL
cell, the SL eranslational symmetry requires that each of
the SL states at wave vector K be composed of (generally
many) VCA states coming from just zwo k points in the
VCA Brillouin zone. Denoting SL states by an overbar,
these folding relationships for the principal band
extrema in the (001) SL are T = (Z7/a) (0,0,0)T + X7,
M=Q2u/a) (1,0,0)>X"+ X’, and R = (2n/a)
LD L LU for the (111) SL they are Dol
+ 2" and X = (27/a)(001)«>X*+ L', Note that
{even without strain} the threefold degenerate X valiey of
zine blende splits in the (001) SL into X* (which folds into
[ ) and X* -+ X¥ (which fold into 3¢}, while in the (111}
SL the four L valleys split into L''' (T folding) and
L' (folds to X). Clearly the SL will be direct at [ only
if the I folding states are lower in energy than the non-I'
folding state. The SL point-group symmetry decides what
type (i.e., representations) of VCA states are compatible
with a given SL state. These compatibility relations depend
both or the repeat period® p and on whether the common
atom in (4C),(BC), is an anion or a cation (since X; and
X; change their roie’). Compatibility relations for the
p = 1 common cation case (origin at the anion) are given
in Table I. This table also gives (for a, =7) the projections
of the VCA states onto the SL states. It shows that the
perturbation potential 8V is relatively weak, coupling only
VCA states nearby in energy. In the following we demon-
strate how controlling the relative energies of these low-
Iying VCA states through strain (appropriate to the epi-
taxial growth conditions) can change indirect gap
(GaP),(GaAs}, SLs to direct.

Consider the case e, =1, where the pertinent VCA
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TABLE L Squared projections of S8I. wave functions for ¢, := 7 onto those
of zinc blende VCA. All energics ¢ (in ¢V) are with respect to the
valence-band maximum (VBM). Here £ = L' and L' = L', The SL
states at the VBM have 99 and 96% of the VCA (I .y} character for the
(401) and (111} SLs, respectively.

SL states VCA states
_ Ty (X1} (X0 (L

& ¢ e=212 =218 €=242 €= 2.15
(301}
2.07 P oeo 0.40 (z) o 0
2.24 B 040 0.60 (z) 0 0
1.91 M,, 0 18(x, 0 o
2.40 M. 0 0 1.O(x,p) 0
2.44 M, 0 1.0(x,) 0 0
2.09 R, 0 0 ] LO(LL )
2.18 R, 0 0 0 LO(LL")
(111):
2.02 0T 0 0 022 (L)
2.12 F a2 0 0 0.78 (L)
1.98 X oo 0.16 (2) 0.10 (z) 0.74 (L)
2.14 X2 0 0.82 {(z) 0.06 {(z) 0.12 (L)
2.39 X 0 002 (2) 0.83 (2) 0.15 (L")

states {denoted by angular brackets) correspond to cubic
materials with unsplit states [Figs. 1{c) and 1{d}]. Since
the (X,.) state is higher in energy [Fig. 1(c)], only the [\,
and M 1 » states occur near the CBM of an {(001) SL. Turn-
ing on first the chemical perturbation 8V, (r) leaves the
system cubic [Fig. 2(a); note that this does nof correspond
to any real system]. The nondegenerate () and (X75,)
VCA. states interact (in second order) producing the SL
states T |2 and T (2 (As-like and P-like, respectively)
while the VCA degenerate (X7} states split (in first order)
into the SL states M, and M,,. The CBM is the T |}’ state
[Fig. 2(a)], hence the gap is direct. Although not shown,
this occurs also in the cubic (111) SLs. Note that
(AlAs), (Gahs), being lattice matched {8V, = 0) was
also predicted® to have a direct gap in the {(111) orienta-
tion.

This situation changes when we turn on the structural
perturbation 8V, (r) which causes tetragonal distortions
of ¢/a =0.966 and 1.034 in the GaP and GaAs halves,
respectively. As seen in Fig. 2(b}, these tetragonal defor-
mations cause X°-X splittings of 0.22 and 0.24 eV, causing
the T () state to change from 85% As localized to 85% P
localized (due to the X3, offset now being lower in the P
half}. Furthermore, the stronger perturbation causes a
much larger splitting of X3, + X/, into M, and M, ; the
relexed SL is now indirect at M,, because of the large
first-order matrix element (X7.]8¥V|X},). A similar situa-
tion occurs in the (111} SL on a, =& [Fig. 2{c)] where the
LM derived SL X, state forms the CBM. Hence, both
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(001) and (1i1) SLs on ¢, =7 are indirect because of
8VSH"

This analysis reveals the way tc produce a direct band
gap SL. Since the structural perturbation alone converted
the Sis on ¢,=7 to indirect [compare Fig. 2(a) with
2{b}]. we need to structurally perturb those VCA siates
which form the indirect band edges [X} for (001},
X°+ LM for (111)] so that they are displaced to higher
encrgies. The VCA deformation potentials of Figs. 1{c}
and 1{d) show the way: increase the substrate lattice pa-
rameter @, away from 4. The negarive biaxial deformation
potentials for these states increase their energies, whereas
the T folding (I'y.), (X%.), and (L") states, having pos-
itive biaxial deformation potentials, are lowered. Indeed,
self-consistent SL calculations for a, = ag,,, [Figs. 1(a),
1(b}} show that they are direct. [We have checked also the
dispersion along A, for (801) and A, for (111); the CBM
is still at T'}. Examination of the calculated dipole matrix
elements sguared [denoted as fin Figs. 1{a), 1(b)] reveals
that the {(111) SL is “psendodirect” (greater {£,.) folded
character than {I";,) character, hence small /) while the
(001) SL is strongly direct (large ). This is analogous to
the situation we encountered im  Si,Ge, (001)
superlattices'’ being indirect on a Si substrate, but (quasi)
direct on a substrate with a larger lattice parameter {e.g.,
Ge}. The large biaxial deformation potentials of I folding
states are a general feature of adamantine semiconductors,
and should thus iead to a decrease in direct energy gaps
with substrate lattice constant in other instances of coher-
ent expitaxial growth. Experimental examination of the op-
tical properties of monolayer GaAsP SLs on GaAs is
called for.
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