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Quasiparticle Band Gaps for Ultrathin GaAs/AlAs(001) Superlattices
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The quasiparticle band energies for 1 x1 and 2x2 GaAs/AlAs(001) superlattices have been calculated
from first principles using a self-energy approach. Both superlattices have indirect band gaps. The pseu-
dodirect gaps at the zone center derived from folding of the Brillouin zone are larger than the direct
gaps. The calculated results explain the various experimental data quantitatively. Matrix elements for
optical transitions near the zone center show significant anisotropy. The effects of disorder on the ob-

served spectra are discussed.

PACS numbers: 78.65.Fa, 73.20.Dx, 73.40.Kp

It has recently become possible to grow ultrathin su-
perlattices (GaAs),(AlAs),, in the (001) orientation
which exhibit a degree of crystalline order and small in-
terlayer diffusion.! Total-energy studies indicate that
the superlattices are metastable.? Although superlattices
with n,m = 5 are well understood, the limit of n,m— 1
poses special challenges. The repeat distance of a few
monolayers is too short for the commonly used
envelope-function approach, from which much of our in-
tuition about the electronic structure of superlattices is
derived, to be valid. However, traditional band-structure
techniques can be used for calculating the electronic
structure of these systems. Since new features such as
Brillouin-zone folding are expected to make these new
materials different from thick-layer superlattices, there is
considerable theoretical and experimental interest in
their electronic structure.3™!* Despite intense scrutiny,
the order of the low-lying conduction-band valleys in
these ultrathin superlattices remains controversial:
Theoretical calculations disagree and experimentally it is
difficult to disentangle intrinsic behavior from the effects
of disorder.

Electronic-structure calculations for these materials
have been done in the past using the local-density-
functional approach (LDA).3>~® A significant difficulty
with the previous calculations is that the LDA, although
parameter free, does not correctly predict excited-state
properties such as band dispersions and energy gaps in
semiconductors. Many-body correlations arising from
the electron-electron interaction must be explicitly taken
into account. Here we use a first-principles self-energy
approach!’ to determine the 1x1 (n=m=1) and 2x2
GaAs/AlAs(001) superlattice band structures and we
resolve the outstanding controversy surrounding the or-
der of the conduction bands. The present self-energy ap-
proach has proven accurate in application to bulk semi-
conductors where the calculated gaps in the quasiparticle
spectrum typically agree with experiment to an accuracy
of about 0.1 eV !>"!7 and has been applied to Si/Ge
strained-layer superlattices.'® We find here that the ideal
1x1 case clearly has an indirect band gap and that

furthermore, the pseudodirect gap at the zone center
(derived from a zone-folded X, state) is larger than the
true direct gap. The 2X2 superlattice shows a similar
energy ordering, although the separation is smaller. This
contrasts with predictions of envelope-function approach
and shows that the bands in these materials are dominat-
ed by atomic-scale interactions. The results presented
provide a reference point for understanding the electron-
ic structure of the ideal ultrathin superlattices and a
basis for studying the effects of disorder, transport prop-
erties, and optical properties.

The quasiparticle self-energy approach used in the
present study was described in detail previously'>!” and
further details will be presented elsewhere.!® Briefly, the
lattice constant of GaAs (ag=5.6523 A) is used together
with an ideal GaAs/AlAs(001) structure. The slight ex-
perimental lattice mismatch, ignored here, is not expect-
ed to affect the band structure significantly.” The
ground-state charge density is calculated fully self-
consistently within the LDA. The eigenvalues and wave
functions which enter the self-energy calculation are
based on a plane-wave expansion with a 16-Ry cutoff en-
ergy. The calculated self-energy accounts for the
valence-valence part of the electron-electron interaction.
The effects of core-valence exchange must also be con-
sidered. These relatively small and short-range effects
are estimated for the superlattices from the differences
between the experimental data and present quasiparticle
values for bulk GaAs and AlAs. We estimate the final
uncertainty in our calculated energy gaps to be about 0.1
ev.

The appropriate Brillouin zone for the 1x1 superlat-
tice is illustrated in the inset of Fig. 1(a), as it is folded
down from the bulk zone. One can see that T for the su-
perlattice contains both the I' and a folded X;; the M
contains X, and X,; the R contains the two L points of
the bulk zone. Similarly, for the 2% 2 lattice, T includes
T, X,, and two A($) points; M has X, , plus W points;
the bulk L points are mapped to X. The 1x1 and 2x2
lattices have different space groups.>!3 This gives rise to
an even-odd change in symmetry for zone-folded states.
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FIG. 1. Calculated quasiparticle band structure for (a) 1x1
and (b) 2x2 superlattices in the near gap region (excluding
spin-orbit splittings). Inset: folded Brillouin zone for the 1x1
superlattice.

The calculated quasiparticle band structures for the
ultrathin superlattices are shown in Fig. 1. The impor-
tant conduction-band energies relative to the valence-
band edge (including the spin-orbit splitting) are collect-
ed in Table I together with results from two other recent
band-structure calculations.>* For reference, the vir-
tual-crystal approximation (VCA) to the band structure
of the Alg sGag sAs alloy is also included (defined here as
the arithmetic average of the relevant bulk energy lev-
els). Several features of our results are important. For
the 1x1 superlattice (designations in parentheses indi-
cate the corresponding bulk states) we note the follow-
ing: (1) The conduction-band minimum is R;. (L.) so
this material has an indirect gap; (2) the T'j. ([';.) state
is lower than the zone-folded T4, (X .) state; (3) these
two T states have different symmetry and hence do not
mix; (4) the transverse Ms. (X, x,) state is lower than
the zone-folded T's. (X)) state. For the 2x2 superlat-
tice: (1) The conduction-band minimum is at M,
(X\c,xy) so this material also has an indirect gap, al-
though the separation from the T, is sufficiently small to
render this conclusion uncertain; (2) the Iy (I').) state
is still lower than the zone-folded I';. (X, .) state; (3)
these two I states have the same symmetry allowing the
zone-folded state to mix with the I'-derived state; (4) the
L-derived X . is now higher than the ;. and M, states.

The indirect gap derives from a novel feature of these
superlattices. A pair of equivalent bulk zone-edge states
fold (Fig. 1) onto the superlattice M (namely, X, and
X,) and R (X) (namely, L points from % z). These de-
generate pairs respond differently to the superlattice po-

1496

TABLE 1. Quasiparticle energies for selected conduction-
band states referenced to the top of the valence band for 1x1
and 2x2 superlattices and for the AlpsGaosAs alloy in the
virtual-crystal approximation (VCA) in eV. The LDA
(corrected) results from the indicated calculations are included
for comparison.

1x1 l:]c 1:4,: Ric A_lfc
Present 2.11 2.23 1.85 2.13
wZz* 2.18 2.17 1.88 2.10
GCC® 1.93 1.99 1.69 .

2x2 e Tic Xic M.
Present 2.18 2.23 2.34 2.16
wZz* 2.23 2.02 2.35 2.06
GCcC? 2.03 1.85 e e

VCA Tic ch,z Ly, Xl"v"}’
Present 2.32 2.13 2.32 2.13

2 Reference 3. b Reference 4.

tential depending on the superlattice period (and hence
the space group). These states have been designated as
“segregating” states by Wei and Zunger.? A real-space
picture is given in Ref. 19. Briefly, for » odd in the nxn
superlattice, the X.-derived states stick together form-
ing the Ms. doublet while the X3.-derived and L .-
derived states split. The latter yield the low-lying R,
conduction-band minimum for the 1% 1 superlattice. For
n even, the situation is reversed. The effect is less pro-
nounced, the splitting being due to a first neighbor rather
than an on-site difference in potential. Nonetheless, this
contributes to the indirect conduction-band minimum for
the 2x2 superlattice (M,.). Note that these oscillations
lead to conduction-band energies (e.g., R;.) quite dif-
ferent from the VCA prediction for the disordered
Alp sGap sAs alloy. However, the average position of the
relevant doublet (e.g., R;. and Ry.) is almost identical
to the VCA result.

In contrast to the predictions of the envelope approxi-
mation as applied to larger-period superlattices, we find
that the direct (I'j.-derived) gap is smaller than the
pseudodirect (X, .-derived) gap and the direct gap is
larger in the 2% 2 case than in the 1x1 case. The I'y.-
derived state falls considerably lower than the VCA pre-
diction for the alloy. This is a consequence of an
atomic-scale localization effect (to be distinguished from
confinement usually associated with thicker quantum-
well systems). The more repulsive Al pseudopotentials
push the charge of this excited state into the GaAs re-
gion. The effect is largest for this I'-derived state which
is predominantly antibonding s like on the cation site and
much smaller for the interstitial X-derived states. About
65% of the T'j. superlattice state is localized in the GaAs
region. Since this localization is atomic in nature, it may
be the cause of the large bowing effect for the I'j. state
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(0.1-0.15 eV) observed in alloys.2°

Another contribution to the order of levels at I in the
superlattices is level repulsion (between T'y. and T, in
the 1x1 superlattice and between I";. and the I'-derived
T, in the 2x2 case). There is also a difference in the
many-body correction for the I'- and X,-derived states.
Another interesting consequence is that the X,,-derived
states (e.g., Ms.) are lower in energy than the X,-
derived state (e.g., T'4.). This is also in contrast to the
predictions of the envelope approximation for longer-
period superlattices where the smaller mass for the X,,-
derived states along the z axis should push them higher.

Some previous calculations based on the LDA includ-
ed empirical corrections to obtain band gaps of approxi-
mately the correct size (Table I).>* In most cases, they
give the I'-derived '), state above the X lc,z-derived
state, in contrast to the present calculation. This is part-
ly because the many-body corrections used to correct the
LDA calculations are empirically derived while the
present calculation takes into account the wave functions
of the superlattice directly in calculating the self-energy
operator. The other reason for the discrepancy is basis-
set completeness. We find that if fewer plane waves
(corresponding to a cutoff of 12 Ry) are used, the order
of the I'- and X,-derived states switches in the 2x2 su-
perlattice. It is crucial to use a complete basis here be-
cause the mixing between these two states is quite deli-
cate.

We now compare our band structure for the ideal ul-
trathin superlattices to available experimental data.
First consider the direct gap. For the 1x1 lattice, a re-
cent ellipsometry measurement gives Eo=2.07 eV at
room temperature.® The position of the strong peak in
resonant Raman scattering at room temperature ranges
from 2.006 (Ref. 8) to 2.108 eV (Ref. 7) and a low-
temperature position of 2.095 eV (Ref. 14) has been
measured. In a luminescence experiment® performed at
2 K, the excitation threshold corresponding to the direct
transition is determined to be 2.214 eV. Allowing for
finite-temperature effects, the direct gap at zero temper-
ature for the 1x 1 superlattice is between 2.1 and 2.2 eV
as compared to our calculated E¢=2.11 eV. The direct
gap for the 2x2 superlattice is well 'determined experi-
mentally*®!114 to be 2.14-2.19 eV (2.08 eV) at zero
(room) temperature in good agreement with our calcu-
lated E¢=2.18 eV. Data for indirect transitions come
mainly from low-temperature photoluminescence experi-
ments. These range from 1.89 to 2.05 eV for the 1x1
superlattice"'*!! and from 1.97 to 2.07 eV for the 2x2
case.'>!! We assign these transitions for the 1% 1 super-
lattice to the indirect transition to R (1.85 eV). The cal-
culated minimum gap at M for the 2% 2 lattice (2.16 eV)
is larger than the experimental range (1.97 to 2.07 eV).

In order for the zone-folded conduction states at I to
play a significant role in the optical properties of the su-
perlattice, they must be connected to the valence-band
edge states by dipole-allowed transitions. This comes

about due to mixing with the I'-derived states through
the superlattice potential. We have calculated the
relevant matrix elements, |{y;|p|y,)|? for transitions
from the upper valence bands to the lower conduction
bands near the zone center.?! These results are summa-
rized in Fig. 2(b) for transitions from the I's,-derived
valence band in the 1x1 case. The lower of the zone-
folded states (Is.) does not mix with the I'-derived I'j.
by symmetry so the matrix element is essentially zero.
The second zone-folded state has a significant oscillator
strength. The situation reverses for the 2 X 2 superlattice.
However, the matrix element is further reduced by the
spatial separation of the electrons and holes, being about
0.01 a.u. (compared to 0.25 a.u. for the I'j.-derived lev-
el). Moving away from the zone center, there is a sig-
nificant anisotropy in the matrix elements which derives
from the anticrossing behavior in the k, direction which
is illustrated in Fig. 2(a). As the anticrossing is ap-
proached, the T'j.- and T'4.-derived bands exhibit strong
mixing. The oscillator strength is transferred from the
lower to the upper band. In the perpendicular direction,
where no avoided crossing occurs, the oscillator strength
for the I"\.-derived band drops smoothly and the zone-
folded band has very little oscillator strength.

The band structure presented here for the ultrathin su-
perlattices is appropriate for the perfectly ordered case.
In real samples, there will be reduced order caused by
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FIG. 2. Calculated (a) quasiparticle conduction-band ener-
gies, and (b) optical matrix elements squared, near the zone
center for the 1% 1 superlattice.

1497



VOLUME 63, NUMBER 14

PHYSICAL REVIEW LETTERS

2 OCTOBER 1989

interdiffusion and possible inhomogeneities in layer
thickness. Our calculations form a basis for discussing
such effects. We consider two examples here. First, the
position of the measured luminescence peak for the 2x2
superlattice is considerably below the minimum band-
to-band transition in our calculation. This could easily
arise from an imperfection in the growing process, e.g.,
the local excess of Ga or Al ions creating 3% 1 and 1x3
regions. The direct gap for an ideal 3% 1 superlattice is
calculated to be 1.87 eV which is much smaller than the
calculated gap for the 2x2 lattice. Since luminescence
generally yields the lowest-energy recombination chan-
nel, even if these 3% 1 structures only form local defects,
the associated recombination energy will be bounded by
this 1.87 eV. Although the probability of forming rela-
tively large local lattices is very low, the transition-
matrix elements for direct transitions are much larger
than those for indirect transitions. Second, claims for
observation of the pseudodirect transitions must be criti-
cally reevaluated. For well-ordered samples, the pseudo-
direct gap is larger than the direct gap and hence does
not contribute to the luminescence. Furthermore, in the
1x1 case, the pseudodirect transitions only have sig-
nificant dipole matrix elements away from the zone
center near the avoided crossing. The zone-center transi-
tion is only weakly dipole allowed in the 2X2 case.
However, the discussion above makes it clear that the
energy separation between the direct and pseudodirect
gaps is sensitive to disorder. In the alloy, the order of
the levels is reversed from the superlattices (Table I).
Hence, the degree of disorder will be very important in
tuning the separation between direct and pseudodirect
transition energies, and even their order, as well as the
degree of resonant mixing which will control the relative
oscillator strength: e.g., the separation and relative
strength of the peaks in recent resonant Raman experi-
ments.'* This illustrates that unambiguous experimental
identification of the pseudodirect transitions is quite
difficult.
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