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Using the first-principles pseudopotential method we have calculated band offsets between ordered
and disordered Galng sP and between ordered Galnghd GaAs. We find valence band offsets of

0.10 and 0.27 eV for the two interfaces with the valence band maximum on ordered,@alkhP
GaAs, respectively. Using experimental band gaps these offsets indicate that the ordered/disordered
Ga 5ng 5P interface has type | band alignment and that the ordered G&aRs interface has type

Il alignment. Assuming transitivity of the band offsets, these results suggest a type | alignment
between disordered Gdng P and GaAs and a transition from type | to type Il as the GalnP side
becomes more ordered. Our calculations also show that ordered JJ&sR strong macroscopic
electric polarization. This polarization will generate electric fields in inhomogeneous samples,
strongly affecting the electronic properties of the material. 1896 American Institute of Physics.
[S0003-695(196)01620-9

Spontaneous long-range order has been observed from 0.03 to 0.39 eMtype I).1° There is even evidence for
many IlI-V pseudobinary alloysThe most common is the type Il band alignment!
CuPt type ordering that was first observed in Galbl Go- In this letter, we present calculated values for the offset
myo et al? In ordered Galnp the Ga and In atoms are lo- between fully ordered and disordered (GaysP and be-
cated on alternating layers alongHl1) direction. This cell tween ordered GalpPand GaAs. We find that the band
doubling reduces the size of the Brillouin zone in (i41) alignment in the former case is type I. This is in accord with
direction and causes the zinc-blendepoint to fold toT'. previous theoretical arguments but in disagreement with the
Interactions between the folded-instates and” states shift accepted interpretation of experimental results. We find a
the conduction band minimum downwatdand split the type Il band alignment between ordered Galrd GaAs
heavy-hole light-hole degeneracy at the valence band maxbut that the alignment changes to type | as the GalnP layer
mum. These features combine to reduce the band gap of thecomes disordered. This explains, in part, the large scatter
ordered material. They are easily observed by experimerih the measured GaAs/GalnP offsets.
and are used to measure the degree of order in the sample. In our calculations we observe a strofg16 mV/A)

Certain samples, usually multidomain with small domaininternal electric field in fully ordered GalgPWe suggest
size, do not fit this simple picture. At low temperature, a lowthat this field can explain the experimental observations
energy photoluminescencBL) peak is frequently observed without a type Il band alignment. The field is consistent with
10-20 meV below the onset of absorption as observed bthe observed pyroelectricitfand it is related to the internal
photoluminescence excitatidRLE). The exact value for the electric fields that have been predicted for strained-layer
shift is sample dependent and the peak shows a strong bl&11) superlattices® These fields are piezoelectric fields
shift with increasing excitation powérTime-resolved stud- caused by the strain in the individual layers that make up the
ies of the low energy PL peak show long nonexponentiakuperlattice. Our calculations show that the fields remain
decay times indicating spatial separation of the electrons anelven for layers of monolayer thickness.
holes*® Furthermore, experiments performed in high mag- We use the first-principles pseudopotential method
netic field§ indicate that the PL arises from band-to-bandwithin the local density approximation to calculate the super-
recombination and not from excitonic transitions. Based onattice offsets and the electric fields. The wave functions
these observations, it has been proposed that the samples arere expanded in plane waves using a kinetic-energy-cutoff
not uniformly ordered but exhibit domains of varying degreeof 20 Ry. Semirelativistic pseudopotentials generated using
of order and that the interface between ordered and disorKerker’s method and the nonlinear core correction were used
dered GalnP has a type Il alignm&hf with the valence to improve the transferability of the Ga and In potentials. For
band maximum in the disordered and the conduction banthe binaries, we calculate lattice constant of 5.40, 5.83, 5.60,
minimum in the ordered region. The type Il band alignmentand 5.62 A for GaP, InP, GaAs, and ordered GaJmBspec-
is difficult, however, to reconcile with theoretical arguments,tively. These are within 1% of the experimenta+ 0 values
which suggest a type | offsét. and, more importantly, have the right relative ratios. We

A separate class of experiments has measured the offseave assumed that ordered GalnBtains its cubic cell di-
between GalnP and GaAs. GaAs is lattice matched tanensions. The band offsets were computed from the calcu-
Gay 4dng 5P and is commonly used as a substrate. For maniated potential offsets if001) superlattices with periods of 8
device applications it is therefore important to know the bandand 16 bilayers and from the calculated band energies of the
alignment between the two materials. Various experimentsuperlattice constituents. Our pseudopotentials do not in-
have produced values for the conduction band offset ranginglude spin-orbit interaction. The spin-orbit splitting in
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FIG. 1. Planar averaged superlattice potential measured with respect to the ' o
constituents as indicated for an ordered GalnP/VCA GalnP superlattice.
Layers 0—4 are CuPt-ordered GalnP and 4-8 are disordered GalnP modeled fully A Y
using a VAC alloy. disordered ordered GaA disordered
GagslngsP  GalnP, RS GagslngsP
VBM

the valence band was therefore added using experimental

Values for the Sp|n_orb|t Spl|tt|ng and the quas|part|c|eF|G 2. Band alignment for VAC disordered GalnP, ordered GalnP, and
. s 14 . GaAs. All energies are in eV.

approximation* Disordered Ggdny sP was modeled in two

ways. The more elaborate model employed a 32 atom cell in

which the 16 Ga and In atoms were distributed according tahree ways. If the two interfaces are not identical, the offset
a special quasirandom structuf8QS construction:®> The  at theA/B interface may not equal the negative of the offset
other, simpler model, used the virtual crystal approximationat the B/A interface. Because the potential must be periodic
(VCA) in which the Ga and In pseudopotentials were re-over the superlattice unit cell, a compensating field would
placed with a single average potential. The bandgap of tharise and create a potential drop equal to the offset differ-
SQS structure was 0.35 eV largé.50 eV for VCA than  ence. Such a compensation field would, however, be the
that of the fully ordered structure. Previous calculationssame (assuming similar dielectric constantsn the two
range from 0.32 to 0.49 e¥® In estimating the conduction halves of the superlattice. A second possibility is a field
band offsets, we will use our calculated value of 0.35—caused by free-electric charges at the interfaces. This type of
which is in good agreement with a value of 0:3804 eV field can occur for instance in Ge/Gaf@01) superlattices®
recently proposed by Waeit al. as the best estimate for the where charged donor and acceptor states are created by the
band-gap chang¥. non-octet bonds at the interfaces. The homopolar 1l11-V su-
The superlattice interfaces were relaxed as follows. Theerlattices discussed here do not, however, have non-octet
various superlattice unit cell contains foiar eigh bilayers  bonds and a careful examination of the superlattice states
of the first material followed by fouteight bilayers of the  does not show any indication of donor or acceptor states. We
second material in thé001) direction. Except as noted be- are therefore left with a third alternative which is a macro-
low, the lattice parameters remained ideal. The interface arscopic electric polarization in one or both superlattice re-
ions were relaxed using atomic forces, while the positions ofions. By symmetry there can be no polarization in the GaAs

the remaining atoméwith the exception of a uniform trans- of the VCA GalnP. The polarization must therefore originate
lation of all the atoms within a superlattice layavere kept in the ordered GalnPregion.
fixed. For the GalnP/GaAs superlattices, we first formed a  We calculate a valence band offset of 0.10 eV for the
superlattice with one P interface and one As interface. Weyrdered/disordered GalnP interface using the SQS to model
relaxed this superlattice as described above. The resultingie disordered structur@®.13 eV using VCA with the va-
structure gave us cation-anion distances across the P and fghce band maximunfvBM) on ordered GalnP. For the
interfaces. These interface distances were then used to calo@aAs/ordered GalnP interface the offset is 0.27 eV with
late the appropriate lattice parameters for superlattices withBM on GaAs. We find that the type of interface atofis
two P and two As interfaces. Residual forces on the interfacer As) at the GaAs/ordered GalnP interface changes the off-
atoms as well as the residual force acting on a laper  set by less than 0.02 eV. Using the calculated valence band
interface atomwere in all cases smaller than 1Ry/a.u.  offsets and experimental gaps, we obtain the band alignment
For the GaAs/GalnP superlattice with two P interfaces, weshown in Fig. 2. That is, ordered GalnP and disordered
also allowed the cations adjacent to the interface layer t@alnP have type |, ordered GalnP and GaAs have type Il,
relax. The change in band offset was less than 2 meV and thend if we assume transitivity, disordered GalnP and GaAs
change in the electric field was zero. have type | band alignment. Assuming a quadratic depen-
The result for the ordered Galp®W'CA superlattice is dence of the conduction band offset on the ordering
shown in Fig. 1. The figure demonstrates two important charparametef, we estimate that a transition from type | to type
acteristics. First, the potential perturbation caused by the inH band alignment between partially ordered GalnP and
terface extends only a couple of monolayers around the inGaAs takes place at an ordering parameter of 0.7.
terface. Second, the smooth part in the interior of each layer We calculate an electric field in the ordered GalnP re-
is not constant but has a uniform slope. The latter indicates gion of —9 mV/A in the (001) direction. By symmetry, the
nonzero electric field in each layer. Such a field can arise it001) field must be a projection of a field along tl&12)
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direction whose strength must therefore 686 mV/A. In Similar effects would exist in ordered samples contain-
our calculation we chose the ordering vector along(ttil) ing domains with ordering vectors along thEl1l) and the
direction and assumed that the positiid.1) direction goes (111) directions. Frequently, such crystals grow with domain
from the cation to the anion. boundaries in th€110) planes which means that tk&L0) of
The origin of the electric field is similar to that the fields are oriented in opposite directions. This will again
predicted® and later confirmed?® to exist in artificially lead to fluctuating band edges and PL behavior very much
grown (111) strained-layer superlattices. Piezoelectric fieldslike that described in the previous paragraph.
generated by the strain in each layer produce a total electric Finally, we note that an interface between a large do-
field that has an oscillating component that varies from layemain of ordered GalnP and a cubic material such as GaAs
to layer and an average component. For a macroscopic swill very likely have the Fermi level pinned at one of the
perlattice, the average component must be cancelled by supand edges. If experiments such as those on band offsets fail
face charges. For a thin slice of a superlattice embedded ito take this fact into account, the results may be misinter-
another material, however, the average field may be nonzerpreted. Note also that the excess electrons or holes at the
We can calculate the piezoelectric fields in ordered GalnP interface may significantly modify the offset.
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