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Boundary conditions in multiband k-p models: A tight-binding test
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A quantitative comparison between differektp calculations of valence-band states in quantum-
confinement semiconductor heterostructures is presented. The importance of using appropriate boundary con-
ditions to match the envelope functions across abrupt heterointerfaces is addressed quantitatively using an
improved tight-binding model to discriminate between existing models. The relevance of the present results to
the design of optoelectronic devices is discus$860163-18209)11015-4

The envelope-function approximatiofEFA) is widely  wheref (z) are the z-dependent components of the envelope
employed in the design of semiconductor heterostructureg,nciion andi . (2) is the effective-mass operator. As far as
because of its straightforward applicability and its limited ~
computational effort:> The fundamental assumptions on
which it is founded and the exact knowledge of the limits o
its applicability have always been a matter of considerable R
debate€’~° One of the main problems is the choice of appro-  Heg(2)= X, v 8(2)k.katks X, v2o(2)ks
priate boundary conditions to match the envelope functions @p#3 p#3
across semiconductor heterointerfaces.

valence-band states are consideregd (z) can be explicitly
fwritten a8

In most cases the EFA is implemented as an effective- + 2 ka7§3(2)k3+k3’}/§§,(2)k3+gssr(Z).
mass equation for the whole heterostructure, which also a%3
holds across abrupt interfaces. Away from them, equations 2

reduce to the usual bulk form. This description was origi- . .
nally based on heuristic argumeRt®-23but was formalized Wave-vector components have the following notatidn:

into an exact envelope-function theory by Burt about a de=ky, ky=ky, kg=—iV,. y;'f(z) are coefficients of the ki-
cade agd:* Envelope-function components are continuousnetic tensor and reflect the band-structure properties of the
everywhere and boundary conditions for their derivatives camulk material atz. Matrix elementssy(z) represent the po-
be obtained by integration of the effective-mass equationential part of the Hamiltonian describing the band-edge pro-
across the heterointerfat®The interface connection rules file and possible strain effectfy(z) are continuous whereas
thus depend on the explicit form of the Hamiltonian opera-the matching conditions for their first derivatives are ob-
tor. Different forms were consideré&!®*’the most widely  tained by integrating the effective-mass equation across ev-
used being based on the symmetrization of the bulk Hamilery heterointerface. This procedure leads to the following
tonian as discussed in the following. Correct guidelines forcontinuity relation for an interface at=0:
the derivation of thek-p heterostructure Hamiltonian were
given by Burt in®# Following these lines Foreman has de- D
rived a three-band effective-mass Hamiltonian for the va-
lence band which has been shown to provide more plausible
results compared to the more widely used symmetrized _ 3 33, .7
model'**®However, a clear quantitative test of the accuracy B SE ( [;3 Yee(©Kgt 755'(E)k3) for(e). ©)
of Foreman’s model is still lacking.

This issue is addressed in the present paper with the aid of We note that this boundary condition fulfills the require-
a recently developed tight-bindin@B) model. We focus on  ment of current conservation, as discussed in Ref. 4.
the case of IlI-V heterostructures with barrier and well ma- As mentioned above, the most widespread approach in
terials with different effective-mass parameters. We showderiving the heterostructure effective-mass operator is based

that Foreman's Hamiltonian always leads to energy(p the simple substitution dé;(=k,) with ks in the bulk
dispersion relations in good agreement with TB calculationsyyamiitonian. That is done after a preliminary symmetriza-

while the “symmetrized” Hamiltonian does not. We also {ion with respect td, i.e., terms liken(z)ks are replaced by
discuss the implications of the present results to the design of

heterostructures relevant to device applications. (L2 7(2)ks+ken(2)], while 7(2)k3 is rewritten as

For a semiconductor heterostructure under external field%3 7(2) kg.z’“'lzThis procedurdwhich is not the only option
depending o1z only (we takez as the growth axisthe multi-  ensuring the hermiticity of the effective-mass oper&td is

(ﬁ; Y (— kgt y§§,<_e)k3)fs,(_e)
SI

band effective-mass equation takes the general form: equivalent to assume’s = y2% in Eq. (2). The arbitraryness
of this assumption has important implications on the bound-
> ﬁss,(z)fs,(z):Efs(z), (1)  ary conditions and can cause significant inaccuracies in the
s’ calculation of quantized electronic states. As a direct conse-
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qguence spectral functior(such as density of states, optical O
gain, etc) in low-dimensional structures can be poorly de-
scribed within the EFA if this “symmetrized” model is __ 50
adopted. ]

We consider this problem quantitatively for the case of ﬁ; -100
valence-band states in 1lI-V heterostructures. We refer to &
three-bandk-p models including heavy-hole, light-hole, and 8 _150
spin-orbit split-off bands. For simplicity we restrict our dis-
cussion to single-quantum-well heterostructures. We want to 200 & %,
compare the results obtained using the most common ap- e b LESRE
proach described above with those given by a “nonsymme- [100] [110]
trized” model in which the effective-mass coefficienygﬁ In-plane Wave Vector (nm-!)

in Eq. .(2) have been. derived from perturbation theory with FIG. 1. Valence band structure of a 17 molecular-layer-thick
no arbitrary assump_thr(seg Ref. 18 .In bulk mate_”als’ the . GaAs/AlAs quantum well grown on Gaf@01). Calculated in-
two models are indistinguishable with the kinetic tensor iNplane dispersion relations alofig00] and[110] are shown in the
Eq. (2), reducing to the &6 Luttinger-Kohn form'® In et and right part of the figure, respectively. Energy is refered to the
guantum heterostructures, the two models give identical reébulk valence-band edge of the quantum-well material. Solid
sults at the Brillouin-zone center but different in-plane dis-(dashedllines are obtained with the “nonsymmetrized*symme-
persion relations. This stems from a difference in the resulttrized”) three-bandk-p model described in the text. Tight-binding
ing boundary conditions on the first derivative of the (TB) results are represented by filled circles. Effective-mass param-
envelope-function components. In particular, the nsymme_eters enterinQ(-p models were chosen in order to ensure the best
trized” model overestimates the coupling between Subbandggreeme_nt with TB results for the bulk valence-band structure of
of different character, which is represented by the off-1"€ costituent materials. In particular, we sgt=7.05, y,=2.0,

. - 13 and y3=3.0 for GaAs andy;=3.88, y,=0.69, andy;=1.46 for
diagonal terms in E3).™ It can be noted that the larger the AlAs. A valence-band offset of 0.5 eV was assumed in these cal-
difference between the effective-mass parameters of the be\EDlaﬁons. '
rier and the well, the stronger is this coupling, and therefore
the disagreement between the results of the two models.

In order to test their accuracy we performed band- o ) _
structure calculations within the TB approximation using ar€sults: this is a direct evidence of why such a model was
40-band empiricabp®d®s* nearest-neighbor model that in- used so widely and successfully in this material system.
cludes spin-orbit coupling® This TB model adequately re- In the following figures we show that this scenario dras-
produces measured effective masses, interband transition efitally changes when barrier and well materials with more
ergies, and deformation potentials of 11l-V semiconductorsdissimilar effective-mass parameters are considered. Figure 2
and provides a precise description of electronic states ishows the in-plane dispersion relation for the valence sub-
short-period superlattices and quantum wéli&: bands of a strained 5.1-nm thick GaSb/AISb QW grown on

In order to ensure a meaningful comparison, bulk-materiaAISb(001). The biaxial tensile strain in the QW material
parameters used in bothp models(i.e., Luttinger param- arises from the lattice mismatcb.65% between GaSb and
eters, split-off energy, deformation potentjaisere set by  AISb, and splits the degeneracy between the light-hole and
fitting the TB bulk-band structures. heavy-hole bulk-band edges pushing the latter below the

Figure 1 shows our calculations for the valence-bandormer. As a result of the combined effect of strain and quan-
structure of a 4.8-nm thick GaAs/AlAs single quantum well tym confinement, the first two subbands are nearly degener-
(QW) grown on a GaAK0]) substrate. The in-plane disper- ate at the Brillouin-zone center and strongly coupled at rela-
sion refation along botp100] and[110] directions is shown  tjyely small nonzerdk vectors due to the off-diagonal terms
for the uppermost subbands. Solid and dashed lines refer {g Eq. (3). Under these conditions large discrepancies be-

the “nonsymmetrized” and “symmetrized” model, respec- y\een the twk-p models emerge, especially with regard to
tively, while the results of TB calculations are represented by, ground subband. As shown if Fig. 2, the “symmetrized”

filled circles (note that Spin dggeneracy is lifted in TB SUb'. model yields a more pronounced electronlike character at the
bands by the lack of inversion symmetry of the host unit .~ . . o
T : Brillouin-zone center and a valence-band maximum signifi-
cells, which is instead neglected in the predepimodel$?). . :
As expected, the two sets &fp subbands coincide at the cant‘I‘y higher (VZQ mf—‘:-V) In energy. Instead, the results .Of
Brillouin-zone center. They do not show pronounced dis-the nonsymmetnzed model are in good agreement with
crepancies at nonzero in-plakevectors. This follows from 8 ca!cglatlons over .the Wholkevegtor range shown.
the rather small difference between the effective-mass pa- A Similar situation is presented in Fig. 3 for the case of a
rameters of GaAs and AlAs. The “nonsymmetrized” model, t€nsily strained 5.7-nm thick §:Ga sAS/INP QW grown
however, is seen to give the best agreement with TB result®n INRO0D. There is much technological interest on
In particular, a very good consistency over the whole rangdno.4dGa s/AS/INP heterostructures owing to their many op-
of k vectors shown is found for the ground subband. Thetoelectronics applications. By varying In content above or
latter is often the most important one in determining thebelow the lattice-matching valug3%) either compressive
measured heterostructure properties. Indeed the “symmer tensile deformation, respectively, can be induced in
trized” model leads to fairly small deviations from the TB pseudomorphic gyGa sAs QW’s. This additional degree
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FIG. 2. Valence band structure of a 17 molecular-layer-thick FIG. 3. Valence-band structure of a 20 molecular-layer-thick
GaSb/AISb tensily strained quantum well lattice matched oning ,4Ga, 57/AS/INP tensily strained quantum well lattice-matched on
AISb(001): Calculated in-plane dispersion relations algrip0] InP(002). Calculated in-plane dispersion relations al¢d§0] and
and[ 110] are shown in the left and right part of the figure, respec-[ 110] are shown in the left and right part of the figure, respectively.
tively. Energy is refered to the bulk valence-band edge of theEnergy is refered to the bulk valence-band edge of the quantum-
guantum-well-material. Soliddashedl lines are obtained with the well material. Solid(dashegl lines are obtained with the “nonsym-
“nonsymmetrized” (“symmetrized”) three-bandk-p model de- metrized” (“symmetrized”) three-bandk-p model described in the
scribed in the text. Tight-bindingTB) results are represented by text. Tight-binding(TB) results are represented by filled circles.
filled circles. Effective-mass parameters enteriag models were  Effective-mass parameters enterikgp models were chosen in or-
chosen in order to ensure the best agreement with TB results for theer to ensure the best agreement with TB results for the bulk
bulk valence-band structure of the costituent materials. In particuvalence-band structure of the costituent materials. In particular, we
lar, we sety;=12.0, y,=4.0, and y;=5.3 for GaSb andy; set y;=10.2, y,=3.60, andy;=4.55 for In,GasAs and vy,
=5.4, y,=1.14, andy;=2.22 for AISh. The valence-band offset =6.25, y,=1.87, andy;=2.65 for InP. The value of the valence-
value between unstrained GaSb and AISb was taken at 0.4 eV. band offset between unstraineg lgGa sAs and InP was taken at

0.32 eV.

of freedom has proved very useful to improve the perfor-

mance of a variety of devicé$-2’ Our results shown in Fig. persion relation. The “nonsymmetrized” approach does not

3 point at the importance of using an appropriktp model  exhibit this unphysical behavior and, as shown in Figs. 2 and

to accurately design quantum-heterostructure devices in thg accurate results can be obtained without explicitly includ-

Ing.4dGa s ASP material system. TB calculations demostrateing the conduction band.

that the “nonsymmetrized” model is the valid option. In conclusion, we have analyzed the role of boundary
We should like to compare our results with those obtainedronditions in the calculation of the valence-band structure of

by Yamanakaet al?® for very similar material systems. Single QW's within the EFA. Two three-barkip models

These authors pointed at some anomalies in the in-plane di¥/€re considered: the most commonly used “symmetrized

persion relation of valence states calculated with 44 Model and a “nonsymmetrized” one resulting from a rigor-

symmetrized model. Such anomalies were linked to the corQus derivation of the Hamiltonian operator. The direct com-

tinuity requirement on the envelope functions. AlternativePa'son with a recently developed TB approach allowed us to

connection rules were therefore proposed to handle interq|scr|m|nate in favor of the latter, which was shown to yield

faces between materials of substantially different effective €liable results also when barrier and well materials have

very dissimilar effective-mass parameters. Finally, we have
mass parameters. Our results, on the contrary, show on = P y

guantitative base that the usual approach to boundary Concﬁ_mphasmed the relevance of the model discrepancies in the
tions is appropriate also in the case of different material page5|gn of devices such as those based gndBey sAs/INP
rameters provided the correct form of the Hamiltonian op—and GaSb/AISb quantum heterostructures.
erator is employed.

A recent paper by Menegt al® showed that the inclu- We acknowledge L. C. Andreani, V. Pellegrini, and G. La
sion of the lowest conduction band in symmetrized Hamilto-Rocca, for valuable discussions. This paper was supported in
nians can lead to anomalous deviations in the calculated digpart by INTAS under Project No. 94-1172.
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