Self-consistent electronic structure method for broken-gap
superlattices

T. Andlauer, T. Zibold, and P. Vogl
Walter Schottky Institut, Technische Universitat Miinchen, 85748 Garching, Germany

ABSTRACT

We present a novel charge self-consistent eight-band k-p envelope function method for the calculation of the
electronic structure of type-II broken-gap heterostructures. Standard multiband k-p approaches fail to yield
the correct occupation of electronic states in broken-gap heterostructures, because the strong hybridization of
conduction band and valence band states is incompatible with the separate occupation of electron and hole states
that is common to envelope function approaches. In our method, we occupy all included subbands with electrons
according to the Fermi statistics and subsequently subtract a positive background ionic charge that guarantees
charge neutrality. With this procedure, we have calculated local charge densities and subband dispersions of
periodically n and p doped GaAs layers as well as effective band gaps of intrinsic InAs/GaSb superlattices.

Keywords: Electronic structure, type-II heterostructures, broken-gap

1. INTRODUCTION

The recent fabrication of high quality and high mobility antimonide heterostructures has revived the interest in
this material class since their widely tunable electronic structure and optical properties offer many optoelectronic
and electronic applications.! In combination with arsenide materials, antimonides can form type-II heterostruc-
tures with a broken gap. These types of heterostructures are particularly promising candidates for infrared lasers
and infrared detectors. Unfortunately, mesoscopic quantum well systems with broken gaps are difficult to deal
with in terms of standard theoretical band structure techniques such as effective mass theory. Once there is
no gap, the chemical potential must be determined explicitly. However, standard effective mass theory tacitly
assumes that electron and hole states are well separated from each other and can be occupied independently.
Consequently, only few theoretical approaches have been developed so far to predict the electronic structure of
nanostructures with broken gaps.?

In this paper, we present a novel electronic structure scheme for broken-gap materials that maintains the
efficiency of a continuum approach yet does not depend on a separation into negatively charged electron and
positively charged hole states. The key point in our approach is to remain in the electron framework throughout.
The efficiency and accuracy of the method is illustrated by investigating GaAs doping superlattices. Furthermore,
we predict subband energies of intrinsic InAs/GaSb superlattices as a function of the layer thickness in a regime
where the superlattices exhibit a strong hybridization between electron-like and hole-like subband states near
the Fermi energy.

The paper is organized as follows. In Sec. 2, we develop a charge self-consistent k-p envelope function method
that is applicable to broken gap situations and compare it to the standard method. We assess this method in
Sec. 3 by applying it to doping superlattices, where the spatial band gap can be tuned from positive to negative
values simply by varying the doping concentrations. In Sec. 4, we apply our method to InAs/GaSb superlattices.
Here, we focus on the critical regime where charge transfer between the individual layers takes place. Finally,
the paper is summarized in Sec. 5.
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2. MULTIBAND ENVELOPE FUNCTION METHOD

Broken-gap heterostructures are characterized by the lowest conduction band in one material layer to fall below
the top valence band in an adjacent layer. This leads to a pronounced coupling of bands that needs to be
taken into account properly if one wishes to calculate the electronic structure of such systems. Specifically, we
consider multi-quantum well systems that consist of homogeneous layers laterally but may not be translation
invariant along the growth axis z. Our approach is based on the eight-band k-p envelope function method.!013
We represent the Hamiltonian in Fourier space with wave vectors k| for the lateral directions and in terms of a
discrete real space basis embracing N grid nodes with grid spacing A along the z-axis. The detailed Hamiltonian
has been given in Ref. 14 and the method has been implemented in the freely available simulation package
nextnano.'® Strain effects are incorporated into the Hamiltonian via linear band edge deformation potentials,
and all material parameters have been taken from Ref. 16. The Schrodinger equation can be written schematically
in the form

S TH (2, X)) v (k) = B (k) ¥ (2,k)) (r,n=1.8, i =1.8N). (1)

The Hamiltonian H has been patched up from the bulk k-p Hamiltonians Hy of each constituent material by
substituting k, — —id/0z, which leads to the heterostructure Hamiltonian

H (2, k) = Hi‘ita/az,k” (2) — e (2) Oy (2)
The indices v, p run over the two conduction and six valence bands. The eigenfunction \I'EV) is the v-th component
of the i-th subband envelope function. The remaining wave vectors are restricted to the two-dimensional Brillouin

zone {dpz in the reciprocal k|| space. In order to take into account the spatial charge distribution, the general
8N dimensional Hamiltonian is augmented by the electrostatic potential ¢ (z) which obeys the Poisson equation

z
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Here, € denotes the dielectric constant. Since the total charge density piota1 depends on the eigenstates resulting
from the Schrodinger equation, both differential equations have to be solved in a self-consistent manner. The
total charge density can be written in the form

prow (2) = p(2) = N (2) + Np (2), (4)

as it consists of the free carrier charge density p(z) and the densities N (z) and Nj) (2) of ionized acceptors
and donors, respectively. Within the standard envelope function approach (EFA), the free carrier charge density
p = pEFA is simply given by

pEFA (2) = € [—nEra (2) + pEra (2)], (5)
and is based on the assumption that the density of electrons in the conduction bands
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and holes in the valence bands
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can be evaluated separately. The sums in these equations run over the energetically ordered subbands of the
Hamiltonian and it is assumed that the first 6NV subbands are valence band states and the remaining 2N subbands
describe conduction bands. In addition, f (F) is the Fermi function and the probability densities for a given
subband 7 in an eight-band model are given by
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If there is no global gap, however, it is not possible in general to decide if a specific eigenstate has to be occupied
by an electron or by a hole since the conduction- and valence bands get coupled in a complicated way.

We have developed a novel method for the calculation of the free carrier charge density in multiband k-p mod-
els that accounts for the problem of overlapping bands and may be called full-band envelope function approach
(FB-EFA).'7 Rather than classifying the eigenstates into electron-like or hole-like, we occupy all eigenstates of
the Hamiltonian H in Eq. (1) with electrons according to the Fermi-Dirac statistics. In addition, we subtract
an appropriately calculated positive background ionic charge that guarantees charge neutrality. Thus, in this
approach the charge density p = prp_gra is given by

PFB—EFA (2) = €[—Ntull—band (2) + pbg (2)] 9)

where ng—pand (2) is the density of electrons from all occupied bands,

8N 1 9
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Note that the sum over ¢ now runs over all 8N subbands of the Hamiltonian. In order to guarantee the electrical
neutrality of the entire device, we must subtract the positive ionic core charge density,

Opz
pog (2) GN(%)Q X (11)
from the electron charge density. This density corresponds to the charge of 6N fully occupied valence subbands,
and is assumed to be homogeneously distributed. The two-dimensional Brillouin zone area is given in terms of
the lattice constant by Qg7 = 872/a?. Since we consider a discrete z-space, the norm of any subband wave
function is given by ||\Il§”)|| = 1/v/A. Correspondingly, the background charge density must be divided by the
grid spacing A. This FB-EFA concept has been adapted from charge self-consistent tight-binding theory.'®

Instead of integrating over the full Brillouin zone Qpz, we can restrict the integration to the irreducible wedge
Qrw of the Brillouin zone.'® 2% For the cubic zinc blende quantum wells that we consider in this paper, this
reduces the required numerical matrix diagonalizations by a factor of 8. Finally, there is another and even more
important aspect that grossly reduces the computational effort. The sum in Eq. (10) runs over the entire two-
dimensional Brillouin zone. Now, the calculation of all electronic states far from the zone center is not only time
consuming, these states are actually poorly represented in an effective mass approach. Fortunately, states that
deviate from the chemical potential yu by more than a few kT are either empty and therefore do not contribute
to the sum in Eq. (10) or are completely filled and can be taken into account by a corresponding adjustment
of the background charge density. For antimonide based broken-gap systems, we find that the wave vectors of
partially filled subband states lie within the inner 10% of the Brillouin zone Q. Only these kj-states must be
taken into account explicitly in Equation (10). This inner k; space is mapped onto a discrete square wave vector
lattice and the Schrédinger equation is solved for this set of discrete kj-points. Finally, we have implemented
a k-space integration scheme similar to Refs. 19,21, 22 that linearly interpolates the probability densities and
cubically interpolates the energy dispersion between the grid points in order to guarantee well converged results.
More details have been described elsewhere.!”

3. RESULTS: DOPING SUPERLATTICES

In order to assess the accuracy of the FB-EFA method, we consider a doping superlattice that consists of a
single semiconducting material with periodic regions of n and p doping, respectively.?> By varying the doping
concentrations, we can achieve a continuous transition from a positive to a negative global spatial band gap. We
will employ our FB-EFA [Eq. (9)] throughout this section, even in the case of weak doping where the material
does show a positive energy gap and can be calculated in terms of the traditional EFA [Eq. (5)] for comparison.
Concretely, we will analyze (001)-grown GaAs doping superlattices that consist of an alternating sequence of
n and p doped layers with widths of 10 nm each. For the case of a positive band gap, we choose a doping
concentration of N4 = 2.6 x 10cm ™3 and Np = 5.2 x 10®cm 3. In the opposite limit of high doping that
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Figure 1. Sketch of GaAs doping superlattice considered in this paper. The structure consists of a periodic array of
alternately n and p doped GaAs layers.
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Figure 2. GaAs doping superlattice with p and n doping concentrations of Na = 2.6 x 10'° cm™> and Np = 5.2 x 10*°
cm ™3, respectively. (a) The bulk band edges as a function of the position show a positive spatial band gap. (b) Calculated

local free carrier charge densities p obtained with the present FB-EFA [Eq. (9)] (solid line) and the traditional EFA
[Eq. (5)] (dotted line).

yields a broken gap situation, we set Ny = Np = 5.2 x 10'%cm™3. The temperature is set to T = 4 K in both
cases. A sketch of the structure is shown in Fig. 1. We have calculated the charge self-consistent density and the
band structure by iteratively solving the coupled system of the eight-band Schrédinger equation [Eq. (1)] and
the Poisson equation [Eq. (3)] until self-consistency is reached.

We begin our discussion with the case of a globally positive band gap. Fig. 2 (a) shows the band edges of
the lowest (bulk) conduction band F¢ — e¢ (z) and the top (bulk) valence band Ey — e¢ (z) at the zone center
including the electrostatic potential along the growth direction. All energies are given relative to the chemical
potential p that is indicated by the dotted black line. The minimum of the conduction band edge is larger in
energy than the maximum of the valence band edge, so that the global band gap is positive and amounts to
Eg = 0.59 eV. In this situation, one can classify the eigenstates into electron-like and hole-like, simply according
to their energetic position. Therefore, the charge density can be calculated with the present FB-EFA as well as
with the standard EFA method. These two calculated free carrier charge densities are plotted in Fig. 2 (b) and
are seen to be negative within the n-regions and zero otherwise. We note that the two densities coincide which
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Figure 3. GaAs doping superlattice with p and n doping concentrations of Ny = Np = 5.2 x 10!° em™3. (a) The
bulk band edges as a function of the position show a negative spatial band gap. (b) Calculated local charge densities
obtained with the present FB-EFA. The charge transfer between n and p doped layers is indicated in dark gray and white,
respectively. (c) Subband dispersions as a function of k| in the lateral direction in units of 27 /a, where a denotes the
lattice constant of GaAs. The insets (1)-(3) show the probability density of the eigenstate of the lowest subband above
the chemical potential £ at three different values of k; (0, 0.2, and 0.05).

confirms that FB-EFA yields the same results as EFA in situations where both methods are applicable.

We now turn to the situation of a globally negative band gap. By increasing the acceptor density, we enhance
the band bending to a point where the lowest conduction band within the n region falls energetically below
the top of the valence band within the p region. Fig. 3 (a) shows the band edges of the lowest conduction and
highest valence band including the electrostatic potential, respectively. The global band gap is now negative and
amounts to Eg = —0.24 eV. In Fig. 3 (c), we show the energy dispersions of the subbands near the chemical
potential p, as a function of the in-plane wave vector along the [010] direction. This band structure has been
calculated in terms of our FB-EFA method. It is interesting to examine the character of the subbands close to the
chemical potential. At k| = 0, the lowest subband above y can be seen from the inset (1) in Fig. 3 to be hole-like
since it is almost completely localized within the p layers. For larger values of the wave vector, |kH| > 0.04 in
units of 27 /a, however, the character of this subband becomes electron-like, as can be deduced from inset (3)
in Fig. 3 (c). For intermediate wave vectors, |k”| = 0.02, the band structure shows an anticrossing between
the two subbands closest to p that leads to a strong mixing of electron and hole states. Indeed, the probability



distribution shown in the inset (2) exhibits two distinct maxima that correspond to an almost equal localization
of that state within the n and p layers. Obviously, these states cannot be classified as electron- or hole-like and
effectively contribute to the electron as well as to the hole charge densities. Thus, it is not possible to simply
occupy some subbands according to the Fermi-Dirac statistics of electrons and others with the statistics of holes
as it is done in the standard EFA of Eq. (5).

In Fig. 3 (b), we show the free carrier charge density as calculated in terms of the FB-EFA method. We
obtain a transfer of negative charge from the p-doped layers to the n-doped layers. This charge transfer can easily
be explained by considering the character of the subbands as illustrated in Fig. 3 (c). The kj = 0 eigenstate of
the lowest subband above p originates in the valence bands (see inset (1)). Since its energy is larger than the
chemical potential, its occupation lacks electrons which in turn creates a positive charge contribution. Since the
probability density of this state is localized within the p layers, we obtain a positive charge distribution in this
layer. Analogous statements hold for all other wave vectors with k; < 0.02 - 27/a in this subband. Similarly,
the zone center eigenstates of the highest subband below pu originate from the conduction band which leads
to a negative charge distribution within the n layers. Altogether, we obtain a charge transfer of the order of
10'8 em™3. Note that it would be difficult to accurately calculate such a small charge transfer in an atomistic
approach that includes all electronic states in the Brillouin zone and therefore deals with charges of the order of
102 cm—3.

4. RESULTS: INAS/GASB SUPERLATTICES

In this section, we apply the FB-EFA to the electronic structure of InAs/GaSb type-II superlattices with a broken
gap. A crucial property of such superlattices is the effective band gap Egﬁ, i.e. the energy difference between the
lowest unoccupied (LU) and the highest occupied (HO) subband at k; = 0. We consider intrinsic InAs/GaSh
(001)-superlattices with InAs layer width w and a fixed GaSb layer width of 10 nm. The GaSb layer is assumed
to be unstrained so that the InAs layers exhibit a slight tensile strain of 0.5%. In Fig. 4 (a), we sketch the
corresponding bulk band edges of the zone center conduction band Ex(z) — e¢ (z) (dotted line) and the heavy
hole valence band Ey (z) — ed (z) (solid line) that form a type-II broken-gap band alignment with a negative
built-in band gap between the InAs and the GaSb layer. For small layer widths, carrier confinement raises the
lowest electron subband above the highest hole subband,™? as indicated in the figure. We have calculated EZ
for superlattices with InAs layer widths w ranging from 4 to 30 nm at 7' = 4 K within the FB-EFA.

The results are plotted in Fig. 4 (b) and show that the effective band gap changes non-monotonously as a
function of w. This behavior can be understood qualitatively by considering the two lowest electron-like (eg, e1)
and two highest hole-like subbands (ho, 1) close to k| = 0. With increasing InAs layer width w, the electron-like
subbands decrease in energy due to the reduction in carrier confinement. By contrast, the hole subbands do not
change their energetic position significantly, since the GaSb layer width is kept fixed. Thus, a change in w mostly
changes the relative position of the electron-like states with respect to the hole-like ones. Consequently, the states
that form the effective gap change abruptly whenever one of the e; (i = 0,1) subbands crosses a h; (j = 0,1)
subband. This is indicated in Fig. 4 (b). For the smallest layer widths, the system behaves as a conventional
semiconductor with E(eg) > E(hg). The effective band gap decreases up to w = 10 nm, where E& becomes
zero. At this point, the subbands hg and ey switch their energetic positions so that Egﬂ now increases due to
the reduction in confinement. At w = 15 nm, eg falls below the second hole subband h; so that the effective
gap is now formed by E(hg) — E(h1). Since the energetic positions of these subbands only weakly depend on
w, Egﬂ remains constant in this regime. In this manner, the trends in the effective gap can be explained. We
would like to point out that for w > 10 nm, a significant charge transfer between the InAs and GaSb layers
occurs that leads to a band bending (indicated in Fig. 4 (a)) which shifts the lowest electron and hole subbands
upwards and downwards, respectively. In addition, a charge self-consistent calculation is required to determine
the chemical potential and therefore the HO and LU subbands. This demonstrates that a consistent theoretical
model for broken-gap heterostructures is needed to predict realistic subband energies and effective band gaps.

5. SUMMARY

In summary, we have developed a novel charge self-consistent eight-band k-p envelope function method for
the calculation of the electronic structure of type-II broken-gap heterostructures. Standard multiband k-p
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Figure 4. Calculated results for InAs/GaSb superlattices. (a) Qualitative sketch of the band edges in position space with
zone center subband energies. The influence of charge transfer on the band structure is indicated schematically by the
curved band edges (gray lines). (b) Calculated effective band gaps E&' as a function of the InAs layer width w obtained
by FB-EFA. Depending on w, the effective gap is formed by different subband states that are electron-like (e;) or hole-like
(hj) at the Brillouin zone center.

approaches fail to yield the correct occupation of electronic states in broken-gap heterostructures, because the
strong hybridization of conduction band and valence band states is incompatible with the separate occupation of
electron and hole states. In the presently developed full-band envelope function approach (FB-EFA), all subbands
get occupied with electrons according to the Fermi statistics. Subsequently, a positive background ionic charge
is subtracted that guarantees charge neutrality. With this procedure, we have calculated local charge densities
and subband dispersions of GaAs doping superlattices. We show that the FB-EFA method is equivalent to the
standard EFA when applied to structures with a globally positive band gap. For negative band gaps, the FB-EFA
correctly yields the charge transfer between the n and the p doped layers. In addition, we predict effective band
gaps of intrinsic InAs/GaSb broken-gap superlattices as a function of the InAs layer width.
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