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Theoretical investigations of carrier transport in type-II superlattice detectors have been mostly limited to simpliﬁed semiclassical treatments, due to the computational challenges posed by quantum kinetic
approaches. For example, interband tunneling in broken-gap conﬁgurations calls for a multiband description of the electronic structure, and spatially indirect optical transitions in superlattice absorbers require
fully nonlocal carrier-photon self-energies. Moreover, a large number of iterations is needed to achieve
self-consistency between Green’s functions and self-energies in the presence of strongly localized states
not directly accessible from the contacts. We demonstrate an accurate, yet computationally feasible
nonequilibrium Green’s function model of superlattice detectors by formulating the kinetic equations in
terms of problem-matched maximally localized basis functions, numerically generated from few modes
representing the main conductive channels of the nanostructure. The contribution of all the remaining
modes is folded in an additional self-energy to ensure current conservation. Inspection of spatially and
energetically resolved single particle properties oﬀers insight into the complex nature of carrier transport
in type-II superlattice detectors, and the connection to semiclassical approaches enables the interpretation
of mobility experiments.
DOI: 10.1103/PhysRevApplied.14.014083

I. INTRODUCTION
The nearly lattice-matched 6.1 Å semiconductor family, which includes GaSb, AlSb, InAs, and their related
compounds, oﬀers a viable alternative to the state-of-theart infrared imaging technology based on bulk (Hg, Cd)Te;
see Ref. [1] for a comparative study. The tunability of
the detection wavelength over most of the technologically relevant infrared spectrum, the possibility of even
realizing diﬀerent energy-band alignments, from typeI to type-II broken-gap (misaligned, or type-III) superlattices, and the band structure ﬂexibility in controlling conduction and valence band edges independently
through adjustment of the constituent layer compositions and/or thicknesses have led to the development
of new device concepts and architectures with potentially suppressed Auger generation rates, lower dark currents, and, consequently, higher operating temperature
[1]. Whether this technology will reach its potential

*
†

francesco.bertazzi@polito.it
alberto.tibaldi@polito.it

2331-7019/20/14(1)/014083(13)

depends on technological parameters such as ShockleyRead-Hall (SRH) lifetimes, but also on the understanding of the underlying physics. Theoretical investigations based on simple band-structure arguments have
not been conclusive, probably because carrier transport in type-II superlattices (T2SLs) is not quite ﬁtting a single picture, but rather involves the combination and possibly the transition between diﬀerent mechanisms, from miniband (coherent) transport to (incoherent) sequential tunneling, or even Wannier-Stark hopping, depending on built-in and/or applied ﬁelds. A selfconsistent description of carrier transport and optical
absorption in T2SLs can be obtained by a quantum-kinetic
framework based on a nonequilibrium Green’s function
(NEGF) approach. The present implementation includes
acoustic scattering in the equipartition approximation,
inelastic polar optical scattering, and carrier-photon scattering [2–4], described by fully nonlocal self-energies
computed in the self-consistent Born approximation
(SCBA) [5].
The electronic structure of T2SLs has been described
using a variety of theoretical approaches, such as the
empirical tight-binding method [6], the empirical pseudopotential method [7], and multiband k · p models
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within the envelope function approximation [8–10]. With
the inclusion of the ﬁrst conduction band, heavy-hole,
light-hole, and spin-orbit split-oﬀ bands, the multiband
8 × 8 k · p model seems a good compromise between
accuracy and computational eﬃciency. The nonlocality of
the carrier-photon interaction, the slow convergence of
the self-consistent calculation of Green’s functions and
self-energies in the presence of strong conﬁnement [11],
and the large number of unknowns needed for spatial
resolution in realistic devices can easily lead to a staggering computational eﬀort. Moving to a mode-space basis
[12,13] is particularly advantageous in the analysis of
supercell superlattice detectors, such as graded-gap Mand W-structures, complementary barrier detectors with
superlattice absorbers surrounded by electron- and holeblocking unipolar barriers, and interband cascade IR photodetectors, in which the transport of the photogenerated
carriers is mediated by few discrete states, possibly forming a miniband, rather than through the coupling to the
continuum spectrum of the bulk layers embedding the
active region of buried junction detectors [14].
II. THEORY
Consider a system evolving under the Hamiltonian operator

Ĥ = Ĥ + Ĥep + Ĥeγ ,

(1)

where Ĥ is the exactly solvable part of the superlattice Hamiltonian that contains the lattice and the electrostatic potential, and Ĥep and Ĥeγ are the many-body
components that include carrier-phonon and carrier-photon

⎡
⎢
⎢
⎢
Hk·p (K) = ⎢
⎢
⎢
⎣

interactions, respectively. Carrier-carrier interactions are
included at the Hartree level through coupling to Poisson’s equation. Electron-electron interactions beyond the
mean-ﬁeld approximation may be considered by explicit
inclusion of dynamical screening through the GW formalism [15,16]. In general, electron-electron scattering may
change the intraband carrier dynamics by setting up a
heated Maxwellian distribution, redistributing the electron
population between subbands [17]. For example, in hotcarrier solar cells, electron-electron scattering is responsible for the fast photocarrier escape from the conﬁned
absorber states to the extended quasicontinuum states via
thermionic emission [16]. The eﬀect was observed at high
incident optical power densities, corresponding to photon ﬂuxes greater than 1019 photons/cm2 /s [18]. Since IR
detectors operate at low injection levels, with photon ﬂuxes
below 1014 photons/cm2 /s in the long-wavelength infrared
(LWIR) spectral range (the ﬁnal photon ﬂux incident on the
IR detector depends on many quantities, including temperature of the target and spectral black body curve, spectral
band and accompanying atmospheric transmission, f number of the objective, and transmission through the optics)
[19], we do not expect electron-electron scattering to play
a signiﬁcant role. As for the optical properties, the excitonic enhancement of interband transitions (electron-hole
interaction) is also negligible, since the excitonic binding
energy is small (approximately 2 meV) [9].
A. Real-space analysis
The starting point is the eight-band Pidgeon-Brown or
Enders’s k · p Hamiltonian [20]
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written in the zone-center basis
S ↑, X ↑, Y ↑, Z ↑, S ↓, X ↓, Y ↓, Z ↓,

(3)
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⎥,
⎥
⎥
⎦

(2)

where K = (kx , ky , kz ) (in the following, upper-case letters are for three-dimensional wavevectors and positions),
Eg is the fundamental gap of the unstrained material, 
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is the spin-orbit splitting, P is the interband momentum
matrix element, and the renormalized parameters Ac , L,
M , and N are obtained from the conduction band eﬀective
mass m∗c and the modiﬁed Luttinger parameters in which
the remote contribution of the conduction band has been
subtracted [21]:
Ac =

2
2P 2
P2
−
−
,
2m∗c
3Eg
3(Eg + )

(4)

L=−

2
(γ1 + 4γ2 ),
2m0

(5)

M =−

2
(γ1 − 2γ2 ),
2m0

(6)

N =−

2
6γ3 .
2m0

(7)

In principle, k · p parameters can be derived from fullBrillouin-zone band structure calculations [22], but here
we adopt the semiempirical parameter set reported in Refs.
[9,10], with band oﬀsets and bowing parameters from
Ref. [23]. InAs and GaSb are almost lattice matched,
while InAs/(In, As)Sb SLs require strain-balancing techniques [24]. Strain is included in the k · p Hamiltonian
(2) as described in Ref. [20]. In the atomic basis (3), the
spin-orbit part of the Hamiltonian is nondiagonal, but BurtForeman operator ordering can be more easily deﬁned
[21,25]. According to operator ordering, the Kane parameter N is split into two asymmetric parts, N = N+ + N−
with N− = M − 2 /(2m0 ). The splitting is shown only for
the matrix elements of Eq. (2) that are linear in kz , assuming that z is the only symmetry-broken direction. Moving
to the atomiclike basis set deﬁned in Refs. [26,27], within
the axial approximation, the bulk Hamiltonian block diagonalizes with respect to the spin components, i.e., the
8 × 8 Hamiltonian decouples into two 4 × 4 blocks, and
the energy dispersion becomes isotropic in the transverse
wavevector, which simpliﬁes the numerical integration of
the self-energies. Rewriting the bulk k · p Hamiltonian as
[28]
Hk·p (K) = H2 (k)kz2 + H1 (k)kz + H0 (k),

(8)

where k is the transverse component of K, and replacing kz
with the corresponding operator −i∂z , gives the diﬀerential
Hamiltonian operator
Hk·p (k, z) = −∂z H2 (k, z)∂z + H1L (k, z)∂z
+ ∂z H1R (k, z) + H0 (k, z).

(9)

In the envelope function approximation, the nanostructure wavefunction includes a plane wave in the transverse direction, the zone-center Bloch functions ua (R)
listed in Eq. (3), and the slowly varying envelopes ζkα (z)

that describe how the lattice-periodic functions are mixed
together at every position in the symmetry-broken direction z:
1
ψkα (R) = √ eik·r ua (R)ζkα (z).
A

(10)

Here r represents the translational invariant directions
(x, y), R = (r, z), α = (a, i) is a compound index combining indices a for band and i for space, and A is the
normalization area. Expanding the envelope functions in
ﬁrst-order Lagrange polynomials, the ﬁnite-element procedure gives the steady-state Dyson and Keldysh equations
in full matrix notation [2,3,29]
[EM − H (k) −  R (k, E)]GR (k, E) = I ,

(11a)

G≶ (k, E) = GR (k, E) ≶ (k, E)GA (k, E),

(11b)

in which a contravariant representation is used for Green’s
functions and a covariant representation for self-energies,
with the two representations being related by the overlap
matrix M . The self-energy  =  B +  eγ +  ep includes
both the boundary and the scattering self-energies [3]. The
R≶
boundary self-energies B reﬂecting the openness of the
system are obtained from the complex band structure of the
reservoirs [30].
The vibrational properties of antimonide-based SLs are
quite complex and still almost unexplored. The InAs/GaSb
system has the broken-gap type-II electronic band alignment and overlapping optical phonon spectra of the two
constituents [31,32], while the InAs/(In, As)Sb SLs system has staggered type-II electronic band alignment and
staggered overlapping optical phonon spectra [33], which
produces in both cases a wealth of possible phonon modes,
including bulklike (conﬁned in one of the two constituents
or extended in both) and interface phonon modes. The
interaction with bulklike modes is usually reduced in shortperiod SLs, but this reduction is balanced by the increasing
contribution of interface modes [34], whose properties
critically depend on technological details, such as interfacial bonding, compositional modulation, and alloy disorder
[35]. Considering the uncertainties in the phonon spectra
(as-grown SLs may signiﬁcantly diﬀer from design intentions) [35], we assume that the electrons interact with
bulk phonon modes. We will revisit this approximation
in a future work. Coupling to acoustic and polar optical
phonons is considered within the deformation potential and
the Fröhlich formalism, respectively, by means of fully
R≶
nonlocal self-energies ep computed in the self-consistent
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Born approximation [2]
≶
(k, E)]αβ =
[ep



read in full matrix notation [37,40,41]
≶
(k, E) =
eγ

|UQ |2 eiqz (zi −zj )

+ (NλQ + 1)G≶ (k, E ± ωλQ )]M γ (k, λ),
(16a)

× {M [NQ G≶ (k − q, E ∓ ωQ )
+ (NQ + 1)G≶ (k − q, E ± ωQ )]M }αβ ,
(12)
where α = (a, i) and β = (b, j ). Phonon occupation numbers NQ in the (three-dimensional) phonon wavevectors Q = (q, qz ) are computed according to Bose-Einstein
statistics. Hot phonon eﬀects are negligible, since background doping and photogenerated carrier concentrations
in IR SL absorbers are too small to drive the phonon population out of equilibrium by polar optical emission [36].
Neglecting the principal part, which just leads to energy
renormalization, the retarded component of the self-energy
reads [37]
R
[ep
(k, E)]αβ =



R
eγ
(k, E) =

+ (NλQ + 1)GR (k, E − ωλQ )
+ 12 G< (k, E − ωλQ )
− 12 G< (k, E + ωλQ )]M γ (k, λ),

+ (NQ + 1)GR (k − q, E − ωQ )

with
γ

+ 12 G< (k − q, E − ωQ )
(13)

1
∞

−

(14)

1
s


[
2 0 Vωγ

λQ

· p αβ (k)],

(17)

m0
∇K Hαβ (K).


(18)

For a monochromatic illumination of energy ωγ and light
intensity Jγ , we replace NλQ with the number of photons
Nγ = φωγ V/c̃, corresponding to the incoming ﬂux φωγ =
Jγ /(ωγ ) of photons with energy ωγ and velocity c̃.
B. Mode-space analysis

Da2
Q,
2Vρul

where ul is the longitudinal sound velocity in the material, Da = 8 eV is the deformation potential [[38], Chapter
5], ρ is the semiconductor mass density, and V is the normalization volume. Unless speciﬁed, material parameters
are from Ref. [39]. Assuming a dispersion-less longitudinal optical phonon with energy ωLO = 30 meV, Fröhlich
theory of polar optical scattering gives the interaction
strength
e2 ωLO
2V

e
m0

p αβ (k) =

According to deformation-potential scattering theory, the
scattering strength UQ due to the interaction with acoustic
modes is described by
UQ =

(16b)

where λQ is the light polarization of the photon in mode
λ and wavevector Q, and the interband momentum matrix
element is [42]

× {M [NQ GR (k − q, E + ωQ )

− q, E + ωQ )]M }αβ .

M γ (k, λ)[NλQ GR (k, E + ωλQ )

λQ

|UQ |2 eiqz (zi −zj )

1 <
G (k
2



Mαβ (k, λ) =

Q

UQ =

M γ (k, λ)[NλQ G≶ (k, E ∓ ωλQ )

λQ

Q

−



Q2

Q
,
+ q20

(15)

where s and ∞ are the static and optical dielectric
constants of the material, and q0 is the inverse of the
Debye-Hückel screening length (10 nm in all the simulations below). The electron-photon self-energy components

Inspired by the spectral decomposition of Green’s function [43], the main idea behind mode-space approaches
is to transform the kinetic equations from the original
real-space basis to a more convenient one deﬁned by
few basis functions, which should be as close as possible to the eigenstates of the nanostructure. A possible set
of problem-matched basis functions can be obtained by
selecting the eigenstates of the noninteracting Hamiltonian
Ĥ0 (i.e., without boundary and scattering self-energies)
with energies in a given energy range, representing all the
relevant conduction channels of the nanodevice. In this
representation, the number of basis functions required for
a given accuracy should be much less than in the original space, reducing the computational eﬀort signiﬁcantly.
Reduced-order models are usually limited to the coherent
limit, since the extension to the dissipative case requires
the scattering self-energies to be computed directly in the
reduced subspace. An eﬃcient implementation of scattering in mode space is based on the use of localized basis
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functions obtained by diagonalizing the position operator
in the new representation [44]. For ﬁeld-periodic structures, e.g., quantum cascade lasers, this procedure leads
to the deﬁnition of maximally localized Wannier functions
[45,46]. Since every localized basis function is associated with the corresponding eigenposition, the scattering
self-energies can be discretized directly in mode space,
by just replacing the node coordinates of the mesh with
these eigenpositions. The eﬀectiveness of any mode-space
approach obviously depends on the number of basis functions needed to accurately represent the self-energies, but
a simple projection scheme violates current conservation, even in the coherent limit, due to the incomplete
representation of the boundary self-energies [44].
In order to reduce the number of basis functions while
still satisfying conservation rules, we propose a partitioning technique in which the eigenstates of the nanostructure
are divided into two sets, a near set including the selected
basis functions, and a remote set including all the other
eigenstates. Current conservation is recovered by folding
the inﬂuence of the remote modes in an additional selfenergy, which is equivalent to the Hamiltonian-folding
procedure commonly employed in real space to include
the inﬂuence of the semi-inﬁnite contacts without actually including them in the simulation domain [4]. More in
detail, the numerical generation of problem-matched basis
functions proceeds as follows. The generalized eigenvalue
problem
H0 ψi = Ei M ψi

(20)

The solutions of Eq. (20) are classiﬁed as near or remote
according to the proximity of their respective eigenvalue Ei
to some value E0 lying in the middle of the energy range
considered. The position operator is then diagonalized in
the near and remote representations to obtain maximally
localized basis functions
Z̃αi ψαML
= zαi ψαML
,
i
i

(21)

with Z̃α = Tα M −1/2 ZM −1/2 Tα , where Z is the ﬁniteelement representation of the position operator, and Tα =
α
is the transformation matrix whose columns
{ψαi }ni=1
are the near (α = n) or remote (α = r) modes. Having
deﬁned the transformation matrix P = {Pn , Pr }, with Pα =
†

˜ R (k, E)]G̃R (k, E) = I ,
[Ã(k) − 
˜ < (k, E)G̃A (k, E),
G̃< (k, E) = G̃R (k, E)

(22a)

(22b)

where Ã = EI − H̃ , and Green’s functions and selfenergies are given by
˜ = P † T† M −1/2 M −1/2 TP,


(23a)

G̃ = P † T† M 1/2 GM 1/2 TP.

(23b)

Folding the inﬂuence of the remote states, the ﬁnal form of
the kinetic equations reads in block matrix notation
R
R
˜ nn
ˆ nn
[Ãnn − 
−
]G̃Rnn = Inn ,

(24a)

R ˜<
ˆ< A
G̃<
nn = G̃nn [nn + nn ]G̃nn ,

(24b)

ˆ
in which we have deﬁned an additional self-energy 
representing the contribution of the remote modes to the
coherent solution (the parametric dependence on the transverse wavevector and energy has been dropped for clarity):

(19)

formulated in a ﬁnite-element overlapping basis is transformed by means of Löwdin symmetric orthogonalization to a standard eigenvalue problem with symmetrically orthogonalized functions, closest in the least square
sense to the original nonorthogonal functions, thus eliminating the need for diﬀerent contravariant and covariant
representations for Green’s functions and self-energies
M −1/2 H0 M −1/2 ψi = Ei ψi .

α
}ni=1
, the Dyson and Keldysh equations for retarded
{ψαML
i
and lesser components read in the complete (near plus
remote) space

R
ˆ nn

= Ãnr g̃rrR Ãrn ,

<
B< A ∗
B<
ˆ nn
˜ rn
˜ nr

= −
g̃rr Ãrn − Ãnr g̃rrR 
+ Ãnr g̃rr< Ã∗rn .

(25a)

(25b)

<
R ˜ B< A
Here g̃rrR = Ã−1
rr and g̃rr = g̃rr rr g̃rr . From this point forward, the NEGF algorithm proceeds as usual, with the
scattering self-energies computed directly in mode space,
i.e., we replace in Eqs. (12) and (13) node coordinates
with the eigenpositions zni [44]. Once self-consistency is
achieved between Green’s functions and self-energies, the
scattering self-energies are transformed back to real space,
and the Dyson and Keldysh equations are solved in real
space to obtain the relevant one-particle properties.
The self-consistent solution of Eq. (24) may take a
large number of iterations to converge in the presence
of strongly localized states outside the spectral supports
of the contacts [11]. This limitation is not related to the
mode-space representation, but it is intrinsic to the SCBA
algorithm, which includes higher-order diagrams at each
iteration, regardless of whether they are current conserving or not [47]. In fact, the slow convergence of the
SCBA inspired the concept of the lowest-order approximation (LOA), which is based on the idea of collecting only
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current-conserving diagrams at each scattering order. Several analytic continuation techniques were applied to the
LOA series in order to reconstruct physical observables,
proving that current conserving self-energies are not necessarily obtained through a self-consistent scheme [48–52].
These alternative approaches to the SCBA are compatible
with mode-space approaches, but they will not be treated
here.
In addition to convergence issues, the SCBA is formally valid only in the weak coupling limit. Because of
the computational complexity of Hedin’s equations for the
inclusion of vertex corrections [53], the validity of the
SCBA is seldom, if ever, discussed. One notable exception
is a NEGF study of inelastic electronic transport in molecular devices, in which, depending on the initial conditions,
the SCBA was shown to give multiple self-consistent solutions beyond a critical coupling electron-phonon strength
[54]. Part of the reason why it is diﬃcult to assess the
limitations of the SCBA is that the numerical instabilities
disappear if the Hartree part of the electron-phonon selfenergy is neglected, as in most NEGF studies (including
this work) of carrier transport in semiconductor nanostructures. The applicability of Fermi’s golden rule to III
nitrides despite their strong electron-phonon coupling [55]
makes us conﬁdent in the validity of the SCBA in T2SLs,
even in the presence of nearly dispersionless holes in the
growth direction, due to the weakly ionic nature of the 6.1
Å material system and the strong anisotropy of the hole
electronic structure [56,57].

made for the InAs0.97 Sb0.03 /InAs0.55 Sb0.45 SL investigated
experimentally in Ref. [59].
A. Accuracy assessment: ICIPs
In Fig. 1 we show the local density of states of the
ICIP under consideration. The hole and electron barriers
also serve as electron-relaxation and interband-tunneling
regions, respectively. The electron-relaxation region is
designed to facilitate the transport of photogenerated carriers from the conduction miniband of one stage to the
valence miniband of the next [60]. For simplicity, the structure is considered in ﬂat-band conditions, as the inclusion
of space-charge eﬀects will not aﬀect the assessment of the
proposed approach [61].
In Fig. 2(a) we show the spectral photocurrent in one
stage of an ICIP illuminated by monochromatic light. In
the original real-space representation, the device is discretized with a grid spacing of 0.5 nm, resulting, within our
multiband k · p framework, in nt = 1160 ﬁnite-element
basis functions, while mode-space calculations are performed with nn = 250 maximally localized basis functions, i.e., the matrix rank is reduced to approximately
22% of the original space. The continuous stripes in the
current spectrum in the absorber region are indicative of
miniband transport of the photogenerated electrons mediated by the extended states of the superlattice, while the
staircase behavior in the relaxation layer is the signature of
sequential tunneling. The interband tunneling through the

III. RESULTS
The accuracy of the proposed approach and its applicability to complex T2SL-based architectures is discussed
in Sec. III A. Interband cascade IR photodetectors (ICIPs)
achieve high-temperature and high-speed operation by
employing a discrete absorber architecture, each single
absorber interposed between quantum-engineered electron
and hole barriers to form a series of interband cascade
stages. At high temperatures, the diﬀusion length is typically shorter than the absorption depth of the IR radiation.
While the total thickness of the cascade can be comparable or even longer than the diﬀusion length, the photogenerated electrons travel only over one stage, which is
signiﬁcantly shorter than the diﬀusion length, before they
recombine with the holes in the next stage. The structure
considered here includes enhanced barriers, designed to
suppress intraband-tunneling current between stages, and
p-doped type-II InAs/GaSb superlattice absorbers [58].
Encompassing all the possible carrier transport mechanisms, including interband tunneling, ICIPs represent a
good candidate for the accuracy assessment of the proposed mode-space approach. In Sec. III B we focus on the
nature of carrier transport in LWIR SLs, and on the role
of disorder. The connection to semiclassical approaches is

FIG. 1. Local density of states of one stage of a midwavelength infrared interband cascade photodetector shown for k = 0
(color maps). The arrows indicate the direction of the electron
and hole ﬂows: the electron-hole pairs photogenerated in the
superlattice absorber diﬀuse along the respective minibands, the
electrons towards the hole barrier, where they relax by polar optical transitions down a Wannier-Stark ladder, until they reach
the electron barrier, whereupon they tunnel into the valence
miniband of the adjacent stage.
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(b)

(c)

FIG. 2. (a) Spatially resolved photocurrent spectrum under a monochromatic illumination of 1 W/m2 with Eγ = 0.3 eV (color
maps). The corresponding energy-integrated current (black solid line, right axis) is approximately conserved, save for small oscillations
due to the incompleteness of the basis set. Blue and red lines indicate electron and hole contributions, respectively. A positiondependent energy threshold is deﬁned according to the local density of states to separate electron and hole contributions (solid blue
and red lines, respectively). Current conservation is clearly violated if the contribution of the remote modes is neglected (black dotted
line). (b) Spatially resolved radiative generation spectrum (color maps). (c) Spectral scattering current due to coupling to polar optical
phonons [53], showing the relaxation of the carriers [positive (negative) values, i.e., in (out) scattering of electrons, have a gradient
from white to blue (red)].

type-II broken gap and ﬁnally the recombination with the
holes of the next stage is also clearly visible. Upon convergence, the total energy-integrated current (black solid line)
is approximately conserved over the whole device region,
which is a very stringent test for any NEGF model. Residual ﬂuctuations in the coherent current shown in Fig. 2(a)
(black solid line) may be traced back to the incompleteness of the basis. Neglecting the contribution of the remote
modes results in severe violation of current conservation
(black dotted line). Since the self-energies are additive, one
can separate their contribution to the total current (this is an
approximation, of course, because Green’s functions determine self-energies and vice versa) [62]. The radiative generation spectrum in Fig. 2(b) shows the photogeneration
of carriers in the superlattice absorber, and, unexpectedly,
free-carrier absorption in the valence band of the electron
barrier. The generation current obtained from the integration of the local generation rate [63] (solid line) is equal
to the total current in Fig. 2(a), as expected in the case of
complete carrier extraction. A comprehensive simulation
of type-II SLs requires the inclusion of defect-mediated
nonradiative recombination processes, which determine
the extraction eﬃciency. Recently, a conserving SRH selfenergy model fully compatible with the rigorous treatment of electron-photon and electron-phonon scattering
within the NEGF formalism was proposed by Aeberhard
[64]. In Fig. 2(c) we show the spectral scattering current

(color maps) associated to the coupling with polar optical
phonons. The phonon-assisted cascade of the (minority)
electrons from the conduction miniband of the superlattice
absorber across the graded superlattice (relaxation region)
is clearly visible.
Encoding the contribution of the remote modes in the
self-energy (25) improves signiﬁcantly the convergence
with respect to conventional projection-based approaches.
Because of memory limitations of our parallel OpenMP
implementation, a convergence analysis with respect to the
partition of the modes in near and remote sets is practicable
only for the InAs/GaSb absorber; see Fig. 3. Convergence
is better assessed on current densities, which are more sensitive to model-order reduction than other single-particle
properties such as carrier densities. The speedup in computation time is close to (nn /nt )3 , as Eq. (25) is evaluated only
once at the beginning of the self-consistent cycle (a computational complexity analysis of mode-space approaches
is presented in Ref. [44]).

B. Connection to semiclassical approaches and
experiments: LWIR T2SLs
We now turn our attention to the interpretation of
the NEGF results from a semiclassical perspective. As
a genuine quantum transport model, NEGF provides a
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[71]. In the context of type-II SLs, electron and hole mobilities may be computed from vn,p = μn,p F, where F is the
electric ﬁeld and vn,p are the carrier velocities
vn,p =

FIG. 3. Standard deviation of the photocurrent ﬂuctuations
normalized with respect to the mean spatial average, as a function
of nn /nt , with and without the contribution of the remote modes.

comprehensive tool for the analysis of type-II SL photodetectors, with transport and generation-recombination
processes encoded in energy- and momentum-dependent
scattering self-energies. Nevertheless, it is interesting and
useful to explore the connection between NEGF models and semiclassical approaches successfully applied to
bulk MCT devices. Macroscopic quantities such as carrier mobilities and lifetimes are admittedly not germane
to the NEGF formalism, but they represent critical ingredients needed in quantum-corrected drift-diﬀusion (DD)
models [65]. A notable example is landscape localization
theory, in which coherent processes such as localization
and tunneling eﬀects are included by means of an eﬀective
potential derived from a (nonautonomous) Schroedingerlike equation, while dissipative processes have to be
described by appropriate mobilities [66,67]. A mobility
study could also be the starting point to develop fractional
DD approaches, which may oﬀer a uniﬁed description of
carrier transport in disordered SLs, accounting for memory eﬀects associated to trapping mechanisms, along the
lines of recent investigations on anomalous (non-Fickian)
transport in disordered organic semiconductors [68].
Diﬀerent techniques were proposed to extract the mobility from quantum transport simulations. A dispersive,
time-dependent diﬀusion coeﬃcient was obtained from
Monte Carlo simulations of AlAs/GaAs disordered SLs
[69]. An “apparent” position-dependent mobility was proposed in a study of diﬀusive transport in fully depleted
silicon-on-insulator transistors, bridging the gap between a
Scharfetter-Gummel DD and NEGF models [70]. An eﬃcient method to extract an eﬀective mobility from NEGF
and Kubo-Greenwood calculations, while minimizing contact resistance contamination and channel length misestimates, was discussed in the context of thin silicon ﬁlms

Jn,p
ρn,p

(26)

obtained from the NEGF carrier densities ρn,p and current
densities Jn,p .
The electronic structure computed with periodic boundary conditions [26] is shown in Fig. 4. The cutoﬀ wavelength is found to be 11.8 μm, close to the experimental
value of 12.5 μm extracted from low-temperature photoluminescence spectra [59]. The local density of states shown
in Fig. 5 reveals that the conduction minibands width 
is larger than the gaps between them, while for the highest valence miniband,  is smaller than 1 meV (this value
is obtained directly from the dispersion of the band structure along kz , and so it does not include homogeneous or
inhomogeneous broadening). The diﬀerence in , which
in part is due to the relatively low conduction band oﬀsets
in InAs/(In, As)Sb SLs, has a profound eﬀect on the electron and hole transport properties. Although the spatially
resolved spectral current in both n- and p-type SLs looks
similar for small electric ﬁelds (see the continuous stripes
crossing the band diagrams in Fig. 5), the nature of carrier

FIG. 4. The k · p subband structure of the SL considered
in Ref. [59], consisting in the alternating sequence of 10.26
nm InAs0.97 Sb0.03 and 1.89 nm InAs0.55 Sb0.45 , plotted versus
wavevectors along the in-plane (left panel) and growth directions (right panel). The in-plane dispersion for kz = 0 is shown
in black, while the blue curves are for equally spaced values of kz
up to the mini-Brillouin-zone boundary π/d (d is the SL period).
Bowing parameters of the Luttinger parameters are computed as
in Ref. [23].
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(b)

(c)

(d)

FIG. 5. Local density of states shown for k = 0, computed for the ordered (a) and disordered SL (c). The applied electric ﬁeld is
F = 0.1 kV/cm. The ﬁrst valence miniband (the sharp red peaks in the LDOS) is strongly localized in both energy and space; energy
alignments are severely disrupted by the disorder, while the wider conduction minibands are not visibly aﬀected, suggesting that hole
transport is likely to be more sensitive to disorder. This is conﬁrmed by the spatially resolved current spectrum shown in the ordered
(b) and disordered (d) structure. The energy-integrated current drops by approximately one order of magnitude in the presence of
geometrical ﬂuctuations at T = 200 K.

(27)

best described by hopping between the states of the WS
ladder rather than by miniband transport. However, due to
the large width of the electron minibands and their relative
small separation in energy, this condition is never reached.
For higher ﬁelds, the electron velocity increases again
because coherent tunneling between minibands (interminiband transport) becomes possible.

B
where the 1,2
are the broadening functions of the two
contacts. On the other hand, hole transport is entirely noncoherent even in the low-ﬁeld limit, meaning that the
holes, strongly localized in the weakly coupled (In, As)Sb
quantum wells, can move across the miniband only if
assisted by scattering mechanisms such as carrier-phonon
interactions (Icoherent is negligible compared to the scattering current).
In Fig. 6 we show the electron and hole drift velocities
as a function of the electric ﬁeld at T = 200 K. The velocities are almost linear for low ﬁelds, conﬁrming that the
structure is long enough to reach the ohmic drift velocity regime. The critical ﬁeld at which the electron drift
velocity peaks is approximately 4 kV/cm, which corresponds to a potential drop per period eFd = 5 meV. From
a semiclassical perspective, beyond this critical ﬁeld, the
electrons experience unscattered Bloch oscillations in the
mini-Brillouin zone, which do not contribute to the net
current. For higher ﬁelds, the Bloch oscillations should
eventually lead to the breaking of the miniband into a ladder of Wannier-Stark (WS) levels, and carrier transport is

FIG. 6. Electron (left axis, dashed blue curve) and hole (right
axis, solid red curve) velocities as a function of the applied electric ﬁeld (lower axis) and of the potential drop per period eFd
(upper axis), at T = 200 K.

transport for electrons and holes is very diﬀerent. A closer
inspection of the current components reveals that electron
transport is mainly a coherent process through extended
Bloch states at low ﬁelds, which can be expressed by the
familiar Landauer-Büttiker formula
Icoherent =

e
Tr{1B GR 2B GA }(f1 − f2 ),
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In n-type LWIR T2SLs, a low hole velocity and therefore a low collection eﬃciency is expected from the large
band-edge hole eﬀective mass in the growth direction, and
perhaps for this reason, most LWIR detectors have been
based on p-type absorbers; the experimental evidence that
hole mobility in T2SLs is not as poor as expected was
explained with the anisotropy and nonparabolicity of the
valence band away from the band edge [56]. Our calculations indicate that the hole velocity, although approximately one order of magnitude smaller than the electron
velocity, is signiﬁcantly higher than expected. Esaki-Tsu
theory [72] of superlattice transport in terms of Bloch
oscillations fails for such a narrow miniband, as eFd

for any realistic ﬁeld F. Hole transport is always dissipative. The spectral scattering rates indicate that near
the ﬂatband condition, the holes move across the superlattice by hopping up and down the miniband, emitting
and absorbing polar optical phonons. At higher ﬁelds, a
WS ladder is clearly visible and electron hopping in the
valence band is mostly a downhill process governed by the
spontaneous emission of phonons [73].
The velocity-ﬁeld curves in Fig. 6 are computed for
an ideal SL, but the very concept of miniband becomes
questionable when  becomes very small, due to crystal
imperfections and other departures from ideality. Experimental investigations of vertical hole transport in type-II
antimonide-based SLs provide a clear indication of the
presence of hopping mechanisms between trap states, with
hole transport characteristics similar to those seen in amorphous semiconductors displaying Anderson localization.
Olson et al. estimated the hole mobility by measuring
minority carrier lifetimes and the fraction of injected holes
that diﬀuse in the T2SL base region of a bipolar transistor;
diﬀerent slopes in the Arrhenius plot of the hole mobility
were attributed by the authors to distinct transport regimes,
from miniband transport of thermally activated carriers, to
a regime dominated by hopping within defect states above
the miniband mobility edge [59]. In a SL, the disorder
may originate from crystal defects, interface roughness,
and compositional and thickness ﬂuctuations of the layers.
In order to investigate carrier transport in disordered SLs,
we randomly add or subtract one ML to each layer, breaking the translational symmetry along the growth axis. The
eﬀect of the disorder is particularly evident for the hole
miniband, which appears to be severely disrupted; see the
local density of states shown in Fig. 5(c) and the spectral
current densities in Fig. 5(d). And, in fact, the hole current
at T = 200 K is reduced by one order of magnitude with
respect to the ordered structure, while the electron current
is nearly unaﬀected at the same temperature.
In Fig. 7 we show the electron and hole low-ﬁeld mobilities (at F = 0.1 kV/cm) of the disordered SL as a function
of inverse temperature. The electron mobility μn shows
the conventional phonon-limited temperature dependence
above 80 K, in which carrier-phonon scattering slows

FIG. 7. Electron (left axis, dashed blue curve) and hole (right
axis, solid red curve) mobilities of the disordered SL as a function of inverse temperature, computed for an electric ﬁeld of 0.1
kV/cm.

down the electron velocity, which is typical of miniband
conduction. At lower temperatures, the energy-resolved
current density becomes spectrally narrower, involving
mainly the less extended states near the bottom of the conduction miniband, which results in a slight decrease of μn .
On the other hand, the hole mobility is thermally activated
in the whole temperature range. The calculated hole mobilities are smaller than the experimental results obtained by
Olson, especially at higher temperatures, probably because
the disorder is applied to the whole SL, irrespectively of
the lateral degree of freedom. In general, in a SL sample
of macroscopic size, the well and barrier thicknesses may
ﬂuctuate in the layer plane, meaning that fully localized
states along the growth axis may coexist with miniband
states suﬃciently extended to allow transport, so that percolative transport along high conduction paths may even
conceal the presence of localized states from mobility
experiments. The activation energy estimated from our calculations Ea = 17.1 meV is very close to that reported in
Ref. [59] for region 3 (Ea = 16 meV), in which transport
was considered to be dominated by hopping between localized states near the mobility edge, in the exponential tail of
the valence miniband.
IV. CONCLUSION
Scaled on cluster architectures, the mode-space approach,
corrected to include the eﬀect of the remote bands, is an
enabling tool towards the simulation of realistic T2SL
photodetectors. While it is diﬃcult to combine the two
pictures at opposite ends of the possible transport mechanisms—miniband transport and hopping regime—in a
semiclassical theory that is valid at all ﬁelds and temperatures, the NEGF approach seamlessly describes situations
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in which the main ingredients, e.g., miniband widths, localization eﬀects due to electric ﬁelds, geometrical and compositional ﬂuctuations, and scattering-induced broadening,
determine a smooth transition between transport regimes.
This is the most probable scenario in the realm of IR SL
detectors.
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