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Antimonide-based type-II superlattices represent a promising alternative to mercury cadmium telluride
in infrared imaging applications. Among the original motivations for the development of type-II super-
lattices as a material system for infrared photodetectors is Auger engineering, the possibility of tailoring
Auger processes to increase the “intrinsic” minority carrier lifetime at long wavelengths. We investi-
gate Auger transitions in antimonide-based superlattices by means of a nonequilibrium Green’s function
model based on a multiband description of the electronic structure and a GW treatment of carrier-carrier
interactions. As carrier-phonon interactions mediated by acoustic deformation potential and polar optical
scattering are included by means of appropriate self-energies, the resulting G Auger rates may be con-
sidered as “phonon-dressed.” The spatial and spectral resolution afforded by the model provides a clear,
graphical representation of the transitions contributing to the recombination process. A detailed study of
Auger transitions in conventional and polytype superlattice absorbers demonstrates the effectiveness of
the proposed approach for the design of Auger-suppressed infrared photodetectors. The calculated Auger
coefficients are in good agreement with measurements extracted from pulsed threshold current densities

of midwave infrared lasers with active regions realized with type-II quantum wells.

DOI: 10.1103/PhysRevApplied.23.014050

I. INTRODUCTION

The band structure flexibility of antimonide-based type-
IT superlattices (T2SLs) provides detection wavelength
tunability over most of the infrared spectrum, but, cru-
cially, also the possibility of suppressing Auger recom-
bination to achieve lower dark currents and higher oper-
ating temperatures. Indeed, Auger engineering was one
of the main motivations that led to the development of
antimonide-based T2SLs as an alternative material sys-
tem to the well-established infrared imaging technology
based on bulk mercury cadmium telluride (HgCdTe) [1]. In
the absence of Shockley-Read-Hall (SRH) recombination
centers, Auger processes determine the longest attainable
minority carrier lifetime [2], ultimately limiting detector
performances. As the large effective ratios between elec-
tron and hole masses and the degeneracy of heavy- and
light-hole bands allow energy and crystal momentum to be
easily conserved for Auger transitions in HgCdTe alloys,
several high-operating-temperature architectures including
exclusion and extraction heterojunctions were proposed to
suppress Auger mechanisms, by essentially reducing car-
rier densities below thermal equilibrium intrinsic values
[3]. T2SLs offer a fundamental advantage over the HgCdTe
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material system, since Auger coefficients may be reduced
at the material level by band-edge optimization (i.e., strate-
gies that alter the electronic structure of the superlattice
(SL) near the valence and conduction miniband edges) or
final state optimization (i.e., the reduction of phase space
for Auger transitions) [4].

Auger recombination is clearly not the only factor lim-
iting the performance of infrared detectors. The presence
of SRH recombination centers [1], compositional or struc-
tural disorder [5], and scattering-mediated carrier transport
[6] may also play an important role especially in the case
of narrow minibands, and it is perhaps for this reason
that the full potential of Auger engineering has not yet
been revealed. Nevertheless, experimental results encour-
agingly indicate reduced Auger coefficients in T2SLs.
Room-temperature pump-probe experiments reported an
Auger coefficient of 1.4 x 10728 ¢cm®/s for a 9-um band-
gap InAs/InAsSb T2SL, a suppression of two orders of
magnitude with respect to epilayers of InSb of comparable
band gap [7]. Auger recombination in a long-wavelength
infrared (LWIR) InAs/InAsSb T2SL with a cutoff wave-
length of 11.5 wm measured by means of a time-resolved
microwave reflectance technique was found to be approxi-
mately an order of magnitude smaller compared to coeffi-
cients in HgCdTe with the same band-gap energy over the
20-80 K temperature range [2].

© 2025 American Physical Society
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The interest in Auger-engineered T2SLs is not just lim-
ited to infrared photodetectors. A recent comparison of
threshold current densities in midwave infrared (mid-IR)
semiconductor lasers indicates that Auger recombination
is substantially suppressed in type-II quantum wells (QWs)
with respect to bulk mid-IR materials, since the degener-
acy of the heavy- and light-hole subbands is lifted and the
much lighter in-plane hole effective mass near the top of
the valence band increases the threshold energy for Auger
recombination at room temperature [8]. Band-engineered
T2SLs are also attracting attention in the context of
avalanche photodetectors , where optimal performance is
achieved when the avalanche process (Auger generation)
is unipolar, that is, dominated by either electrons or holes
[9—11].

On the theoretical side, calculations of Auger coeffi-
cients in T2SLs are still incomplete and mostly limited to
direct, phononless processes. Early Fermi-golden-rule cal-
culations of minority carrier lifetimes in ideal InGaSb/InAs
SLs predicted the suppression of Auger processes in p-type
absorbers when the splitting of heavy- and light-hole bands
exceeds the energy gap, thus limiting phase space for
recombination transitions [12,13]. A later investigation by
Grein addressed the possible impact of momentum relax-
ation due to the presence of compositional and structural
disorder in T2SLs, as well as Frohlich scattering with lon-
gitudinal optical phonons assisting the Auger transitions
[14]. More recently, a comparative analysis of electrolumi-
nescence efficiency in type-I and type-II heterostructures
based on III-V narrow-gap compounds showed that type-II
band alignment has favorable properties in terms of Auger
recombination coefficients due to the partial destructive
interference of different tunneling-assisted recombination
channels [15].

Direct (i.e., phononless) Auger coefficients in semicon-
ductor nanostructures are usually computed by means of
the first-order Fermi golden rule, while indirect phonon-
assisted processes require second-order perturbation the-
ory [16]. Although Fermi-golden-rule calculations provide
useful information concerning the strength of the differ-
ent recombination channels, they have to be included in
a carrier transport model to obtain the relevant figures
of merits. The study of Auger recombination cannot be
entirely separated from a carrier transport analysis, as
the excess energy resulting from the recombination pro-
cess may promote carriers from the localized states to the
extended, current-carrying states of the nanostructure, call-
ing for a unified treatment of transport and recombination
processes. As an example, we mention the complex role
of Auger recombination in the efficiency droop observed
in visible-light-emitting diodes, the decline of the internal
quantum efficiency at high current levels: besides compet-
ing with radiative recombination processes, Auger mech-
anisms also provide an important contribution to leakage
[17]. In T2SLs, carrier transport and Auger generation

are intimately connected, as tunneling and phonon scat-
tering provide the carriers the energy needed to overcome
minigaps, thus enabling the impact ionization process [10].

On our way towards a simulation framework that treats
carrier transport and recombination processes on an equal
footing, we propose a nonequilibrium Green’s function
(NEGF) model for the calculation of Auger coefficients.
Our previous studies have shown that the NEGF formal-
ism is well suited to describing the different transport
mechanisms in T2SLs, which range from miniband trans-
port to Wannier-Stark hopping, depending on geometri-
cal parameters, temperature, and the presence of built-in
and/or applied electric fields [6,18]. Within the NEGF
theory, Auger transition rates can be obtained from the
interband polarizability and the screened Coulomb inter-
action at the level of the GW approximation [19]. GW
schemes are widely used to describe the quasiparticle band
structures and spectroscopic properties of extended and
low-dimensional systems [20], but their application in the
context of carrier transport is far less established, the treat-
ment of carrier-carrier interactions usually being limited to
the Hartree approximation through the self-consistent solu-
tion of Poisson’s equation. Notable exceptions are GW-
NEGTF studies of relaxation processes in terahertz quantum
cascade lasers [21], hot carrier transport in photoexcited
quantum-well solar cells [22], and carrier-carrier interac-
tions in single-walled carbon nanotubes [23]. In this work,
we study Auger recombination in infrared SL absorbers
by means of an NEGF model based on the G formal-
ism, within a multiband & - p description of the electronic
structure.

Among different infrared imaging architectures, bar-
rier photodetectors represent the most popular solution for
materials with inherently short SRH lifetimes [1,24]. Bar-
rier photodetectors are essentially pn devices in which the
space charge region is limited within the wide band-gap
barrier for majority carriers [25]. Since the focus of this
work is on Auger transitions, we restrict our attention to
the absorbing region of the detector, which is designed
to remain approximately in flat band at operating condi-
tions, with the applied bias mostly dropping across the
barrier layer to avoid large depletion dark currents. As GW
calculations are feasible only for a small fraction of the
SL absorber, we impose open boundary conditions with
periodic SL contacts to avoid finite-size effects. Follow-
ing the conventional quasiequilibrium assumption adopted
in Fermi-golden-rule calculations of Auger coefficients
in QWs, excess populations of electrons and holes are
obtained by splitting the Fermi levels of the SL contacts,
thus mimicking the optical illumination of the sample.

II. THEORY AND RESULTS

The numerical discretization of the NEGF model is
based on a multiband k- p description of the electronic
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structure for zincblende crystals [6], which includes the
first conduction band, heavy-hole, light-hole, and spin-
orbit splitoff bands. The bulk Hamiltonian can be block-
diagonalized with respect to the spin components, that is,
the 8 x 8 Hamiltonian decouples into two 4 x 4 blocks,
and the energy dispersion becomes isotropic in the plane
perpendicular to the ¢ axis [6]. Assuming one-dimensional
layered structures, Green’s functions and self-energies are
expressed in terms of first-order Lagrange polynomials
t;(z) to expand the slowly varying envelopes describing the
mixing of the lattice-periodic functions at every position in
the symmetry-broken direction z, and plane waves in the
translationally invariant directions r = (x,y),

bra(1,2) = ie“—"fua(z, Dt:(2), (1)

VA

where o = (a, i) is a compound index combining indices a
for band and i for space, u,(r, z) are the zone-center Bloch
functions, and A is the normalization area. In full matrix
notation, the steady-state (Fourier-transformed) Dyson and
Keldysh equations read [26-28]

GR(k,E)=[EM —H(b) — =X, E)]™", (22

G>(k,E) = G*(k,E)X>(k,E)G*(k,E),  (2b)

in which a contravariant representation is used for Green’s
functions and a covariant representation for self-energies,
the two representations being related by the overlap matrix
M. Coupling to acoustic and polar optical phonons is
included by means of the self-energy [6]

(25 E)lop = Y _ |U(g. )P
9.4z

x {nphnMG=(k — q, E¥)M
+ [npn + 1IMG= (k — ¢, E5)M}op, (3)

where o = (a,i) and B = (b,j) are compound indices
including band and nodal indices, npy, is the phonon num-
ber, fiwyy is the phonon energy, and E* = E =+ hwp,. We
assume an equilibrium population of bulk phonons with
transverse and longitudinal wave vectors ¢ and ¢., respec-
tively. Acoustic scattering is treated within the elastic
approximation and polar optical phonons are assumed dis-
persionless. Material parameters and expressions of the
coupling constants U for acoustic deformation potential
and polar optical scattering are provided in [6]. Neglect-
ing energy renormalizations, the retarded component of the
carrier-phonon self-energy is computed as E§p =(Eg—
/2 [26].

While infrared SL absorbers are usually several microm-
eters long to absorb a significant fraction of the incident

light, multiband GW calculations are possible only for
a few SL periods. In order to avoid finite-size effects
imposed by constraints on the computational domain, we
introduce a periodic boundary condition that mimics the
local density of states (LDOS) injected by semi-infinite
SLs. A preliminary step towards the calculation of such
boundary self-energy is the determination of the complex
band structure of the SL. The derivation is similar to the
bulk case for a tight-binding description of the electronic
structure [30], provided that we identify the “principal lay-
ers” (defined in [30] as the minimal group of atomic planes
with nearest-neighbor interactions) with the & - p atomic
functions associated to a given node of the mesh, and the
“superlayer” (i.e., the smallest collection of principal lay-
ers that form the unit cell of the solid) with the nodes
of the SL unit cell. Assuming nearest-nodes interactions,
the Schrodinger equation for a single SL unit cell reads in
block matrix notation

hN+1,NF](vn_1) + hl,lFl(n) + hl,ze(n) =0, (4a)

hii1F i(f)l + hiiF, i(n) + hij F i(z)l =0,

fori=2,...,N—1, (4b)

hN,N—lF](vnil + hN,NF](\;l) + hN,N+1F1(n+1) =0, (4¢)

where N is the number of nodes in an SL unit cell, Fi(")
is a column array of size B = 8, which includes the & - p
expansion coefficients of the wave function computed at
node i in the nth period, and /;; = hiynj v = EM;; — H,;
is the B x B block of the Hamiltonian matrix connect-
ing nodes i and j. Wave vector arguments have been
dropped for clarity. Looking for Bloch waves of the form
F = F=Deikd \where d is the periodicity of the SL, and
choosing n = 0 as the reference period, we find the fol-
lowing generalized eigenvalue problem of size BN x BN:
(F=F)

0 ... 0 hvanT [F1
F
0 -+ hy_in—2 hvoin—1 B
o - 0 hy -1 hyn Fy
_hl,l _h1,2 ... 0 Fy
, . . R
— ifd : : : )
0 0 ... 0 :
_hN,NJ'_l 0 o e 0 FN

Having computed the group velocity of the 2B non-
trivial eigensolutions of (5) with the Feynman-Hellmann
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FIG. 1. Local density of states (LDOS) shown for £k = 0 of a 10-period T2SL consisting in the alternating sequence of 3 nm InAs

and 1.8 nm GaSb layers, computed at 7= 200 K with (a) bulk contacts and (b) superlattice (SL) contacts. (c) Cuts of the LDOS
shown at z = 28 nm for a different number of periods, revealing ripples related to finite-size effects persisting up to a large number of
periods. (d) k - p subband structure of the T2SL plotted versus normalized wave vectors along the in-plane direction (ay, is the lattice
constant). The in-plane dispersion for £, = 0 is shown in black, while the blue curves are for equally spaced values of k, up to the
mini-Brillouin-zone boundary 7 /d (d is the SL period). Luttinger parameters used in the calculation of the electronic structure are

from Ref. [29].

theorem, we arrange the B left-going (propagating or
decaying) waves in the columns of matrix U=, and the cor-
responding B right-going solutions in U~ . From the surface
Green’s function of the left-contacted Hamiltonian (i.e.,
the Hamiltonian obtained neglecting all couplings to the
right), we find the following nonzero (block) entry of the
left boundary self-energy:
[Z& 1y = —hvpnUy(AS T WUD ™, ()
where Uy, is the subblock of U= corresponding to node N,
and A~ is a diagonal matrix whose diagonal elements are
the propagation factors - ¢ of the left-traveling solutions.
A similar procedure provides the boundary self-energy of
the right (SL) contact
[Z§Iva = —hvnn Ur (A7) (U ()
Figure 1 compares the LDOS of a 10-period SL, computed
with the conventional open boundary conditions for bulk
contacts (a), and with the SL boundary self-energy (b). The
speckled LDOS of the finite SL indicates the presence of
interacting states just beginning to take the shape of a mini-
band, but not yet merging into a continuum of states. The
ripples in the vertical cuts of the LDOS, shown for differ-
ent SL lengths in Fig. 1(c), appear more evident for the
conduction minibands. Finite-size artifacts are clearly vis-
ible for the 10-period SL (blue line), and persist for the
largest structure considered here (30 periods, red line). In

the central region of the SL, the LDOS eventually con-
verges to the LDOS of the infinite SL (black line) as the
number of periods is further increased. The large number
of periods needed to approximate the infinite SL, as well as
the inevitable border effects introduced by the conventional
“bulk” boundary self-energy, motivated us in the develop-
ment of the SL self-energy described above. Completing
the information of the LDOS is the subband dispersion in
the transverse plane k£ [Fig. 1(d)], computed by solving
the k- p Schrédinger equation with Bloch boundary con-
ditions [31]. The in-plane dispersion for k., = 0 is shown
in black, while the blue curves are for equally spaced val-
ues of k, up to the mini-Brillouin-zone boundary m/d.
The HH1 subband appears almost dispersionless along the
growth direction, which is consistent with the weakly inter-
acting states that appear in the LDOS at an energy slightly
above —0.2 eV. A small dispersion due to band mixing
effects can be observed in the subband plot for intermedi-
ate in-plane wave vectors [32], but the effect is not visible
in the LDOS, which is shown for normal incidence. The
narrowness of the HH1 miniband does have important con-
sequences for the transport of holes, which appears to be
thermally activated by hopping processes [2], in agreement
with temperature-dependent mobility studies [5,6]. As we
will see, the strong confinement of carriers in a miniband
also has important effects on the Auger recombination
rate.

With the computational domain now limited to just few
SL periods, we compute the GW self-energy encoding
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carrier-carrier interactions as [22,33]
s
[ch(k E)]aﬂ =
12 Zf I e (k+ 4. E+EVWg (. B (8)
The lesser and greater components of the effective carrier-
carrier interaction are given by
W=(q,E') = Wr(q,ENTIS (¢, EYW' (¢, E"),  (9)
where IT is the polarization function
<
H;ﬂay (Qa E/) =

5(k/ E”)G (k/ g,E”—E/). (10)

In order to reduce the computational burden, we approx-
imate the retarded and advanced components of the
effective Coulomb interaction by the statically screened
expression [22,34,35]

Wgﬁéy(qa 0./4 / dzdz’
—\ a5 +eP 1z
X G (D) Py () P (2N, (2), (1)

Vi + &

where ¢ = k — k', ¢ is the Lindhard dielectric function,
qo is the inverse screening length, and A is the normal-
ization area. As the LDOS is mainly modified by intra-
band scattering processes (carrier-phonon interactions),
phonon scattering times being several orders of magnitude
shorter than Auger lifetimes, we include the GW self-
energy only in the last few self-consistent Born iterations
to achieve current conservation. Upon convergence of the
self-consistent loop, we find from the NEGF version of
the continuity equation [36], and the additive property of
the self-energies, the (net) Auger recombination rate

Roavg = AZ / o 2Re(TH{ 25, G~ 25, G 1),
(12)

where the trace is over finite-element degrees of freedom,
and the energy integral is carried out over the conduction
band only. Within the multiband description of the elec-
tronic structure considered here, electron and hole states
may mix in spatial and energy coordinates. For exam-
ple, in interband cascade infrared photodetectors , electron
and hole minibands are intentionally aligned to enable

interband tunneling between adjacent stages [6]). How-
ever, in the flat-band conditions, electron and hole states
are always unambiguously defined, so that the different
Auger processes can be distinguished by performing the
energy integration in (8)+10) over the relevant bands.
For example, electron-initiated (eeh) or hole-initiated (hhe)
processes are selected by limiting the energy integral in
the polarization function (10) to the conduction or valence
bands, respectively. Since carrier-phonon interactions are
included in self-consistent procedure for the calculation of
the Green’s functions, the resulting Auger recombination
rates may be considered as “phonon-dressed.” Using the
unperturbed (i.e., noninteracting) equilibrium form of the
lesser and greater Green’s functions [36], it can be shown
that (12) reduces to the conventional Fermi-golden-rule
expression for the direct (i.e., phononless) Auger process.
One of the unique features of NEGF is the spatial and
spectral resolution afforded by the method: ignoring the
integral over energy in (12), as well as the integral over
space implied in the trace operator, we find energy- and
spatially resolved Auger rates, which are shown in Fig. 2
for different SLs. Blue and red shades in the central period
of the SL represent in- and out-scattering for electrons,
respectively; gray stripes in the adjacent periods represent
the LDOS computed for normal incidence. The contact
Fermi levels were computed from the neutrality condition,
assuming a background doping level of 10'7 cm~3, and
photoexcited carrier densities of 10'> cm™3, which corre-
sponds to a low-injection condition. All calculations were
performed at 200 K, when the intrinsic concentration is
still negligible with respect to the doping density, so that
carrier statistics favors eeh or hhe Auger processes in n- or
p-type materials, respectively.

Having defined the recombination current J as

J = eRaug, (13)
the convergence of the GW iteration scheme is monitored
by computing the residual error §J;, = J; — J;—; as a func-
tion of the self-consistent Born approximation iteration k;
see Fig. 3. Depending on the level of confinement of the
SL, several tens of iterations may be needed to achieve
current conservation.

The results for the reference SL considered in Fig. 1
are shown in Figs. 2(a) and 2(e) for n- and p-type dop-
ing, respectively. Arrows connecting full circles (occupied
states) with empty circles (free states) help to identify the
nature of the process (eeh or hhe). In the n-doped struc-
ture, electrons in miniband C1 recombine with holes in
miniband HH1, while partner electrons in Cl are pro-
moted to higher states just above the upper edge of the
same miniband, as the effective gap of the SL is com-
parable with the width of Cl. In analogy with Auger
recombination in bulk semiconductors, we may classify
this Auger process as intraminiband (C2 is not involved
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FIG. 2. Auger recombination rates calculated as a function of position and energy for the reference SL and the W- and M-structured
SLs (color maps). All SLs have a uniform doping concentration of 10'7 cm™ (n-type in the upper panels, p-type in the lower panels),
and are designed to have the same effective gap. Blue and red lines represent the conduction and valence band edges, respectively. Blue
shades correspond to net in-scattering of electrons, while red shades correspond to net out-scattering. Arrows connecting full circles
(occupied states) with empty circles (free states) are shown for the reference SL as a guide for the eye. The spectral recombination
rates are shown only for the center period (the SL section within the dashed lines), periodicity being understood. Gray shades in the
adjacent periods, on both sides of the center period, represent the LDOS evaluated for normal incidence, showing the spectral location
of the minibands. The spectral and spatial resolution afforded by the NEGF formalism provides a useful graphical tool to design Auger-
suppressed absorbers: scattering regions that do not overlap with the LDOS are indicative of less probable transitions as the exchange
of a finite wave vector ¢ is required to reach the final states. The energy-integrated Auger rates are displayed in (d) and (h) for »- and

p-type structures, respectively. A photoexcited carrier concentration of 10'3 cm™

levels of the contacts. All calculations were performed at 200 K.

as it is beyond the energy range of the figure). Comparing
the Auger scattering rates out of C1 (red shades) with the
LDOS shown in Fig. 1, one can notice the absence of an
Auger threshold, the minimum energy from the miniband
edge an electron must possess to initiate a recombination
process. The appearance of thresholdless and quasithresh-
oldless processes resulting in a weak, power-law temper-
ature dependence of the direct (i.e., phononless) Auger
rate, was first reported in narrow QWs [37,38], and was
attributed to quantum confinement, which lifts the con-
straints imposed by momentum conservation. A similar
effect was reported for phonon-assisted transitions in wide-
band gap materials, as the participation of phonons allows
carriers lying at the band edge to contribute to the recom-
bination process [39]. In T2SLs, the enhancement of the
Auger rate associated to the elimination of the threshold
due to momentum transfer to heterointerfaces and phonons

3 is imposed in all structures by splitting the Fermi

may be compensated by the spatial separation of electrons
and holes, resulting in spatially indirect recombination pro-
cesses. Indeed, although the downward “recombination”
transitions (the ones that cross the effective gap) are local-
ized in the GaSb layers, where the holes are confined,
the accompanying transitions that generate Auger-excited
electrons are mostly restricted to the InAs layers, making
the overall process spatially indirect. On the other hand,
hhe processes in the p-type SL appear more spatially direct
[see Fig. 2(e)], which shows C1-HH]1 transitions across the
gap, accompanied by HH1-LH1 transitions in the valence
minibands, with all the particles involved sitting in the
GaSb layers. In this case, energy conservation requires the
processes to be interminiband.

Since the alternating sequence of electron and hole con-
finement layers in long-period T2SLs leads to a reduction
of the absorption coefficient [40], several polytype SLs
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FIG. 3. Evolution of the relative residual error as a function

of the number of self-consistent Born approximation iterations,
computed for the reference n-type SL in Fig. 2(a). After 100 self-
consistency iterations, when the relative residual error is less than
1073, the recombination current within the SL is approximately
conserved.

with improved oscillator strengths have been considered
as alternative materials for medium- and long-wavelength
IR photodetectors [41-44]. Among them are W-structured
T2SLs (W-SLs), originally proposed to increase the gain
in mid-IR lasers [8,45], and M-structured type-II superlat-
tices (M-SLs), introduced as alternative infrared materials
in [46]. W-SLs are named after their characteristic W-
shaped band-gap alignment in a single SL period, which
includes two InAs electron QWs (the two pointy tips at
the bottom of the letter “W”) placed on both sides of a
Gay7Ing3Sb hole QW, and two AISb barriers (the two
outward strokes of the letter); see Fig. 2(b). The purpose
of W-SLs is to confine the electron wave functions sym-
metrically on both sides of the hole well, increasing the
electron-hole overlap, while still allowing miniband trans-
port. M-SLs are formed by introducing the AISb barriers in
the middle of the GaSb layers of a binary InAs/GaSb SL.
The resulting M-shaped alignment [see Fig. 2(c)] is easier
to realize due to the small lattice mismatch between AlISb
and GaSb and the common antimony atom. Layer thick-
nesses of the polytype SLs have been chosen to obtain
the same effective band gap of the reference structure:
the W-SL period consists of 1.5 nm AISb, 2 nm InAs, 3
nm Gag7Ing3Sb, 2 nm InAs, while the M-SL sequence
is 1.5 nm AlISb, 1.5 nm Gag7Ing3Sb, 3.5 nm InAs, 1.5
nm Gag7Ing 3Sb. In conventional T2SLs, especially in the
LWIR spectral region, electrons tend to be delocalized in
a wide miniband, while holes are weakly coupled. In both
the W and M configurations, conduction and valence mini-
bands have comparable widths, which is indicative of a

TABLE I.  Auger coefficients of the SLs investigated in Fig. 2,
in units of cm®/s.

SL W-SL M-SL
Coon 1.751 x 10~28 1.082 x 10=28 4797 x 107
Chie 2.784 x 10~28 2.067 x 10~28 1.787 x 10~28

more symmetric confinement of the two carrier species;
see Fig. 2.

The energy-integrated recombination rates of all struc-
tures are compared in Figs. 2(d) and 2(h) for the »n- and
p-type doping, respectively. A significant suppression of
Auger recombination can be observed in W-SLs (red lines)
and M-SLs (yellow lines) compared to the reference struc-
ture (blue lines). The spatial profile of the Auger rates has
the periodicity of the SL, as expected in the absence of bor-
der effects. The reduction of the Auger rates in the n-doped
W- and M-SLs may be attributed to the large transverse
momenta exchanged in eeh transitions, as can be observed
from the lack of overlap between the gray shades repre-
senting the LDOS and the blue spots that represent the
in-scattering of the excited electrons; see Figs. 2(b) and
2(c). The suppression of Cyy, in the p-type structures is less
remarkable, as the final states reached by the excited holes
are partially overlapping with the valence minibands (HH2
in the W-SL, and LH1 in the M-SL); see Figs. 2(f) and
2(g). In all the structures considered, a higher recombina-
tion is consistently observed for p-type SLs. The relevance
of hhe transitions (Auger 7 in the literature of narrow-gap
semiconductors) in p-type LWIR SLs, notwithstanding the
splitting of HH and LH subbands, which should be more
effective for long wavelengths, was recently noted in [47].

Considering the SL as a bulk material with an artificial
periodicity, and assuming that in the low- injection condi-
tions considered here phase-space filling effects are negli-
gible [48], we define the electron- and hole-initiated Auger
coefficients of the SL from R, = Ceopn’p and Ry =
Chrenp?, respectively, where n and p are the average elec-
tron and hole densities. The resulting Auger coefficients
are reported in Table L.

In order to investigate the dependence of the Auger coef-
ficients on geometrical parameters, we perform a study of
the Auger coefficients as a function of the thickness of the
InAs and GaSb layers, see Fig. 4. Also shown for refer-
ence are the corresponding profiles of the effective gap E,
(solid black line), the width of the conduction miniband
Ac (blue circles), the minigaps in the valence band (red
symbols), and the most probable transition energies E,.,
Eppe for eeh and hhe processes, respectively (dashed lines).

As the thickness 1,55 of the InAs layers is increased,
the conduction miniband shifts to lower energies, sig-
nificantly reducing E,, thus also increasing the Auger
coefficients for both doping polarities. The most probable
transition energies E,.; and Ej;, remain larger than E, by
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FIG. 4.

(a),(b) Auger coefficients C,.; and Cyy. as a function of the thickness of the InAs and GaSb layers. The corresponding

effective band gaps E,, conduction miniband widths Acy, minigaps Enni-Lui, Enni-nnz, Enni-nas, and the most probable transition
energies E,.; and Ejj. (dashed lines) are reported in (c),(d). All calculations were performed at 200 K.

approximately 50 meV. Inspection of Fig. 2 reveals that
this excess energy should not be interpreted as a thresh-
old (phonon-induced tail states within the effective gap
do contribute to Auger recombination), but rather it can
be attributed to the spectral distribution of the electrons
in C1, which peaks slightly above the miniband edge.
The resulting increase of the average transition energies
also explains why the relevant band resonances for Auger
processes are not exactly observed at the intersection of
minigaps with the effective gap. No significant features
can be observed in Cj,. when the resonant condition
Ennitnr = Eg (finas = 3.6 nm) is reached, but a saturation
of Cp;. due to momentum-conservation constraints appears
at Egni-an = Enpe (tInAs =438 nm), when the most pl’Ob-
able transitions in the valence band are restricted within
the HH1 miniband. A similar effect can be observed for
eeh processes if fgasp 1s changed from 1.8 nm to 1.2 nm.
Thinner GaSb layers in the SL result in a wider conduc-
tion miniband C1, so that the condition Ac; = E,.p 1S
now reached within the investigated parameter range at
fmas = 4.2 nm, leading to a saddle point in C,,,, despite the
monotonic decrease of the effective gap; see Fig. 5. When
the thickness 7G,sp of the GaSb layers is increased, the HH1
miniband remains almost unchanged, close to the valence
band edge of GaSb, save for a negligible upward shift,
thus slightly reducing the effective band gap. More impor-
tantly, the conduction miniband becomes narrower, which
leads to a monotonic decrease of C,., [see Fig. 4(b)], as
energy-conserving transitions involve increasingly larger
gs in the transverse plane. On the other hand, Cj,. is
mostly unaffected by the shrinking of C1, since only the
lower, populated fraction of the miniband contributes to
the recombination process. So, Cy, initially increases due
to the reduction of the effective gap, and then becomes

almost constant at larger values of fg,sp. At fGasp = 5.4
nm, a small resonance in Cj;, is observed when Eggi-gus
equals Ej;.. The absence of significant features in Cy;,. may
be attributed to the shift of miniband HH2 towards the
valence band edge as #g,sp 1s increased, while LH1 moves
only slightly downwards, so that the two minibands are
superimposed near the resonance Eyyipay = Enpe (fGasy =
3.0 nm). When the next resonance Eyyipns = Eppe 1S
reached at zga,sp = 5.4 nm, HH3 also overlaps with LH1.
We conclude that no significant features can be observed
in Cyy,. since the two resonances are masked by the pres-
ence of HH1-LHI1 transitions for any value of #g,sp in the
range considered. The relative insensitivity of the Auger
rates with respect to band structure details was already
observed in experimental measurements of Auger rates in
type-II QWs, which found that Ahe processes can indeed
be substantial, but failed to find any systematic correlation
with specific valence intersubband alignments relative to
the energy gap [8,49]. The lack of band-related features in
the Auger rates was attributed to the wide diversity of tran-
sitions that can occur, in conjunction with the broadening
of the states by compositional and structural nonuniformi-
ties in the QWs. In addition to inhomogeneous broadening
(not accounted for in our calculations), it should also be
mentioned that energy and momentum conservation rules
are somewhat blurred when Auger processes are dressed
by phonons.

Finally, Fig. 6 compares the Auger coefficients com-
puted with NEGF (solid blue and red lines for ees and
hhe processes, respectively), with experimental results
(magenta circles) extracted from room-temperature pulsed
threshold current densities of type-II interband cascade
lasers (ICLs) with emitting wavelengths between 2.8 and
6.2 wm [8,50]. Since the ICLs under study were designed
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to have nearly equalized electron and hole densities to opti-
mize device performance, the experimental Auger coeffi-
cients presented in [8] can be compared with Cioy = Cepp, +
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FIG. 6. Auger coefficients C,.; and Cpp. computed with the
NEGF approach at 7= 300 K as a function of the SL cutoff
wavelength, and the experimental three-dimensional Auger coef-
ficients reported in [8] (magenta circles). The measurements,
which represent the most complete Auger data for interband
cascade lasers with type-II, W-shaped quantum wells , were
extracted from pulsed thresholds at room temperature. The scat-
tering of the experimental values is due to the variety of active
QWs realized over a period of 11 years [8]. The interpolating
dashed black line, used as a guide for the eye, is remarkably
in agreement with the calculated total Auger coefficient Cioy =
Ceen + Chpe (solid back line) including both electron- and hole-
initiated processes, which may be defined for structures with
balanced populations of electrons and holes.

Chne (black solid line). The agreement between Cy and
the black dashed line (a guide for the eye for the exper-
imental data) is satisfactory considering the sophisticated
extraction procedure of the Auger coefficients from the
lasing threshold, which requires accurate models for inter-
nal efficiencies, optical confinement factors, modal gains,
and an unambiguous definition of the normalization length
for the spatial extent of the carriers’ confinement region
[8]. Moreover, evidence from carrier-rebalancing studies
[51] suggests that the Auger rates for ees and hhe have
comparable strengths in the 3—4 pm range, in agreement
with the present calculations.

I1I. CONCLUSION

By means of an NEGF solver based on a multi-
band description of the electronic structure, we have
described carrier-carrier interactions in T2SLs within a
self-consistent GW approximation. The spectral and spatial
resolution of the method provides insight into the mech-
anisms that limit Auger transitions in SL absorbers for
infrared photodetectors. All the calculations presented in
this work are performed for T2SLs in flat-band condi-
tions, which apply, for example, to the absorbing region
of a barrier photodetector. The extension of this anal-
ysis to other detector architectures (consider, for exam-
ple, an SL absorber embedded within a reverse-biased
pn junction) requires the self-consistent solution of Pois-
son’s equation to account for space-charge effects (the
periodic boundary self-energy proposed in this work is
applicable to any SL photodetector with arbitrary applied
or built-in electric fields, provided that the “device” region
under study is terminated on both sides with semi-infinite
equipotential SLs). This work represents a preliminary step
towards an NEGF model in which intraband and interband
self-energies are computed self-consistently, which would
provide a simulation framework able to treat carrier trans-
port and recombination processes on equal footing for the
accurate assessment of minority carrier diffusion lengths,
collection efficiencies, and multiplication gains in highly
nanostructured photodetectors.
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