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Auger recombination in narrow-gap semiconductor superlattices
incorporating antimony
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A comparison is performed between measured and calculated Auger recombination rates for four
different narrow-gap superlattices based on the InAs/GaSb/AlSb material system. The structures are
designed for optical or electrical injection for mid-infrared laser applications, with wavelengths
ranging from 3.4 to 4.1mm. The electronic band structures are computed employing an accurate
14-band restricted basis set~superlatticeK "p) methodology that utilizes experimental information
about the low-energy electronic structure of the bulk constituents. The superlattice band structures
and their associated matrix elements are directly employed to compute Auger recombination rates.
Varying amounts of Auger recombination suppression are displayed by the various superlattices as
compared to bulk mid-infrared systems. The greatest disagreement between theory and experiment
is shown for the structure predicted to have the most Auger suppression, suggesting the suppression
is sensitive either to theoretical or growth uncertainties. ©2002 American Institute of Physics.
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I. INTRODUCTION

Semiconductor-based infrared technology for lig
wavelengths beyond 2mm is leading to applications in sev
eral fields, including remote pollution monitoring and com
mercial night vision equipment. Intense materials devel
ment has resulted in some devices, notably those dete
based on Hg12xCdxTe, which operate near theoretic
limits.1 However, even when operating at theoretical limi
many present day devices require substantial cooling.
lasers whose operation is based on interband transitions
trinsic Auger recombination causes most of the heating
carrier loss. For interband detectors, intrinsic Auger reco
bination dominates the dark current, and thus the noise
the intrinsic Auger recombination process the energy
momentum of a recombining electron–hole pair are tra
ferred to a third carrier, rather than to a photon. Such p
cesses are particularly important in small band gap mater
both because of higher thermal carrier concentrations~Auger
recombination rates increase rapidly with carrier density! and

a!Author to whom correspondence should be addressed; electronic
michael-flatte@uiowa.edu
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because satisfying the momentum and energy conserva
requirements of the process is easier when the energy tr
fer in the process is smaller.

As the Auger process depends sensitively on the ma
al’s electronic structure, the flexibility associated with sem
conductor heterostructures has spawned a variety of st
gies for designing materials with reduced Aug
recombination rates. The first significant strategies for red
ing the probability of Auger recombination transitions in he
erostructure lasers2,3 were based on reducing the thresho
carrier density and matching the conduction electron and
lence hole masses~which makes energy and momentum co
servation in the Auger process more difficult!.4 Subsequent
strategies have been developed over the past decad5–10

which employ band structure engineering in strained-la
superlattices to remove possible final states in Auger tra
tions, and thereby decrease Auger recombination rates.
utility of these strategies for superlattices with band gaps
;10 mm was shown in Refs. 11 and 12, in which the Aug
rates were measured and calculated to be as much as 2 o
of magnitude smaller in well-designed superlattices than
il:
1 © 2002 American Institute of Physics
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TABLE I. Four structures considered in this article, their band gap, and the reference where the struc
described.

Structure

Band
gap

~mm! Structure Ref.

~a! 4.1 17 Å InAs/26 Å Ga0.74In0.26Sb/17 Å InAs/43 Å AlSb 15
~b! 4.1 15 Å InAs/25 Å Ga0.6In0.4Sb/15 Å InAs/39 Å Al0.30In0.28Ga0.42As0.5Sb0.5 14
~c! 4.1 33 Å Ga0.65In0.35Sb/20 Å InAs/40 Å AlSb
~d! 3.4 18 Å InAs/21 Å AlAs0.15Sb0.85/18 Å InAs/25 Å Ga0.6In0.4Sb/

18 Å InAs/21 Å Al0.15Sb0.85/18 Å InAs ~27 Å Al0.6Ga0.4Sb/11 Å InAs)4.5
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bulk systems with the same band gap. Suppression of Au
recombination rates in type-II heterostructures by roughl
factor of 4 in the mid-wavelength infrared~MWIR! ~relative
to type-I heterostructures! has been observed,13 however this
suppression appears to be largely due to balancing the
duction and valence band masses rather than final-s
structure.9

Although the above strategies for reducing Auger reco
bination can be formulated based on qualitative consid
ations, to be of most utility accurate calculations of ele
tronic structure and Auger recombination rates
superlattices should be available to correlate specific su
lattice structures with optimal Auger rates. These calcu
tions can assist device design by providing ideal limits a
by differentiating between competing material systems. T
principal difficulty in the computation of Auger recombina
tion rates is the integration over the wave vectors of all p
sible initial and final states in the Brillouin zone~subject to
energy and momentum conservation constraints!. Their com-
putation was pioneered by Beattie and Landsberg4 with the
assumptions of parabolic bands and constant overlap m
elements. These assumptions permitted the number of
grals requiring numerical evaluation to be reduced to o
one. The early expressions obtained by Beattie and La
berg are still employed often today, however they prove
many cases to be poor approximations, particularly in su
lattices. The energy bands of superlattices are highly non
rabolic and the matrix elements depend sensitively on ca
momentum. Inaccurate approximations for the band ener
are particularly problematic due to the resulting exponen
errors in occupation probabilities. However, the use of re
istic electronic band structures for superlattices has until
cently been computationally prohibitive. Direct compariso
of accurate theoretical calculations~without free parameters!
with experimental measurements of Auger recombinat
rates are very rare for narrow band gap systems where
final states for the third carrier have nontrivial structure. S
cess has been reported for a long-wavelength infrared In
GaInSb superlattice11,14 and for a MWIR InAs/GaInSb/
AlGaInAsSb superlattice.14

This article explores theoretically Auger recombinati
in four different Sb-based mid-infrared heterostructure ma
rials atT5300 K, discussing Auger recombination suppre
sion strategies and their effectiveness. Direct comparis
with experiment are presented to demonstrate the accura
present-day band structure and Auger recombination com
tational tools. The electronic structure and carrier–car
b 2005 to 128.255.71.22. Redistribution subject to AIP
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scattering matrix elements are evaluated with a low-ene
restricted-basis set calculation based on fourteen bulk ba
~six bondingp-like states, two antibondings-like states, and
six antibondingp-like states!. The recombination rates re
ported are calculated employing these band structures
matrix elements.

The four structures considered are tabulated in Tabl
Structure~a! is a ‘‘W’’ laser grown on a GaSb substrate at th
Naval Research Labs.15 Time resolved photoluminescenc
measurements16 were performed to obtain the recombinatio
rates. This structure has been successfully employed as
active region of optically pumped lasers emitting in t
MWIR.15,17 Structures~b! and ~d! were grown on a GaSb
substrate with a GaSb cap layer at the University of Iow14

and structure~c! was grown at the University of Houston
The carrier recombination rates for~b!, ~c! and ~d! were de-
termined via differential transmission measurements18 as de-
scribed in Ref. 14. Each of the structures is a type-II hete
structure, which should show some suppression of Au
recombination relative to bulk structures because of the
proved matching of conduction and valence band-edge d
sities of states~or, approximately, effective masses!. The first
three structures, however, show only marginal suppressio
Auger recombination at 300 K through final-state optimiz
tion, whereas the fourth structure is predicted to have sign
cant suppression of Auger recombination at 300 K. Agr
ment between theory and experiment is excellent for the
three structures, but not for the fourth, indicating that Aug
suppression is sensitive to theoretical or growth uncerta
ties.

II. METHODS

The methodology for calculating the electronic ba
structures of the four systems listed above is closely rela
to the well-knownk"p methodology, which is commonly
based on eight bulk bands. The 14-band basis we use
includes the higher-lying antibondingp states in addition to
the common eight bands~bondingp states and antibondings
states!. Input parameters for this method are determined fr
the energy levels, effective masses, andg factors of the bulk
constituents, as well as the valence band offsets betw
layers. The employed parameters are mainly extracted f
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Ref. 19 and are fully reported in Ref. 20. This formalism h
proven to be very accurate in the calculation of opti
absorption,21,22 linewidth enhancement factors,23 and spin
coherence times24 ~in addition to the previously mentione
carrier lifetimes! for similar type-II Sb-based multilaye
structures. The theoretical results presented here for on
the superlattices are slightly different from those in Ref.
because a 14-band calculation is used rather than an e
band one.

The highly nonparabolic band structures and momen
matrix elements are used directly as input for the compu
tion of Auger lifetimes. They are input into the Auger ra
computations in the form of look-up tables with a mesh sp
ing of 0.002 Å21. The principal methods employed are di
cussed in Ref. 8, and have been extended to include
effects of superlattice Umklapp processes.14 Umklapp pro-
cesses are negligible in bulk direct gap systems.25 However,
due to the large size of the superlattice unit cells and he
the small size of reciprocal lattice vectors in the growth-a
direction, Umklapp processes have been shown to contri
approximately half of the total rate of Auger recombinati
in superlattices.14 The transition matrix elements are eval
ated using a statically screened Coulomb interaction and
orderK "p for the wave function overlaps. The multidimen
sionalK space integrals are evaluated employing an adap
mesh Monte Carlo algorithm.

Plots of the most probableK space locations of electron
and holes before undergoing Auger transitions are helpfu
designing superlattices which suppress Auger recombina
Those presented in this article~in Figs. 1 and 2 to be de
scribed below! were produced by selecting the Auger pr
cesses which contribute the most to the total recombina

FIG. 1. Most probable hole Auger processes for the four structures con
ered at 300 K. The superlattice bands are plotted in the growth axis dire
~right of vertical line! and in-plane direction~left of vertical line!. Holes are
indicated by hollow circles and electrons by solid circles. The electron
hole positions are plotted superimposed on the curves of the computed
tronic band structure and are plotted only as a function of their in-pl
momentum component, so they do not always lie on the curves. The ca
concentrations are n5p5 ~a! 231017 cm23, ~b! 531017 cm23; ~c! 5
31017 cm23, and~d! 331017 cm23.
Downloaded 24 Feb 2005 to 128.255.71.22. Redistribution subject to AIP
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rate. The electron and hole states~on theK -space mesh de
scribed above! involved in those processes are then plott
on the superlattice band structure. The transitions shown
count for more than 99% of the total Auger recombinati
rate. For each of the four systems considered here, the e
tron and hole densities~defined as the average densities ov
the entire superlattice period! were in the range of low- to
mid-1017 cm23 for the computation of the most probab
locations of the carriers. This permits the direct comparis
of Auger transitions of the systems with similar carrier co
centrations.

The measurements of recombination rates on these
tems were performed either with time-resolved photolum
nescence~PL! upconversion or differential transmission
Pulses of 140 fs duration and photon energy 1.476 eV fro
mode-locked Ti:sapphire laser were used to excite electr
hole pairs in the structures. For the differential transmiss
measurements 170 fs probe pulses from a synchrono
pumped optical parametric oscillator were used to probe
transmission at 0.349 eV~near the absorption edge!. For the
PL upconversion measurements a delayed piece of the p
pulse~gating pulse! was mixed with the mid-infrared PL in a
nonlinear crystal, and the upconverted light intensity w
detected. For both methods the signal increases as the
tially hot carriers relax to the band edge states and then
cays as the carriers recombine. Measurements of the dec
the signal can then be correlated with the decay of the ca
distribution itself.

Experimental recombination rate data as a function
carrier density are typically fitted to the form

R5A1Bn1Cn2, ~1!

whereR is the recombination rate per electron–hole pair, a
n is the carrier density. The fitting constantA represents the
rate of Shockley–Read–Hall recombination,B measures the
radiative recombination rate, andC the Auger recombination
rate. In the four samples considered here, the radiative
combination rate was calculated in every case to be at l

id-
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FIG. 2. Same as Fig. 1, but for electron Auger processes.
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one order of magnitude longer than the Auger recombina
rate over the considered ranges of carrier density. Hence
diative recombination is not considered further. It has be
previously noted26 that the rate of Auger recombination
expected to saturate when the involved carriers become
generate, with the rate approaching a linear dependenc
the carrier density. Without careful analysis this saturat
can generate a spurious result for the radiative coefficienB
if Eq. ~1! is used. Hence, the experimental data here w
analyzed by fitting the recombination rate as a function
carrier density to the expression

R5A1Cn2/~11n/n0!, ~2!

wheren0 is a measure of the carrier density for the onset
saturated behavior.

III. RESULTS AND DISCUSSION

We begin by comparing for each of the four structur
the nature of the states involved in Auger recombinati
Figure 1 shows the states involved in the most probable h
Auger processes in each of the four structures~a!–~d!, and
Fig. 2 shows the states involved in the most probable e
tron Auger processes. Here ‘‘hole’’ Auger recombination
dicates a process where the energy and momentum o
recombining electron–hole pair are transferred to a hole,
‘‘electron’’ Auger recombination when the transfer is to a
electron. The band structures are plotted in the growth-a
direction to the right and in the in-plane direction to the le
Electron states involved in the process are indicated by s
circles, and hole states by hollow circles. In both cases
positions of the electrons and holes are superimposed on
electronic band structure. The most probable transitions
plotted as a function of the carrier’s in-plane momentu
component only, and thus do not always lie on the curv
For all four systems the hole Auger processes dominate
overall Auger recombination rate at 300 K.

Figure 3 shows the observed and calculated recomb
tion rates for the four systems and Table II summarizes
fits of Eq.~2! to the experimentally measured density dep
dence of the recombination rate. The Shockley–Read–
times of each of these are comparable, ranging from 2.
10 ns. Saturation of the experimental Auger recombinat
rate~indicated by a smallern0 in Table II and a more linea
behavior in Fig. 3! is evident in both structures~c! and ~d!
around the middle of the plotted range, whereas in~a! and~b!
saturation is not visible. Saturation of the hole Auger r
~which dominates! requires the holes to become degenera
so these measurements indicate that the holes have no
come degenerate for the densities probed in~a! and ~b!,
whereas they have in~c! and ~d!. The theoretical Auger re
combination, however, does not saturate significantly for
of the four structures.

Both the Auger coefficients and the saturation densi
show substantial apparent variation between theory and
periment, despite the apparent good agreement of the plo
the recombination rates~Fig. 3! for structures~a!–~c!. This
can occur because the Auger coefficient is principally de
mined by the low-density region of the curves, whereas
Downloaded 24 Feb 2005 to 128.255.71.22. Redistribution subject to AIP
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saturation density is governed by the higher-density reg
Thus comparisons of Auger coefficients for such structu
must be done with care. A more robust comparison can
made using the Auger rate at a given density, in this c
~Table II! the rates for a density of 1018 cm23. The theoret-
ical and experimental rates at that density are within a fac
of 2 for structures~a!–~c!.

We focus on the density of 1018 cm23 because that is
close to the optimal lasing density for the first three stru
tures~a!–~c!. At these densities the Auger recombination ra
is over 1 order of magnitude greater than the Shockle
Read–Hall rate. Thus the focus on the Auger recombina
rate is justified for these systems. At the density of 118

cm23 the four structures have an Auger rate that is sma
than the 9 ns21 calculated for bulk 4.1mm InAs0.91Sb0.09.
The nature of the band-edge electronic structure of these
superlattices forces more of the energy and momentum c
serving Auger transitions to involve near-band-edge carr
deep in the tails of their Fermi distributions, and hence
regions of lower occupation probability.

The fourth structure~d! is the optimized structure, eve
though its measured Auger coefficient is larger than tha
the other three. This peculiarity occurs because Auger c
ficients are not very good benchmarks for structures wh
differ substantially in theiroptical properties.27 A simple in-
dication of how Auger coefficients can be misleading
given by a multiple quantum well material. If the optical
active well thickness is kept the same, and the barrier th
ness is increased, the Auger coefficient increases propor
ally to the total thickness of the well and barrier square
However the net material gain per unit recombination curr
remains the same. The first three structures have similar
terial gains for similar carrier densities, and the true figure
merit ~net material gain per unit recombination current!28 can
be fairly represented by the Auger coefficient. Structure~d! is
a much thicker multilayer structure than~a!–~c!, more like a
sophisticated quantum well, and it reaches its maximal fig

FIG. 3. Experimental~solid diamonds! and computed~hollow squares! total
recombination rates per electron–hole pair for the four systems. The da
lines are fits of the experimental data to Eq.~2!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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TABLE II. Measured and theoretical parameters that describe the density dependence of the recombina
according to Eq.~2!: A the Shockley–Read–Hall recombination rate,C the low-density Auger recombination
coefficient, andn0 , the saturation density for Auger recombination.t is the total lifetime, whereaste is the
electron Auger lifetime andth is the hole Auger lifetime. All quoted lifetimes are for a carrier concentration
1018 cm23.

Structure

A
(ns21)

Exp

C
(10227 cm6 s21)

n0

(1018 cm23)
t21

(ns21)
te

21

(ns21)
th

21

(ns21)

Exp Theor. Exp. Theor. Exp. Theor. Theor Theor

~a! 0.11 7.2 4.1 7.1 3.1 6.4 3.2 0.8 2.3
~b! 0.41 4.5 4.6 1.2 1.1 2.9 2.8 0.4 2.0
~c! 0.40 15.4 4.4 0.42 4.1 5.0 3.9 1.0 2.5
~d! 0.31 26 0.9 0.35 1.8 7.1 0.9 0.01 0.6
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of merit at a carrier density of merely 3.431017cm23. As a
result, the net material gain per unit recombination curren
predicted to be one order of magnitude greater for system~d!
than for any of the other three structures, resulting in a p
dicted threshold current density one order of magnitu
smaller.

The agreement between theoretical and observed A
rates at the optimal carrier density for lasing is no worse t
a factor of 2 for the first three systems, suggesting the va
ity and accuracy of the band structure and Auger rate c
putational methodologies. However, for the fourth struct
there is significant disagreement. Even with this disagr
ment, however, the net material gain per unit recombina
current of~d! is measured to be a factor of 2 superior to th
of structure~b!, which had the previous material record.29

There are several possible sources of the discrepa
between theory and experiment for structure~d!. The pres-
ence of Auger suppression in the predicted electronic st
ture of ~d! is sensitive to the precise layer thicknesses of
constituent materials.10 Hence errors either in the theoretic
calculations of the band structure, or errors in growth m
lead to less suppression than expected. The multitude
bands involved in the sophisticated thick structure~d! make
convergence of the Monte Carlo calculations for the Au
rates delicate. Also, other Auger processes which are t
cally of less importance in less optimized structures m
now emerge to dominate, including defect-assisted Auge
phonon-assisted Auger. Detailed studies of trends in ca
lifetimes for the broken-gap quantum well of structure~d!
would be required to clarify the origin of the discrepancy

IV. SUMMARY

The reported results indicate considerable variability
300 K Auger coefficients in four mid-wavelength infrare
Sb-based material systems. This is associated with b
structure effects modifying locations inK space where en
ergy and momentum conserving Auger transitions can oc
Structures that are not predicted to have significant Au
suppression due to the elimination of final states for the p
cess are observed to exhibit excellent agreement betw
predicted and observed Auger recombination rates.
structure ~d!, which is predicted to have substantially r
duced Auger recombination rates at 300 K, is observed
exhibit some significant Auger suppression, but not as m
b 2005 to 128.255.71.22. Redistribution subject to AIP
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as predicted. Further studies of structures like that of~d!
would clarify the relative contributions to this discrepancy
theoretical uncertainty in electronic structures, statistical
ror in the Auger rate calculations, theoretical uncertainty
the importance of higher-order Auger processes, and exp
mental uncertainty in growth.
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14M. E. Flatté, C. H. Grein, T. C. Hasenberg, S. A. Anson, D.-J. Jang, J

Olesberg, and T. F. Boggess, Phys. Rev. B59, 5745~1999!.
15W. W. Bewleyet al., Appl. Phys. Lett.73, 3833~1998!.
16D.-J. Jang, M. E. Flatte´, C. H. Grein, J. T. Olesberg, T. C. Hasenberg, a

T. F. Boggess, Phys. Rev. B58, 13047 ~1998!; D.-J. Janget al., Appl.
Phys. Lett.70, 1125~1997!.

17W. W. Bewleyet al., Appl. Phys. Lett.74, 1075~1999!.
18S. W. McCahonet al., Appl. Phys. Lett.68, 2135~1996!.
19O. Madelung, inSemiconductors, Group IV Elements and III-V Com

pounds, edited by K. H. Helluege and O. Madelung, Landolt-Bo¨rnstein,
New Series, Group III, Vol. 17, Pt. A~Springer, Berlin, 1982!.

20W. H. Lau, J. T. Olesberg, and M. E. Flatte´ ~unpublished!.
21J. T. Olesberg, S. A. Anson, S. W. McCahon, M. E. Flatte´, T. F. Boggess,
 license or copyright, see http://jap.aip.org/jap/copyright.jsp



.

ic

erg,

.

, C.

7316 J. Appl. Phys., Vol. 92, No. 12, 15 December 2002 Grein et al.
D. H. Chow, and T. C. Hasenberg, Appl. Phys. Lett.72, 229 ~1998!.
22W. H. Lau and M. E. Flatte´, Appl. Phys. Lett.80, 1683~2002!.
23S. A. Anson, J. T. Olesberg, M. E. Flatte´, T. C. Hasenberg, and T. F

Boggess, J. Appl. Phys.86, 713 ~1999!.
24J. T. Olesberg, W. H. Lau, M. E. Flatte´, C. Yu, E. Altunkaya, E. M. Shaw,

T. C. Hasenberg, and T. F. Boggess, Phys. Rev. B64, 201301~R! ~2001!.
25S. Brand and R. A. Abram, J. Phys. C17, L571 ~1984!.
26A. Haug, inProceedings of 13th International Conference on the Phys
Downloaded 24 Feb 2005 to 128.255.71.22. Redistribution subject to AIP
s

of Semiconductors,edited by F. G. Fumi~North-Holland, New York,
1976!, p. 1106.
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