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Auger recombination in narrow-gap semiconductor superlattices

B. Vinter*
THALES Research and Technology, Domaine de Corbeville, F-91404 Orsay CEDEX, France

~Received 28 February 2002; published 31 July 2002!

An extendedk•p formalism has been developed to describe wave functions in narrow-band-gap semicon-
ductors and narrow-band-gap superlattices. The model shows very satisfactory agreement with various experi-
mental results such as optical absorption spectra in both bulk narrow-gap semiconductors and in narrow-gap
superlattices. Based on the model we calculate the Auger recombination rates in InAsSb alloys and in InAsSb-
based superlattices. We demonstrate that the Auger recombination coefficient of the superlattices may be larger
or smaller than that of bulk alloys of similar gaps depending on the superlattice structure. From the study of
several structures we propose a design strategy for minimizing the Auger recombination.

DOI: 10.1103/PhysRevB.66.045324 PACS number~s!: 72.20.Jv, 73.21.Cd, 85.60.Bt, 42.55.Px
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I. INTRODUCTION

Antimonide heterostructures, based on GaSb, InAs, Al
and related alloys, are of key interest for applications to
frared optoelectronics both for infrared detectors,1,2 and for
midinfrared sources,3 in particular band-gap semiconduct
lasers.4 The wide range of achievable band-gaps as wel
band alignment, going from type I to broken gap type II
type III, provide flexibility for device engineering.5

The main goal of band gap engineering in midinfrar
lasers is to reduce the threshold for a given emission wa
length at a given temperature. This requires a reliable mo
for the electronic structure of the heterostructure to fix
radiative transition energies and to maximize the strength
the lasing transitions. Second, the nonradiative recomb
tions and spontaneous emission in other modes have t
taken into account and minimized to the extent possib
Since the Auger recombination mechanism becomes v
important in small-band-gap lasers, the influence of a su
lattice on the Auger recombination rate has become of g
interest. A strong dependence of the Auger recombination
the structure would open the way for clever designs in wh
the recombination rate could be engineered together w
other ingredients of the laser structure, leading to a furt
reduction of threshold and improved performance. This st
egy has been pursued most consequently by Olesberget al.6

for InAs/GaInSb active layer lasers, and most recent in
band lasers have been fabricated in this system.7–10 Another
combination that has been much studied is InAsSb/InAs.11–13

Although lasers show an undeniable progress, unamb
ous experimental evidence of the structural dependenc
the Auger rate is not simple to obtain because of the ne
sarily indirect determination of the Auger recombinati
which is never present alone but always in competition w
other recombination mechanisms, even in bulk samples.
ues claimed for the Augercoefficientin the literature range
from not very sensitive to an improvement of almost tw
orders of magnitude over bulk coefficients for similar effe
tive gaps.

On the theoretical side the problem is not simple eith
because the energy conservation becomes very complic
when the anisotropy and nonparabolicity of the~mini!bands
are considered; at the same time it is necessary to take
0163-1829/2002/66~4!/045324~9!/$20.00 66 0453
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account the overlap of the wave functions of electrons en
ing into each recombination process. The greatest effort
bulk narrow gap materials was made by Beattie and Whit14

For superlattices much work has been published for GaIn
InAs systems,7,15 and for the InAsSb/InAs system a stud
was made by Hjalmarson and Kurtz.16 Still, in these works
no genuine comparison of different heterostructures and b
alloys has been made. Thus there is a need for reexami
the question of how much can be obtained by band-gap
gineering for a reduction of the Auger coefficient. We al
believe it is necessary to take into account to the grea
extent possible the details of all the recombination mec
nisms, including the band structure and wave functions
close to realistic as possible, and to make sure the sum
different processes includes all non-negligible terms.

In this work we have developed a model for superlatt
wave functions which we use to calculate the Auger reco
bination of several InAsSb-based superlattices. We comp
the results among the superlattices, and compare with b
Auger recombination rates in InAs12xSbx alloys calculated
with the same model. The paper first presents the mode
bulk band structure and Auger recombination in Secs. II a
III. Then the model is extended to superlattices in Secs.
and V. To the extent possible, theoretical results of the m
els on the band structure are validated by comparisons
experimental results.

II. BULK BAND-STRUCTURE MODEL

The calculation of properties of type-II superlattices r
quires, as a first step, a reliable description of the band st
ture and the wave functions. For doing this, an 18-ba
k•p method has been developed. It has three steps: a
k•p description of the constituent materials, a determinat
of strains in the layers with concomitant band discontinuiti
and an envelope function description of the wave functio
in the superlattice. We first treat the bulk model.

For a bulk material we employ ak•p description taking
into account the~counting spins! six G72G8 valence bands,
the two G6 conduction bands, the sixG72G8 higher-lying
conduction bands, and fourG3 bands. The inclusion of thes
and only these 18 bands insures that all relevant symme
~see Ref. 17, in particular p. 76! are included in ak•p matrix
©2002 The American Physical Society24-1
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which has elements that are alllinear in k.
Compared to the conventional 14-bandk•p method, we

also have to calculate the matrix elements coupling the
lence bands and theG3 bands. Apart from spin, theG3 bands
are doubly degenerate, and they transform as

A:z22
1

2
~x21y2!, ~1!

B:x22y2, ~2!

so if we define the matrix element between the^Xu wave
function of the valence band and theG3 wave functions as

^XupxuA&52
1

2
iR, ~3!

^XupxuB&5
A3

2
iR, ~4!

we obtain the rest of the matrix elements shown in Table
The spin-orbit splitting groups the six valence-band wa

functions into heavy holes, light holes, and spin-orbit se
rated holes, so from the standard combination which res
using the notation of, e.g., Ref. 18, we obtain the ma
elements shown in Table II.

Since theG3 bands are included only to enable enou
parameters to describe the anisotropy of the hole ba
closely we neglect couplings between theG3 bands and othe
bands.

TABLE I. Matrix elements ofk•p.

k•p A B

X 2
1
2 iRkx

)
2 iRkx

Y 2
1
2 iRky 2

)
2 iRky

Z iRkz 0
04532
a-

.
e
-
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x

ds

It may seem that we have greatly complicated our mo
by this addition, but in any model we have to diagonalize
matrix numerically, so the ease and security of programm
matrix elements that are all linear ink rather than folding
higher-lying bands into a matrix of lower rank but nonline
in k in our opinion outweighs the extra numerical work su
mitted to the computer. We may further hope that the ba
structure and, more importantly, wave functions calcula
away from the immediate neighborhood of the center of
Brillouin zone are more realistic than in a reducedk•p
scheme. We emphasize that this model provides a rem
ably good quantitative description of the InAsSb bulk a
sorption spectrum.2

This model has nine parameters: the five band energie
the center of the Brillouin zone and the four independ
matrix elements ofp coupling the valence band to the lowe
conduction band (P2), the lowest conduction band toG7
2G8 higher-lying conduction bands (P82), the valence band
to G72G8 higher-lying conduction bands (Q2), and the va-
lence band to theG3 band (R2). Where possible, the energie
are taken from the literature,19 and the matrix elements ar
varied to fit the effective masses of electrons in the low
conduction band, heavy holes in directions~100! and ~111!,
light holes in directions~100! and ~111!, and holes in the
spin-orbit split-off band. For the most important III-V sem
conductors the gap and matrix elements together with
calculated effective masses are summarized in Table III~at
T50 K).

III. AUGER RECOMBINATION IN InAs 1ÀxSbX

Before we study the influence of superlattices, we cal
late the Auger recombination rates for the InAs12xSbx alloys,
which are interesting in their own right, but which also ser
as a reference for comparison with recombination rates
superlattice structures of similar band gaps. We recall
basic Auger processes in Fig. 1. For the CHCC process
electron in statek1 recombines with a hole in statekh and the
energy gained is taken up by exciting another electron fr
TABLE II. Matrix elements ofk•p including spin-orbit splitting.

1
R

k•p
A↑ A↓ B↑ B↓

HH↑ 2
1

2A2
(ikx1ky)

0 A3

2A2
(ikx2ky)

0

HH↓ 0 2
1

2A2
(ikx2ky)

0 A3

2A2
(ikx1ky)

LH 2
1

2A6
(ikx2ky) A2

3
ikz

1

2A2
(ikx1ky)

0

LH 2A2
3

ikz 2
1

2A6
(ikx1ky)

0 1

2A2
(ikx2ky)

SO↑ 1

2A3
(ikx2ky)

1

A3
ikz 2

1
2

(ikx1ky)
0

SO↓ 2
1

A3
ikz

1

2A3
(ikx1ky)

0 2
1
2

(ikx2ky)
4-2
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TABLE III. Band energies and square of independent matrix elements ofp used in the 18-band mode
~top!. Effective masses calculated in the same model~bottom!.

(eV) Dso Eg E7 E8 E3 P2 P82 Q2 R2

AlAs 0.280 3.018 4.480 4.480 5 20.0 1.1 13.3 9.0
AlSb 0.673 2.380 3.191 3.404 5 24.0 0.0 13.0 8.7
GaAs 0.341 1.519 4.488 4.659 5 28.9 12.0 16.0 11.0
GaSb 0.760 0.810 3.191 3.404 5 25.0 6.0 14.5 9.0
InAs 0.380 0.420 4.440 4.600 5 22.2 9.0 22.0 16.0
InSb 0.810 0.237 3.160 3.490 5 24.4 10.5 16.0 11.8

(m0) mel mHH(100) mHH(111) mLH(100) mLH(111) mso

AlAs 0.150 0.508 1.124 0.178 0.150 0.290
AlSb 0.097 0.335 0.875 0.123 0.100 0.235
GaAs 0.067 0.397 0.803 0.070 0.064 0.143
GaSb 0.041 0.290 0.758 0.045 0.041 0.14
InAs 0.023 0.257 0.456 0.026 0.025 0.082
InSb 0.014 0.256 0.585 0.014 0.014 0.101
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statek2 to statek3 . Provided the two electrons and the ho
are present, and the final statek3 is available, the probability
rate for this process is governed by Fermi’s golden rule,

S~k1 ,k2→kh ,k3!5
2 p

\
u^kh ,k3uVuk1 ,k2&u2

3d@E~k3!1E~kh!2E~k1!2E~k2!#, ~5!

in which, by virtue of thek•p approximation, the wave func
tions are given by the development

ukN&5
1

V (
n

an~kN!un~r!exp~ ikN•r!, ~6!

whereun is the Bloch function at the center of the Brilloui
zone of thenth band, andn runs over the 18 bands used
our case.

For the electron-electron interaction responsible for
process we use the statically screened Coulomb potentia

FIG. 1. The principal Auger recombination processes.~a! is a
CHCC process and~b! is a CHHH process.
04532
e

V~r!5
e2e2qDr

4 per
5

1

V (
q

e2/e

q21qD
2

eiq•r, ~7!

with e the permittivity andqD the Debye~or Thomas-Fermi!
wave vector

qD
2 52

e2

e

d~p2n!

dEF
~8!

for hole and electron densititesp andn, respectively.
The choice of this approximation may certainly be cri

cized. It has been made for simplicity. An extension to d
namic screening at a finite temperature may indeed be
portant and perhaps feasible in a free-electron
approximation, but taking into account the genuine dynam
permittivity of the semiconductor seems far beyond t
scope of this investigation.A fortiori such an endeavor be
comes practically prohibitive in the case of superlattices
which one should take into account all interminiband exci
tions. We are not aware of such work for Auger recombin
tion. In small-band-gap materials the dominant proces
will have small momentum transfers, for which the standa
averaging over elementary cells then leads to an expres
for the matrix element in Eq.~5!,

^kh ,k3uVuk1 ,k2&5I 12I 2 , ~9!

where

I 1~k1→kh ,k2→k3!5D~k22k32q!
1

V

e2/e

q21qD
2

3(
n1

an1
* ~kh!an1

~k1!

3(
n2

an2
* ~k3!an2

~k2!, ~10!

whenq5kh2k1 , D is the Kronecker function, and
4-3
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I 25I 1~k1→k3 ,k2→kh! ~11!

is the exchange process.
The Auger recombination rate is then the weighted s

over all possible processes,

R5 (
k1 ,k2 ,kh ,k3

S~k1 ,k2→kh ,k3!

3 f ~k1! f ~k2!@12 f ~kh!#@12 f ~k3!#, ~12!

where f (k) is the occupation probability of statek. The mo-
mentum conservation of the matrix elements reduces the
mension of the sum to 9. The total energy conservation
principle reduces the dimension to 8, but the domain of
tegration is highly complex because the energy bands
neither isotropic, nor parabolic ink space.

In Fig. 2 we show our results atT5300 K for the intrin-
sic InAs12xSbx system. Thek•p parameters for alloys wer
obtained by a linear interpolation between the binary co
pounds except for the fundamental gap and the spin-o
splitting, for which experimental bowing parameters a
known19,20 and used. As expected, the average electron
time defined asR/ni varies dramatically over many orders
magnitude, mainly because of the variation of the occupa
probabilities with the gap. The figure therefore also sho
the intrinsic CHCC Auger coefficientC5R/ni

3 which is
much less dependent on the gap.

At this level of detail there are few quantitative calcul
tions of Auger recombination in the literature. The closes
the work of Beattieet al.,21 who found an intrinsic lifetime
for InSb of 43 ns. In view of the differences in constructin
band structure and overlap integrals and the fact that
value is extremely sensitive to the intrinsic density, we co
sider the agreement between their calculation and ours
satisfactory.

We have found that for intrinsic alloys the two-hole pr
cesses can be neglected in comparison with the CHCC
cess. This should be borne in mind when comparing w

FIG. 2. Calculated intrinsic Auger lifetime and Auger coefficie
for InAsSb alloys at room temperature.
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experimental results which may not be on intrinsic samp
The most recent determinations of Auger coefficients yi
CAuger51.1310226cm6/s ~Ref. 22!, and CAuger56
310227cm6/s ~Ref. 23!, for InAs, CAuger52.1
310226cm6/s ~Ref. 23!, for InAs0.91Sb0.09, and CAuger51
310226cm6/s ~Ref. 24!, and CAuger57310226cm6/s ~Ref.
25!, for InSb. Clearly our results indicate a larger variati
with alloy composition for the Auger coefficient than the
values. The latter are generally larger for the As-rich allo
but smaller for InSb.

By introducing different quasi-Fermi levels for electron
and holes in Eq.~12! we can study the density dependence
the Auger lifetime. This is done in Fig. 3 for the case
equal electron and hole densities. For low densities the c
acteristic 1/n2 dependence of the average lifetime is seen
higher ~degenerate! densities the occupation of~especially!
electron final states tends to reduce the dependence
thereby the effective Auger coefficient. This may expla
why some experimentally measured coefficients in InSb
smaller than in the limit of nondegenerate densities.

The difference between experimental results and our
the case of InAs can of course not be explained by this
fect. We feel it is still an open question whether the discre
ancy is due to approximations in our model or an indicat
that other types of processes—such as phonon-assisted
ger recombination—play a predominant role. We should
forget the main goal of our work, however, which is to stu
the possible influence of a superlattice on recombination.
this it is essential to resort to the same type of process in
bulk and superlattice cases.

IV. SUPERLATTICE BAND-STRUCTURE MODEL

We now want to extend our calculations to periodic s
perlattices. There are two parts to this problem: The layer
the structure will be strained, which modifies the band str
ture of each layer, and the sequence of layers in one pe

FIG. 3. Calculated Auger lifetimes and Auger coefficients f
InAs and InSb as a function of electron~hole! density at room
temperature.
4-4
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will modify the wave functions. This creates the famili
miniband structure in a Brillouin zone which has a thickne
of 2p/d in the growth directionz, whered is the period of
the superlattice.

A. Band alignments in the strained superlattice

The superlattices are assumed to be perfectly epitaxia
that the lateral lattice parameters are fixed by the subst
Then the biaxial strain in the superlattice is determined
simple macroscopic mechanics involving the elastic mod
of the materials. From the deformation potentials we th
derive the Pikus-Bir matrix elements which add to thek•p
matrix.26 Most contributions are just a displacement of t
conduction and valence bands added to the diagonal of
matrix, but there is also a matrix element coupling the sp
orbit split-off band with the light-hole valence band. Becau
the influence of strain on higher-lying bands is unknown,
have kept their energies unchanged.

The band structure of a material under biaxial strain
then complicated by the lifting of the degeneracy of t
heavy and light holes at the center of the Brillouin zone a
the ensuing anticrossing dispersion relations.27 But the math-
ematical problem has not changed; for each value ofk the
problem is still that of diagonalizing an 18318 matrix.

The remaining important parameter is the difference
~unstrained! valence band positions for a heterojunction
two materials. For this, we mainly rely on the values co
piled by Tiwari and Frank28 and Krijn.29

B. Superlattice wave functions

For wave functions in a superlattice we use an 18-b
envelope functionapproximation as follows. The growth d
rection is taken to bez, andR is the component ofr in the
direction parallel to the interfaces. The Hamiltonian for t
system is then taken to be

Hsl5
p2

2m0
1Vc~r;z!1VVB~z!, ~13!

whereVc is the crystal potential for the material at positionz,
and VVB indicates the position of the unstrained valenc
band maximum energy of the material at positionz relative
to a common reference material. This means that heteroj
tion band discontinuities are considered commutative and
sociative.

The material atz is now characterized by itsk•p matrix
elements as in the bulk case described in Sec. II. This me
that the Bloch wave functionsui0(r) at the center of the
Brillouin zone are eigensolutions to the Hamiltonian

Hbulk5
p2

2m0
1Vc~r;z!, ~14!

in which z is only a parameter. Then, by construction, t
Bloch functions are orthogonal within a unit cell, and the
eigenenergies andp matrix elements are those given in th
tables of Sec. II.

In order to solve the eigenvalue problem for the perio
superlattice
04532
s

so
te.
y
li
n

he
-
e
e

s

d

n
f
-

d

-

c-
s-

ns

c

Hslcn,k5En~k!cn,k ~15!

for a state of wave vectork in the reduced Brillouin zone in
miniband numbern, we make the envelope-function approx
mation and expand thez-dependent envelope functions in
Fourier series so that the state wave function is written a

cn,k~r!5(
m,i

an
mi~k!ei(kz1Gm)zeiki•Rui0~r;z!, ~16!

and Gm52mp/d. In the sum, the indexi runs over the 18
bands andm is an integer2NG<m<NG which runs over
the number of Fourier components retained. Introducing
reciprocal-lattice vectorsGm5Gmk̂z , we may write the ex-
pansion in a slightly more compact way:

cn,k~r!5(
m,i

an
mi~k!ei(k1Gm)•rui0~r;z!. ~17!

Applying the superlattice Hamiltonian~13! to this wave
function leads to

Hslcn,k~r!5(
m,i

an
mi~k!ei(k1Gm)•rF H p2

2m0
1Vc~r;z!

1VVB~z!J ui0~r;z!1
\2~k1Gm!2

2m0

1
\

m0
~k1Gm!•pui0~r;z!G . ~18!

The envelope-function approximation now consists in
suming that within each elementary cell only the Bloch fun
tions vary, all other functions being considered constan
the scale of a cell. Multiplying bye2 i(k1Gm8)•ruj 0* (r;z), inte-
grating over the whole volume, and utilizing the orthogon
ity of the Bloch functions within each cell, we obtain th
approximation to Schro¨dinger equation~15! for superlattice
states as the eigenvalue problem

(
m,m8,i , j

an
mi~k!H \2~k1Gm!2

2m0
Dm,m8D i , j

1
1

dE0

d

ei(Gm2Gm8)z@e i~z!1VVB~z!#dzD i , j1
\

m0
~k

1Gm!•
1

dE0

d

ei(Gm2Gm8)zPj i ~z!dzJ
5En~k!an

jm8~k!, ~19!

in which Pj i is the momentum matrix element between t
Bloch states of bandsi and j. In the case of a superlattic
consisting of only one material, this equation can be see
lead to the bulkk•p band structure folded into the superla
tice Brillouin zone, as it should be. The equation has
usual problem that it is derived under the assumption t
material changes occur slowly, but that we apply it to h
4-5
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erojunctions where those changes are ideally discontinu
On the other hand, the fact that the coupling between ba
is only linear in k conveniently avoids—or covers up—
questions about particular connection rules at an interfac30

These questions can hardly be solved without a model on
atomic length scale, and they will not be considered here.
simply apply the approximations and check with experime
that the model seems to predict reasonably correct resu

With these assumptions the Schrdinger equation for
miniband state@Eq. ~19!# is a standard eigenvalue proble
for the coefficientsan

mi(k) with a super-k•p matrix of size
18(2NG11)318(2NG11) for eachk in the miniband Bril-
louin zone. A brute force diagonalization of this matrix th
leads to the miniband energies and wave functions.

C. Results for type-II superlattices

In an earlier publication31 we showed several results fo
strained InAs/AlSb superlattices grown on GaSb. Excell
agreement between experimental absorption spectra, inc
ing their polarization dependence, was found.

Here we compare the experimental and theoretical ef
tive band gaps~energy difference between lowest-lyin
electron and highest-lying hole states! of several more
complicated four layers-per-period samples
InAs/InAs12xSbx /InAs/AlyIn12yAs on InAs substrates. Th
compositions of the alloys were chosen to equilibrate co
pressive and tensile stress in each period. These sam
were fabricated and characterized at IMEC,32 Leuven, Bel-
gium, and the main characteristics are given in Table IV.

For illustration, in Fig. 4 we show the valence and co
duction bands as well as the position of the miniband lev
at the center of the Brillouin zone calculated for the m
strained structure Q259. With our parameters, the structu
clearly of type II. For the other samples the InAs12xSbx con-
duction band is so close to the InAs conduction band tha
makes no meaning to classify the structure as type I or t
II. The comparison between photoluminescence results
the theoretical effective band gap is shown in Fig. 5. T
difference is in the 10-meV range for all the structure
which increases our confidence in the envelope func
model.

V. AUGER RECOMBINATION IN SUPERLATTICES

The Auger recombination in a superlattice can now
evaluated by extending the theory of Sec. III to transitio

TABLE IV. Growth parameters of the IMEC
InAs/InAs12xSbx /InAs/AlyIn12yAs samples.

Sample InAs InAs12xSbx Al yIn12yAs
d ~nm! x d ~nm! y d ~nm!

Q259 12.8 0.30 2.5 0.25 2.5
Q344 10.0 0.16 2.0 0.15 2.0
Q346 10.0 0.15 1.0 0.15 1.0
Q347 10.0 0.16 0.5 0.15 0.5
Q385 6.0 0.12 4.0 0.09 4.0
04532
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between miniband states. For each transition correspon
to arecombination processthe initial state will consist of two
particles of the same type~both in conduction minibands o
both in valence minibands! k1 and k2 in minibandsN1 and
N2, respectively, and the final state will consist of two pa
ticles of opposite typek3 and k4 in minibandsN3 and N4,
respectively.

FIG. 4. Calculated band profile for sample Q259. Also sho
are the positions of the pertinent miniband states at the center o
Brillouin zone.

FIG. 5. Comparison of the theoreticale1-h1 transition energy
and the experimental photoluminescence energy. ‘‘gapmin’’ rep
sents the difference between the minimum of the conduction-b
profile and the maximum of the valence-band profiles. The diff
ence between theory and experiment, marked ‘‘delta_th_ex’’ can
seen to be satisfactorily small even though the confinement ene
vary considerably.
4-6
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A. Theory

The interaction is still the screened Coulomb interact
@Eq. ~7!#, but the wave functions and energies entering
Fermi golden rule,@Eq. ~5!# are those of the superlattice d
scribed by the coefficientsaN1

m1i 1(k1), etc., of expansion~17!

determined from Eq.~19!.
Consistent with the envelope-function approximation,

can calculate the corresponding matrix element for the p
cess by averaging over elementary cells and employing
orthogonality of the center-of-zone Bloch functions. Apa
from handling the great increase in number of indices,
also have to include ‘‘umklapp’’ transitions in the muc
smaller Brillouin zone. The final result is analogous to E
~9!–~11!,

^k3 ,k4uVuk1 ,k2&5I 12I 2 , ~20!

where

I 1~k1→k3 ,k2→k4!

5 (
m1m2m3m4

D@k22k42q01G1~m12m31m22m4!#

3
1

V

e2/e

@q02G1~m12m3!#21qD
2

3(
i 1

a
N3

m3i 1* ~k3!aN1

m1i 1~k1!(
i 2

a
N4

m4i 2* ~k4!aN2

m2i 2~k2!,

~21!

where q05k32k1 , G15(2 p/d) k̂z , D is the Kronecker
function, and

I 25I 1~k1→k4 ,k2→k3! ~22!

is the exchange process again.
The Auger recombination rate for a given quadruple

minibands (N1 ,N2 ,N3 ,N4) is then the weighted sum ove
all possible processes within the reduced Brillouin zone,

RN1N2N3N4
5 (

k1 ,k2 ,k3 ,k4

S~k1 ,k2→k3 ,k4!

3 f ~k1! f ~k2!@12 f ~k3!#@12 f ~k4!#, ~23!

with S the transition rate@Eq. ~5!#, and the total rate is the
sum over minibands fulfilling the condition mentioned abo
to assure that the process is aninterbandrecombination pro-
cess. Clearly, many miniband transitions give a negligi
contribution to the Auger recombination rate, so strateg
have been employed to evaluate only those that are of
portance in the total recombination rate.

B. Results

We have calculated the average Auger recombination
for the IMEC superlattices discussed above~Table IV!. As
we saw in Sec. IV C, those samples are well described by
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wave functions atT577 K and they also span a number
cases from strongly strained~Q259! to less strained and sev
eral thicknesses.

We compare our results to the bulk results obtained
Sec. III at room temperature and at intrinsic densities. I
very important to decide what to compare.

In Fig. 6 we show the intrinsic density of the superlattic
compared with bulk alloys as a function of the effective ga
As one could expect, essentially the smaller the filling fac
of the superlattices, the smaller the intrinsic density.

The intrinsic densities naturally depend strongly on t
effective gap, and so does the Auger rate. But a major
pendence of the Auger rate comes from the electron and
densities. One should therefore certainly compare bulk
superlattices having the same gap. However, the Auger
combination rate at intrinsic densities is not of much inter
either, since the superlattices generally have smaller intrin
densities than bulk samples of the same gap. Finally,
Auger recombination is mainly an obstacle to achieving l
thresholds in lasers, so the most relevant comparison is
Auger coefficientas a function of theeffective gap.

The main results of this work are therefore summarized
Fig. 7. This figure contains, first, the results for bulk allo
already presented in Fig. 2 for reference. Second, the ca
lated results for the IMEC superlattices at low density a
shown as squares with sample number tagged on.

The first conclusion that can be drawn is that for the
perlattices the Auger coefficient does not vary much with
structure, and is rather close to the bulk values for equiva
gaps. The calculations do not predict a large decrease in
efficient. Second, the strongest reduction is found for
most strained superlattice Q259, whose structure was
sented in Fig. 4. The latter figure also shows that the h
miniband structure of that sample shows a strong separa
between the highest-lying miniband~with a concentration of
the wave function in the InAsSb layer! and lower-lying hole
minibands. This reduces the hole density of states in a la
energy interval just below the gap, and leads to a reduc

FIG. 6. Comparison of the intrinsic density for the IMEC supe
lattices with that of bulk InAsSb alloys vs the~effective! gap. T
5300 K.
4-7
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B. VINTER PHYSICAL REVIEW B 66, 045324 ~2002!
of the population of holes available for recombination
lower-lying minibands. Then the predominant channel
recombination is between thee1 andh1 minibands.

For less-strained samples the hole confinement in the
AsSb layer is smaller, so the h1 miniband is much close
the ‘‘continuum’’ InAs valence band. In this case the lowe
lying minibands contribute considerably to the Auger reco
bination, and many different quadruples of minibands in E
~23! have to be included in the total Auger recombinati
rate. This interpretation is corroborated by the tendency
tween samples Q344, Q346, and Q347, in which the th
ness of the InAsSb layers decreases, gradually pushing
h1 miniband closer and closer to the ‘‘continuum’’ an
gradually involving more and more channels to the summ
Auger recombination coefficient. A strategy for obtaining t
lowest possible Auger coefficient would therefore be
choose as strong a strain as possible, followed by a thick
of the hole-confining layer such as to keep the fundame
hole state as far from lower-lying states~including ‘‘con-
tinuum’’ states! as possible. But one cannot expect very sp
tacular reductions in the coefficient at room temperature.
worth noting that this strategy is not different from the str
egy one employs to reduce the transparency thresholdden-
sity for a laser structure; in fact the latter reduction may
much more important for laser performance than a poss
reduction of Auger coefficient.

For InAsSb superlattices there are few experimental
sults available in the literature. In the figure we show~dia-
monds! results of Lindleet al.23 comparing Auger rates for a
superlattice~midpoint! with that of bulk alloys. We have

FIG. 7. Comparison of the intrinsic Auger coefficient for th
IMEC superlattices with that of bulk InAsSb alloys vs the~effec-
tive! gap. T5300 K. Also shown are some experimental resu
from the literature. The result marked 5.e17 represents the ca
lated Auger coefficient for an average electron~hole! density of 5
31017 cm23, and illustrates the reduction of the coefficient wi
increasing density as observed in the bulk~see Fig. 3!.
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shifted the gap relative to the 77 K values indicated in th
paper to take into account the expected reduction of gap
T5300 K. The absolute values of the Auger coefficients
all higher than found theoretically, but the dependency
gap agrees well for the bulk alloys. For the superlattice
modest reduction is found, in quite reasonable agreem
with what can be expected from our theory.

Finally, we have included the results of Cieslaet al.24 who
measured the Auger coefficient of InSb and that of
InAs/InAs0.68Sb0.32 superlattice on an InAs0.84Sb0.16 relaxed
buffer ~sample IC389!. They found an improvement of abou
two orders of magnitude, which definitely is not predicted
our theory. A few remarks are called for. First, our para
eters for the valence-band offsets are different from th
used by Cieslaet al.: our parameters place the conductio
band of the InAs0.68Sb0.32alloy below the conduction band o
InAs, whereas theirs led to the opposite order~also see the
discussion of this point in Ref. 33!. However, whether we
use our parameters or theirs we find—as they did a
measured—an effective gap of the superlattice quite clos
that of InSb. Second, their experiment relied on a bleach
pulse of energy about twice the gap in either case and
sufficient intensity to obtain total bleaching. The cruc
point is now that the experiment measures essentially
decrease of the bleaching gap~the difference between quas
Fermi energies of electrons and holes! as a function of time
after total bleaching. In order to extract a recombination r
it is then necessary to convert the bleaching gap to
electron-hole density, which requires some model. If we ta
a quasi-Fermi energy difference of around 270 meV, o
model gives an electron~hole! density of 831017 cm23 for
bulk InSb, 431017 cm23 for the superlattice using our pa
rameters, and 631017cm23 using the band offset rule pre
ferred by Smithet al.34 While the density for InSb agree
well with the maximum density of the bleaching experime
it seems impossible to reconcile the model results with
densities of almost 1019cm23 employed in the extraction24 of
the Auger coefficient for the superlattice. This would requ
a much higher electron density-of-states, corresponding t
electron density of states mass considerably larger than
masses of either constituent material. We therefore feel
the spectacular reduction of the Auger coefficient to a gr
extent has its origin in the problematic assignment
electron-hole plasma densities.

VI. CONCLUSION

The k•p model we have presented has shown very sa
factory agreement with various experimental results such
optical-absorption spectra in both bulk narrow-gap semic
ductors and in narrow-gap superlattices. We are there
confident in the description of the states it delivers. For
Auger recombination the experimental data are sparse
the comparison with our results is not conclusive. It is n
clear whether this is due to experimental difficulties or
insufficiency of our model.

Theoretically, the influence of the superlattice structu
has been quantitatively evaluated and a strategy for minim
ing the Auger coefficient has been suggested. We concl

u-
4-8
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however, that since the design strategy for reducing
threshold density in a laser based on these superlat
would be the same even if there were no superlattice ef
on the Auger coefficient, it will remain difficult to attribute
improvements of such lasers to an improvement in the Au
recombination coefficient.
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