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Auger recombination in narrow-gap semiconductor superlattices
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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 INAsSbh-
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.
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[. INTRODUCTION account the overlap of the wave functions of electrons enter-
ing into each recombination process. The greatest effort for

Antimonide heterostructures, based on GaSb, InAs, AlSbhulk narrow gap materials was made by Beattie and WHite.
and related alloys, are of key interest for applications to inFor superlattices much work has been published for GalnSb/
frared optoelectronics both for infrared detectb?snd for  InAs systems;*® and for the InAsSb/InAs system a study
midinfrared sources,in particular band-gap semiconductor Was made by Hjalmarson and Kurfzstill, in these works
lasers® The wide range of achievable band-gaps as well a§© genuine comparison of different heterostructures and bulk
band alignment, going from type | to broken gap type II oralloys hag been made. Thus there is a_need for reexamining
type Ill, provide flexibility for device engineerimy. the question of how much can be obtained by band-gap en-

The main g0a| of band gap engineering in midinfraredgineering for a reduction of the Auger coefficient. We also
lasers is to reduce the threshold for a given emission waveelieve it is necessary to take into account to the greatest
length at a given temperature. This requires a reliable modéxtent possible the details of all the recombination mecha-
for the electronic structure of the heterostructure to fix thehliSms, including the band structure and wave functions as
radiative transition energies and to maximize the strengths dgilose to realistic as possible, and to make sure the sum over
the lasing transitions. Second, the nonradiative recombinddifferent processes includes all non-negligible terms.
tions and spontaneous emission in other modes have to be In this work we have developed a model for superlattice
taken into account and minimized to the extent possiblewave functions which we use to calculate the Auger recom-
Since the Auger recombination mechanism becomes verjination of several InAsSb-based superlattices. We compare
important in small-band-gap lasers, the influence of a supethe results among the superlattices, and compare with bulk
lattice on the Auger recombination rate has become of gretuger recombination rates in InAs,Sh; alloys calculated
interest. A strong dependence of the Auger recombination oith the same model. The paper first presents the model for
the structure would open the way for clever designs in whicHulk band structure and Auger recombination in Secs. Il and
the recombination rate could be engineered together with!l. Then the model is extended to superlattices in Secs. IV
other ingredients of the laser structure, leading to a furthe@nd V. To the extent possible, theoretical results of the mod-
reduction of threshold and improved performance. This strat€ls on the band structure are validated by comparisons with
egy has been pursued most consequently by Olesiiaatf ~ experimental results.
for InAs/GalnSb active layer lasers, and most recent inter-
band lasers have been fabricated in this systefhAnother Il. BULK BAND-STRUCTURE MODEL
combination that has been much studied is InAsSb/IHAS

Although lasers show an undeniable progress, unambigu- The calculation of properties of type-Il superlattices re-
ous experimental evidence of the structural dependence @juires, as a first step, a reliable description of the band struc-
the Auger rate is not simple to obtain because of the necegure and the wave functions. For doing this, an 18-band
sarily indirect determination of the Auger recombinationk-p method has been developed. It has three steps: a bulk
which is never present alone but always in competition withk- p description of the constituent materials, a determination
other recombination mechanisms, even in bulk samples. Vaf strains in the layers with concomitant band discontinuities,
ues claimed for the Augetoefficientin the literature range and an envelope function description of the wave functions
from not very sensitive to an improvement of almost twoin the superlattice. We first treat the bulk model.
orders of magnitude over bulk coefficients for similar effec- For a bulk material we employ k- p description taking
tive gaps. into account thécounting spingsix I';—I'g valence bands,

On the theoretical side the problem is not simple eitherthe twoI'g conduction bands, the sik;—I'g higher-lying
because the energy conservation becomes very complicatednduction bands, and folir; bands. The inclusion of these
when the anisotropy and nonparabolicity of {imeini)bands and only these 18 bands insures that all relevant symmetries
are considered; at the same time it is necessary to take infsee Ref. 17, in particular p. Y@re included in &- p matrix
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TABLE I. Matrix elements ofk- p. It may seem that we have greatly complicated our model
by this addition, but in any model we have to diagonalize a
k-p A B matrix numerically, so the ease and security of programming

matrix elements that are all linear lnrather than folding
v _lin . higher-lying bands into a matrix of lower rank but nonlinear
21Rk — 2Rk in k in our opinion outweighs the extra numerical work sub-
z iRk, 0 mitted to the computer. We may further hope that the band
structure and, more importantly, wave functions calculated
) ) ) away from the immediate neighborhood of the center of the
which has elements that are &fiear in k. Brillouin zone are more realistic than in a reduckep
Compared to the conventional 14-bakdp method, we  gopeme We emphasize that this model provides a remark-
also have to calculate the matrix elements coupling the Vaébly good quantitative description of the InAsSb bulk ab-
lence bands and tHé; bands. Apart from spin, thE; bands sorption spectrur.
are doubly degenerate, and they transform as This model has nine parameters: the five band energies at
1 the center of the Brillouin zone and the four independent
AZ2— Z(x2+y?), (1)  Matrix elements op coupling the valence band to the lowest
2 conduction band R?), the lowest conduction band tb-
—T'g higher-lying conduction band€>(?), the valence band
B:x*—y?, (2)  toI';—T'g higher-lying conduction band<Qf), and the va-
lence band to th&€; band R?). Where possible, the energies
are taken from the literaturé,and the matrix elements are
varied to fit the effective masses of electrons in the lowest
1 conduction band, heavy holes in directigd90) and(111),
(X|py A)=— EiR’ (3) Ilght hol_es in directiong100) and (111)_, and holes in the_
spin-orbit split-off band. For the most important IlI-V semi-
conductors the gap and matrix elements together with the

V3, calculated effective masses are summarized in Tabléatll
<X|px|B>=7|R, (4) T=0 K).

X —LiRk, ZiRk,

so if we define the matrix element between (¢ wave
function of the valence band and thg wave functions as

we obtain the rest of the matrix elements shown in Table I.
The spin-orbit splitting groups the six valence-band wave
functions into heavy holes, light holes, and spin-orbit sepa- Before we study the influence of superlattices, we calcu-
rated holes, so from the standard combination which resultdate the Auger recombination rates for the 1RAgSh, alloys,
using the notation of, e.g., Ref. 18, we obtain the matrixwhich are interesting in their own right, but which also serve
elements shown in Table 1. as a reference for comparison with recombination rates in
Since thel'; bands are included only to enable enoughsuperlattice structures of similar band gaps. We recall the
parameters to describe the anisotropy of the hole bandsasic Auger processes in Fig. 1. For the CHCC process, an
closely we neglect couplings between fhebands and other electron in staté; recombines with a hole in stakg and the
bands. energy gained is taken up by exciting another electron from

Ill. AUGER RECOMBINATION IN InAs ;_,Sby

TABLE Il. Matrix elements ofk- p including spin-orbit splitting.

1 A7 Al BT Bl
RCP
1 V3
HHT _ - 0 2 ik, — 0
2\/§(|kx+ky) 2\/§(|kx ky) -
HH| 0 _ L e 0 V2
2\/§(Ikx ky) 2\/E(I|(X+ky)
LH 1 2 1. 0
_ — Zik _—
2\/6(Ikx ky) 3Kz 2\/§(|kx+ky)
LH _ \/E.k B 1 . 0 1 3
3Kz —2\/6(|kx+ky) —Zﬁ(lkx ky)
S 1 1. _ l ; 0
o1 2—\/§(|kx—ky) ﬁlkz S(iketky)
SO 1. 1 0 L
| _ﬁlkz m(lkx‘i‘ky) 2(|kx ky)
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TABLE Ill. Band energies and square of independent matrix elemengsusied in the 18-band model
(top). Effective masses calculated in the same mgbettom).

(eV) Ago Eq E, Eg E, p? p’2 Q2 R?

AlAs 0.280 3.018 4.480 4.480 5 20.0 1.1 13.3 9.0
AISb 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
(mg) M| My (100) My (111) mgy(100) m_p(111) Mso
AlAs 0.150 0.508 1.124 0.178 0.150 0.290
AISb 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 0.140
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

statek, to statek;. Provided the two electrons and the hole e2e dor 1 e?le .

are present, and the final stateis available, the probability V(r)= e, (7

rate for this process is governed by Fermi’s golden rule,

21 )
S(k1,kzﬂkh,k3)27|<kh’k3|v|k1’kz>|

X 6 E(ks) +E(kn) —E(ky) —E(kp) ],

in which, by virtue of thek- p approximation, the wave func-

tions are given by the development

1
[kn) = g 2 an(k)un(r)expliky-r),

whereu, is the Bloch function at the center of the Brillouin
zone of thenth band, anch runs over the 18 bands used in

our case.

4 er :6 q q2+q2D

with e the permittivity andgp the Debye(or Thomas-Fermi

wave vector

. ed(p—n)

QD_ € dEF (8)

for hole and electron densititgsandn, respectively.

The choice of this approximation may certainly be criti-
cized. It has been made for simplicity. An extension to dy-
namic screening at a finite temperature may indeed be im-
portant and perhaps feasible in a free-electron gas
approximation, but taking into account the genuine dynamic
permittivity of the semiconductor seems far beyond the
scope of this investigatiorA fortiori such an endeavor be-
comes practically prohibitive in the case of superlattices in
which one should take into account all interminiband excita-

For the electron-electron interaction responSible for thqionsl We are not aware of such work for Auger recombina-
process we use the statically screened Coulomb potential tion. In small-band-gap materials the dominant processes

FIG. 1. The principal Auger recombination process@s.is a

CB

VB

(b)

CHCC process anth) is a CHHH process.

will have small momentum transfers, for which the standard
averaging over elementary cells then leads to an expression
for the matrix element in E(5),
(Kn ka|VIky ko) =11—15, 9

where

(ks Ky k) = A (K kg ) 7€

1(Ky—=Kp ,Ka—K3) = 2= K~y 55

Q q?+a?
x 2 ay (Kn)ag, (k)
ny

x 2 ah (ka)an,(kp), (10
n2

whenqg=k,—k;, A is the Kronecker function, and
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FIG. 2. Calculated intrinsic Auger lifetime and Auger coefficient  FIG. 3. Calculated Auger lifetimes and Auger coefficients for

for INAsSb alloys at room temperature. InAs and InSb as a function of electrghole) density at room
temperature.
l2=11(ki—kg,ko—kp) (11)
. experimental results which may not be on intrinsic samples.
IS t?ﬁeezfjhzrr]gr(Zcpc:rcr)]CbﬁZ'tion rate is then the weighted su The most recentzgetgrminations of Auger coefficients yield
over all pogssible processes, ng’i”gf57l'gx 10 “emtis (Ref. 23, and CA”ge_r_G
cm/s  (Ref. 23, for InAs, Cpyge=2.1
X 10" %cm®/s (Ref. 23, for InAsyg;Shy gg, and Cayge=1
R= > S(ki,ko—kp,ks) X 10" %cm®/s (Ref. 24, and Cpyge= 7% 10 2%cnmP/s (Ref.
kq .k .kn kg 25), for InSh. Clearly our results indicate a larger variation

_ _ with alloy composition for the Auger coefficient than these
X Tk (k)L = (ko) J[1= T (ks) ], (12 Jalues. The latter are generally larger for the As-rich alloys
wheref (k) is the occupation probability of stake The mo-  but smaller for InSb.
mentum conservation of the matrix elements reduces the di- By introducing different quasi-Fermi levels for electrons
mension of the sum to 9. The total energy conservation irand holes in Eq(12) we can study the density dependence of
principle reduces the dimension to 8, but the domain of inthe Auger lifetime. This is done in Fig. 3 for the case of
tegration is highly complex because the energy bands aréqual electron and hole densities. For low densities the char-
neither isotropic, nor parabolic ik space. acteristic 1n? dependence of the average lifetime is seen; at
In Fig. 2 we show our results 8t=300 K for the intrin-  higher (degeneratedensities the occupation g¢éspecially
sic InAs,_,Sh, system. Thek- p parameters for alloys were e€lectron final states tends to reduce the dependence and
obtained by a linear interpolation between the binary comthereby the effective Auger coefficient. This may explain
pounds except for the fundamental gap and the spin-orbitvhy some experimentally measured coefficients in InSh are
splitting, for which experimental bowing parameters aresmaller than in the limit of nondegenerate densities.
known>?°and used. As expected, the average electron life- The difference between experimental results and ours in
time defined af/n; varies dramatically over many orders of the case of InAs can of course not be explained by this ef-
magnitude, mainly because of the variation of the occupatiofect. We feel it is still an open question whether the discrep-
probabilities with the gap. The figure therefore also showsncy is due to approximations in our model or an indication
the intrinsic CHCC Auger coefficien€E=R/n® which is  that other types of processes—such as phonon-assisted Au-
much less dependent on the gap. ger recombmguon—play a predominant role. .\Ne.should not
At this level of detail there are few quantitative calcula- forget the main goal of our work, however, which is to study
tions of Auger recombination in the literature. The closest isthe possible influence of a superlattice on recombination. For
the work of Beattieet al,?* who found an intrinsic lifetime ~ this it is essential to resort to the same type of process in the
for InSb of 43 ns. In view of the differences in constructing Pulk and superlattice cases.
band structure and overlap integrals and the fact that the
vglue is extremely sensitive to thg intrinsic _density, we con- IV SUPERLATTICE BAND-STRUCTURE MODEL
sider the agreement between their calculation and ours very
satisfactory. We now want to extend our calculations to periodic su-
We have found that for intrinsic alloys the two-hole pro- perlattices. There are two parts to this problem: The layers in
cesses can be neglected in comparison with the CHCC prdhe structure will be strained, which modifies the band struc-
cess. This should be borne in mind when comparing withture of each layer, and the sequence of layers in one period
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will modify the wave functions. This creates the familiar H1tn k=En(K) ¥ (15)
miniband structure in a Brillouin zone which has a thickness ’ '

of 27r/d in the growth directiorg, whered is the period of for a state of wave vectds in the reduced Brillouin zone in
the superlattice. miniband numben, we make the envelope-function approxi-

mation and expand thedependent envelope functions in a

A. Band alignments in the strained superlattice Fourier series so that the state wave function is written as

The superlattices are assumed to be perfectly epitaxial, so ket Gk R
that the lateral lattice parameters are fixed by the substrate. Yni(0)= 2, all(k)elkeCmzdh Ry (r;z),  (16)
Then the biaxial strain in the superlattice is determined by m!

simple macroscopic mechanics involving the elastic modull,,q g —2ma/d. In the sum. the indek runs over the 18
of the materials. From the deformation potentials we therbandsmandn is an integer— NlegmgNe which runs over
derive the Pikus-Bir matrix elements which add to 1@ 6 hymber of Fourier components retained. Introducing the

matrix?® Most contributions are just a displacement of the . Llatt OrS. — Gk ite th
conduction and valence bands added to the diagonal of tngciprocal-iatlice Veclorto,=Lmk;, We may write the ex-

matrix, but there is also a matrix element coupling the Spinpansmn in a slightly more compact way:
orbit split-off band with the light-hole valence band. Because
the influence (_)f strain_on higher-lying bands is unknown, we ¥ k(f)ZE anmi(k)é(kmm)'ruio(r;z). (17)
have kept their energies unchanged. ’ m,i
The band structure of a material under biaxial strain is
then complicated by the lifting of the degeneracy of the Applying the superlattice Hamiltonia(l3) to this wave
heavy and light holes at the center of the Brillouin zone andunction leads to
the ensuing anticrossing dispersion relati®hBut the math-
ematical problem has not changed; for each valu& tie ) )
problem is still that of diagonalizing an ¥8L8 matrix. Heithn k(1) =2, ap'(k)g+Cm-r
The remaining important parameter is the difference in m
(unstrained valence band positions for a heterojunction of
two materials. For this, we mainly rely on the values com- +Vva(2)
piled by Tiwari and Fran® and Krijn2°

p2
[2_n10+\/°(r;z)

12(k+ Gppy)2

Ujo(r;2)+ Mg

. (18

f

B. Superlattice wave functions + m_o(k+ Gim) - PUio(r;2)
For wave functions in a superlattice we use an 18-band ) L ) )
envelope functiompproximation as follows. The growth di- The_envelope_-fqnctlon approximation now Consists in as-
rection is taken to be, andR is the component of in the ~ SUMINg that within each elementary cell only the Bloch func-
direction parallel to the interfaces. The Hamiltonian for thellons vary, all other functpns beln%+cgn3|d3red cqnstant at

system is then taken to be the scale of a cell. Multiplying bg™'(“* Sm)"u¥ (r;2), inte-
grating over the whole volume, and utilizing the orthogonal-

p ity of the Bloch functions within each cell, we obtain the
HS|:2—%+VC(r;z)+VVB(z), (13)  approximation to Schidinger equatior(15) for superlattice
states as the eigenvalue problem

2

whereV, is the crystal potential for the material at positpn

and Vg indicates the position of the unstrained valence- C [A3(k+Gyy)?
band maximum energy of the material at positorelative > anm'(k)[Z—Am,m,Ai,j
to a common reference material. This means that heterojun@m’.i.j Mo
tion band discontinuities are considered commutative and as- d %
sociative. +3 f e(Cm=Cm)7[ ,(2)+ Vyp(2)]dzA; j+ — (K

The material atz is now characterized by itk- p matrix 0 Mo
elements as in the bulk case described in Sec. Il. This means 1rd
that the Bloch wave functions;o(r) at the center of the +Gp) - af el(Gm=CGm)?p,;(z)dz
Brillouin zone are eigensolutions to the Hamiltonian 0

p’ =Eq(ay" (k), (19
Hou=55 1 Ve(ri2), (14
0

in which P;; is the momentum matrix element between the
in which z is only a parameter. Then, by construction, theBloch states of bandsandj. In the case of a superlattice
Bloch functions are orthogonal within a unit cell, and their consisting of only one material, this equation can be seen to
eigenenergies anp matrix elements are those given in the lead to the bulkk- p band structure folded into the superlat-

tables of Sec. Il. tice Brillouin zone, as it should be. The equation has the
In order to solve the eigenvalue problem for the periodicusual problem that it is derived under the assumption that
superlattice material changes occur slowly, but that we apply it to het-
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TABLE IV Growth  parameters of the IMEC 1.0 T T T T
InAs/InAs, _,Sh, /InAs/Al In, _ As samples. _ _
L Q259 i
0.8 T=300K
Sample InAs InAg_,Sh, AlyIn, _ As -
d (nm) X d (nm) y d (nm) 06 -
Q259 12.8 0.30 25 0.25 25 3 04— n _
Q344 10.0 0.16 2.0 0.15 2.0 P '
Q346 100 015 10 015 10 RPN I Hisianed
Q347 10.0 0.16 0.5 0.15 0.5 @ ” [T Sosrained
Q385 6.0 0.12 4.0 0.09 4.0 0.0 -
. . . o2k ¥ .
erojunctions where those changes are ideally discontinuous. ¥ n " v
On the other hand, the fact that the coupling between bands L | L S SR UL SR 1
is only linear ink conveniently avoids—or covers up— 0 20 40 60 80 100
questions about particular connection rules at an interfface. X (nm)

These questions can hardly be solved without a model on an
atomic length scale, and they will not be considered here. We FIG. 4. Calculated band profile for sample Q259. Also shown
simply apply the approximations and check with experimentgre the positions of the pertinent miniband states at the center of the
that the model seems to predict reasonably correct results.Brillouin zone.

With these assumptions the Schrdinger equation for the
miniband statdEq. (19)] is a standard eigenvalue problem petween miniband states. For each transition corresponding
for the coefficientsay’(k) with a superk-p matrix of size  to arecombination procesthe initial state will consist of two
18(2Ng+ 1)><18(2Ne+ 1) for eachk in the miniband Bril-  particles of the same typ@oth in conduction minibands or
louin zone. A brute force diagonalization of this matrix thenpoth in valence minibangik, andk, in minibandsN, and

leads to the miniband energies and wave functions. N,, respectively, and the final state will consist of two par-
ticles of opposite typés andk, in minibandsN; and Ny,
C. Results for type-ll superlattices respectively.

In an earlier publicatioft we showed several results for
strained InAs/AISb superlattices grown on GaSh. Excellent
agreement between experimental absorption spectra, includ- 0.4
ing their polarization dependence, was found.

Here we compare the experimental and theoretical effec- IMEC samples
tive band gaps(energy difference between lowest-lying T=77K
electron and highest-lying hole statesf several more 0.3} i i
complicated  four  layers-per-period  samples  of
InAs/InAs,; _, Sk /InAs/AlyIn; _,As on InAs substrates. The
compositions of the aIons were chosen to equilibrate com- >
pressive and tensile stress in each period. These sample*-’ 0.2 -

- —
were fabricated and characterized at IMEQ,euven, Bel- & ;P P Sk ey
gium, and the main characteristics are given in Table IV. 2 —E— gapmin

For illustration, in Fig. 4 we show the valence and con- ¥ 0.1 —&- defiathiex

duction bands as well as the position of the miniband levels
at the center of the Brillouin zone calculated for the most
strained structure Q259. With our parameters, the structure i
clearly of type Il. For the other samples the InAgSh, con- 0.0 e

duction band is so close to the InAs conduction band that it \I—-—'m'\_
makes no meaning to classify the structure as type | or type 1 1 1 1

Il. The comparison between photoluminescence results ant Q259 Q344 Q346 Q347 Q385
the theoretical effective band gap is shown in Fig. 5. The
difference is in the 10-meV range for all the structures,
which increases our confidence in the envelope function giG 5 Comparison of the theoretical-h1 transition energy

Sample

model. and the experimental photoluminescence energy. “gapmin” repre-
sents the difference between the minimum of the conduction-band
V. AUGER RECOMBINATION IN SUPERLATTICES profile and the maximum of the valence-band profiles. The differ-

o _ _ ence between theory and experiment, marked “delta_th_ex” can be
The Auger recombination in a superlattice can now beseen to be satisfactorily small even though the confinement energies
evaluated by extending the theory of Sec. Ill to transitionsvary considerably.
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A. Theory 10" prrrrrrerrrrrerpere R — rrrer
8 3
The interaction is still the screened Coulomb interaction j y ]
[Eq. (7)], but the wave functions and energies entering the InSb .
Fermi golden rule[Eq. (5)] are those of the superlattice de- 2 E
scribed by the coefficientami'l(kl), etc., of expansiolil7) 10, k
determined from Eq(19). o é InAsq4Sby,, ]
Consistent with the envelope-function approximation, we £ ! a4 ]
can calculate the corresponding matrix element for the pro- = 2 0259 \h inAs
cess by averaging over elementary cells and employing the 15 Bl \ e
. . 107, AV
orthogonality of the center-of-zone Bloch functions. Apart g a6 3
from handling the great increase in number of indices, we 4 . ]
also have to include “umklapp” transitions in the much ) ]
smaller Brillouin zone. The final result is analogous to Egs.
(9)_(11), 1014 EERIEEEREEEEEE EREN] Laaaalasay Laissy
0.10 0.20 0.30 0.40
<k31k4|v|k11k2>:|1_|21 (20) Gab (eV)
where FIG. 6. Comparison of the intrinsic density for the IMEC super-
lattices with that of bulk InAsSb alloys vs theffective gap. T
I1(ky—k3z,ko—ky) =300 K.

= > A[ky—ks—Go+Gy(m;—ms+m,—m,)] Wwave functions a =77 K and they also span a number of
m; MaMgmy cases from strongly strainé®259 to less strained and sev-
5 eral thicknesses.
xi ele We compare our results to the bulk results obtained in
Q [gy—Gy(m;—m3) ]2+ q'é Sec. Il at room temperature and at intrinsic densities. It is
very important to decide what to compare.

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

The intrinsic densities naturally depend strongly on the
effective gap, and so does the Auger rate. But a major de-
pendence of the Auger rate comes from the electron and hole
densities. One should therefore certainly compare bulk and
superlattices having the same gap. However, the Auger re-
combination rate at intrinsic densities is not of much interest
either, since the superlattices generally have smaller intrinsic
densities than bulk samples of the same gap. Finally, the
Auger recombination is mainly an obstacle to achieving low
thresholds in lasers, so the most relevant comparison is the
Auger coefficientas a function of theffective gap
Runnn.= 2 S(Ky ko—ks,Kg) The main results of this work are therefore summarized in

L2 kg kg kg kg Fig. 7. This figure contains, first, the results for bulk alloys

already presented in Fig. 2 for reference. Second, the calcu-
Xk (k1= (ko) J[1=F(ka)) (29 |5eq ryeéaults for the IMgEC superlattices at low density are

with S the transition ratéEq. (5)], and the total rate is the SNOWn as squares with sample number tagged on.

sum over minibands fulfilling the condition mentioned above 1€ first conclusion that can be drawn is that for the su-
to assure that the process isiaterbandrecombination pro- perlattices the Auger coefficient does not vary much Wl'th the
cess. Clearly, many miniband transitions give a negligibIeStr“Ct“re’ and is rather close to the bulk values for equivalent
contribution to the Auger recombination rate, so strategiedaPS- The calculations do not predict a large decrease in co-

have been employed to evaluate only those that are of inefficient. Second, the strongest reduction is found for the
portance in the total recombination rate. most strained superlattice Q259, whose structure was pre-

sented in Fig. 4. The latter figure also shows that the hole

miniband structure of that sample shows a strong separation

between the highest-lying minibartdith a concentration of
We have calculated the average Auger recombination ratéhe wave function in the InAsSb layeand lower-lying hole

for the IMEC superlattices discussed abdWable IV). As  minibands. This reduces the hole density of states in a larger

we saw in Sec. IV C, those samples are well described by owsnergy interval just below the gap, and leads to a reduction

X aL”S‘f<k3>a£1‘l(k1>2 a&‘4i3<k4>a;’2‘2(k2>,
[ 3 1 in 4 2
(21)

where go=k;—k;, G;=(2w/d)k,, A is the Kronecker
function, and

lo=11(ki—Ky,ky—Kj) (22)

is the exchange process again.

The Auger recombination rate for a given quadruple of
minibands {N;,N,,N3,N,) is then the weighted sum over
all possible processes within the reduced Brillouin zone,

B. Results
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10 T T T T T Ty shifted the gap relative to the 77 K values indicated in their
F ] paper to take into account the expected reduction of gaps at
[ Experimenitd resufis: T=300 K. The absolute values of the Auger coefficients are
- ~©- Lindle et al. . all higher than found theoretically, but the dependency on
Tl S InSb - Olsaetal 1 gap agrees well for the bulk alloys. For the superlattice a
£ F E modest reduction is found, in quite reasonable agreement
< l . with what can be expected from our theory.
'q':'; : Q347 | Finally, we have included the results of Ciestaal >* who
;f:f 102 | . measured the Auger coefficient of InSb and that of an
S 3 ~ 3 INAs/INAS, 6sShy 3, Superlattice on an INnAs.Sh, 16 relaxed
8 - \ InAs . buffer (sample 1C388 They found an improvement of about
5 [ ?iﬁ?{ \\{/ ] two orders of magnitude, which definitely is not predicted by
g 27 ) \ our theory. A few remarks are called for. First, our param-
g 10 F \ 3 eters for the valence-band offsets are different from those
2 InAs, 4Sby 4 ]  used by Cieslat al: our parameters place the conduction
[ ] band of the InAggsSh, 3, alloy below the conduction band of
P T T ST PP TR T InAs, whereas theirs led to the opposite or@aso see the
10 0.1 0.2 0.3 0.4 discussion of this point in Ref. 33However, whether we

use our parameters or theirs we find—as they did and
Gap (eV) measured—an effective gap of the superlattice quite close to
that of InSb. Second, their experiment relied on a bleaching
FIG. 7. Comparison of the intrinsic Auger coefficient for the pulse of energy about twice the gap in either case and of
IMEC superlattices with that of bulk InAsSb alloys vs tteffec-  gyfficient intensity to obtain total bleaching. The crucial
tive) gap. T=300 K. Also shown are some experimental resultspoint is now that the experiment measures essentially the
from the Ilteraturg..The result marked 5.e17 represent.s the calcyecrease of the bleaching géhe difference between quasi-
lated Auger coefficient for an average electiwle) density of 5 Ferm energies of electrons and hgles a function of time
x 10 cm-=s an_d llustrates the_ reduction of Fhe coefficient with 4fier total bleaching. In order to extract a recombination rate
increasing density as observed in the bide Fig. 3 it is then necessary to convert the bleaching gap to the
electron-hole density, which requires some model. If we take
of the population of holes available for recombination ina quasi-Fermi energy difference of around 270 meV, our
lower-lying minibands. Then the predominant channel formodel gives an electrothole) density of 8< 10" cm ™2 for
recombination is between tlel andhl minibands. bulk InSb, 4< 10" cm™2 for the superlattice using our pa-
For less-strained samples the hole confinement in the Inameters, and 8 10'’cm™2 using the band offset rule pre-
AsSD layer is smaller, so the h1 miniband is much closer tderred by Smithet al>* While the density for InSb agrees
the “continuum” InAs valence band. In this case the lower- well with the maximum density of the bleaching experiment,
lying minibands contribute considerably to the Auger recom-t seems impossible to reconcile the model results with the
bination, and many different quadruples of minibands in Eqdensities of almost £6cm™2 employed in the extractigfof
(23) have to be included in the total Auger recombinationthe Auger coefficient for the superlattice. This would require
rate. This interpretation is corroborated by the tendency bea much higher electron density-of-states, corresponding to an
tween samples Q344, Q346, and Q347, in which the thickelectron density of states mass considerably larger than the
ness of the InAsSb layers decreases, gradually pushing thsasses of either constituent material. We therefore feel that
h1l miniband closer and closer to the “continuum” and the spectacular reduction of the Auger coefficient to a great
gradually involving more and more channels to the summedxtent has its origin in the problematic assignment of
Auger recombination coefficient. A strategy for obtaining the€lectron-hole plasma densities.
lowest possible Auger coefficient would therefore be to

choose as strong a strain as possible, followed by a thickness VI. CONCLUSION
of the hole-confining layer such as to keep the fundamental '
hole state as far from lower-lying statémcluding “con- The k- p model we have presented has shown very satis-

tinuum” state$ as possible. But one cannot expect very specfactory agreement with various experimental results such as
tacular reductions in the coefficient at room temperature. It iptical-absorption spectra in both bulk narrow-gap semicon-
worth noting that this strategy is not different from the strat-ductors and in narrow-gap superlattices. We are therefore
egy one employs to reduce the transparency thresthetd  confident in the description of the states it delivers. For the
sity for a laser structure; in fact the latter reduction may beAuger recombination the experimental data are sparse and
much more important for laser performance than a possibléhe comparison with our results is not conclusive. It is not

reduction of Auger coefficient. clear whether this is due to experimental difficulties or to
For InAsSb superlattices there are few experimental reinsufficiency of our model.
sults available in the literature. In the figure we sh(ha- Theoretically, the influence of the superlattice structure

monds results of Lindleet al?® comparing Auger rates for a has been quantitatively evaluated and a strategy for minimiz-
superlattice(midpoint with that of bulk alloys. We have ing the Auger coefficient has been suggested. We conclude,
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however, that since the design strategy for reducing the
threshold density in a laser based on these superlattices
would be the same even if there were no superlattice effect This work was partially supported by the European Union
on the Auger coefficient, it will remain difficult to attribute via Contract No. AIR. The author particularly thanks one of
improvements of such lasers to an improvement in the Augethe contract partners IMEC for permission to use unpub-
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