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Abstract. A new approach to the problem of including non-parabolic band
structure in calculations of Auger recombination rates is presented, giving
results for quantum wells (aw) that are readily generalised to the cases of bulk
semiconductors and quantum well wires (aww). The band structure in the
region of the excited Auger carrier is described using non-local pseudopotential
band structure, whereas the other carriers, being close to their respective band
edges, are described using parabolic bandstructure. Our approach differs from
earlier work in that the energies and wavevectors of carriers close to the band
edges are not neglected, but simple analytic results are obtained. Numerical
results for the effects of non-parabolic band structure on butk Auger transition
rates in GaAs and GaSb, using the simple expressions derived in this paper, are

found to be in good agreement with other calculations.

1. Introduction

Auger transition rates in bulk semiconductors, ows and
owws have typically been calculated using Boltzmann
statistics with quasi-Fermi levels and isotropic, para-
bolic band structure. Examples of such calculations
may be found in [1-3] (and also the references therein).

The use of Boltzmann statistics in such calculations
has been shown to be valid in bulk GaSb for carrier
densities of up to 10" cm™~* [4]. However, in the same
work [4], Haug demonstrates that the use of parabolic
band structure can overestimate the transition rate by
two to four orders of magnitude [4, 5]. For example,
the Auger coefficient for the cHcc Auger process in
bulk GaSb (at room temperature) was estimated to be
only 0.026 of the value predicted from a model using
parabolic band structure.

However, Haug’s method [4] for the inclusion of
non-parabolic band structure in Auger transition rate
calculations is approximate since the states close to the
conduction band edge were taken to be exactly at the
band edge, i.e. the energies and wavevectors of states 1
and 2 in the cHcc Auger process were taken to be zero
(the usual notation has been used in labelling the states
in the Auger process). This assumption greatly simpli-
fied the evaluation of the k-space integral appearmg in
the formula for the Auger transition rate.

i Present address: Plessey Research (Caswell) Ltd, Caswell,
Towcester, Northants, NN12 8EQ, UK.
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In the calculation presented here, the above
assumption has not been made. Carriers close to the
band edges are described using parabolic band struc-
ture (with appropriate effective masses) whereas the
excited (Auger) carrier is described using non-local

‘pseudopotential band structurei [6].

In spite of the less restrictive assumptions than
those of previous work [4], fairly simple analytical
results are obtained for the ratio of Auger transition
rates calculated with and without non-parabolic bands.

To check that the results obtained are sensible, the
simple expressions presented here are evaluated
numerically for bulk GaAs and GaSb and compared
with previous results [4], and good agreement was
obtained between the two methods.

In §2, the calculation of the cHcc Auger transition
rate has been carried out for a single ow with the
inclusion of non-parabolic bands, and the results are
compared with our earlier work which calculated such
rates using parabolic bands throughout [2]. The results
of §2 can be readily generalised to bulk semiconductors
and quantum well wires, and results for these two cases
are given.

It should be noted that, although the calculations
presented here concentrate on the cHCC Auger process,
the method of using parabolic bands for carriers close
to the band edges and realistic band structure for the

t The non-local pseudopotential band-structure calculation was
provided by S Brand, the method of calculation being similar to that
in [6].
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excited (Auger) carrier can be used for the other
important Auger processes such as CHSH, CHLH, etc.

A detailed discussion of our numerical calculation
of the effects of non-parabolic band structure on Auger
transition rates in bulk GaAs and GaSb is presented in
§3.

In §4, we discuss our results and qualitatively esti-
mate the effect of sub-band non-parabolicity on ow
cHcce Auger rates. Finally, a summary is given in § 5.

2. The evaluation of the cHcc Auger transition
rate for a quantum well with the inclusion of
non-parabolic band structure

Consider the ow cHcc Auger transition in which the
participating carriers remain in their ground state sub-
bands (see figure 1). The extension to include other
inter-sub-band transitions is straightforward [7].

The Auger transition rate may be written as [8]:

1z 2
T PIMP(E). )

allstates

In this expression, R is the Auger transition rate per
unit volume, A is the area in the plane of the ow, L is
the ow width, P is the statistical factor familiar from
bulk Auger calculations [1], M is the matrix element for
the Auger process, and 8(E) is an energy delta function
arising from the conservation of energy in the Auger
process. A numerical factor that takes into account the
possible spin configurations for the Auger transition
may be included at the end of the calculation [9].

As in our earlier calculations [2, 7, 8, 10], the
perturbing potential used in calculating,the matrix ele-
ment is the dynamically screened Coulomb potential. A
rigorous discussion' of the question of screening has
been given by Burt [11].
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Figure 1. The aw cHcc Auger process with sub-band
non-parabolicity included. The labelling that has been
used in the text is also shown.
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Referring to figure 1, the energy-wavevector rela-
tions of the states are written as

E,=aki @
E,= ak; ©)
Ey=— Eqw —puaki “)
E,= ak}+ R(k,) )

where Eq is the ow band gap, and u=mJ/m, (m, and
my, being the conduction band and heavy-hole band
effective masses at the band edges) and a=h%(2m,).
The band structure has been assumed to be isotropic.

The non-parabolicity of the band structure is only
included for the excited (Auger) carrier and is des-
cribed by the term R(k), which tends to zero as k
decreases. The term R(k) has been assumed to depend
on k only. All the other carriers are described using
parabolic bands with appropriate effective masses.

Using the above energy-wavevector relations, the
calculation of the Auger transition rate may proceed in
a similar way to that presented in [2]. The only signifi-
cant difference between the two calculations is that the
final integration over k, has to be done numerically
when R(k) is non-zero. As would be expected, the
calculation presented here gives the same results as that
in [2] if R(k) is set equal to zero.

Since the results with and without non-parabolicity
differ only by the form of the final phase space integral,
our results are most easily expressed in terms of S, the
ratio of ow Auger rates with and without non-
parabolicity. The calculation of the phase space integral
with R(k) not equal to zero proceeds along the lines of
the calculation of Appendix 1 of [2], and we find that §
is given by:

(2P F)\ (Iow(k)\?
S“”‘p( ksT )(z‘éw(ko)) Jaw ©

Ky
JQW = J (aak2 + R(k) - EQw)k
ki

x exp[ — B(ak*+ R(k))] dk

X ( j " (a0 = Eop)k exp( — k) dk) o

In equation (6), the primed quantities (i.e. F; and
k() represent the values of the conduction band quasi-
Fermi level and the threshold wavevector transfer when
non-parabolic band structure is used. The same quan-
tities without dashes are the values obtained using
parabolic bands. The quantity Iow(k,) represents the
Qw matrix element corresponding to a threshold wave-
vector transfer of k,. (In [2] this quantity is simply
referred to as I(ky).)



In equation (7), a=(u+1)/(2u+1), and k, and k,
are the upper and lower roots of:

aak*+ R(k)— Eqw=0 (8)
and
kn=(Eqwlaa)'". ®)

When R(k) is set equal to zero, k, and k; tend
towards the values « and k,, as expected (see figure 2).

The above results arise naturally from consideration
of the phase space integral in equation (7), since the
integral is only non-zero if aak®+ R(k)=Eqy.

Hence, we have the important result that the Auger
process shown in figure 1 will only occur if, for some
region of k, aak®+ R(k)=Eqy. If this condition is
satisfied, equations (6) and (7) may be used to deter-
mine S, the ratio of cHcc ow Auger rates with and
without non-parabolic band structure. In practice, a
simplified version of equation (6) is used, for we
assume, in common with Haug [4], that the conduction
band quasi-Fermi levels are the same for the non-
parabolic and parabolic band structures. This is
because the quasi-Fermi level is primarily determined
by the band structure close to the Brillouin zone centre,
and so, unless carrier densities are extremely high, it
will make no difference whether parabolic or non-
parabolic bands are used to calculate the quasi-Fermi
level. As for kg, this may be calculated once the roots
k, and k,; are known.

The ratio of the cHcc ow Auger rates with and
without non-parabolicity has been presented. Similar
results can also be obtained for both bulk semiconduc-
tors and owws. The same form for the ratio of Auger
rates with and without non-parabolicity is obtained,
namely an equation which has a ratio of squared matrix
elements, a ratio of conduction band quasi-Fermi level
factors, and a ratio of phase space integrals. It is
convenient to use F(a, E,, R(k)), defined by:

F(a, E,, R(k)) = J N (aak?+ R(k) — EYk>

x exp[ — B(ak*+ R(k))] dk  (10)
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Figure 2. The physical significance of aak®+ R(k) —
Eqow=0 and the condition for the cHcc Auger process to
occur, for the cases (a) R(k)=0 and (b) R(k)+0.

The effects of non-parabolic band structure

and we find that the ratio of the cHcc Auger phase
space integrals in bulk semiconductors with and with-
out non-parabolic band structure is given by:

o _F@,E,RK)
BULK F(a, Eg, 0) .

In the above equation E, is the bulk band gap of the
semiconductor and the condition for the cHcc Auger
process to occur with states 1, 2, and 4 in the lowest
conduction band is:

aak?+ R(k) = E,. (12)

In equation (10), k, and k, are roots of aak*+ R(k) —
E,=0. It is worth pointing out that although the same
quantity R(k), has been used to represent the non-
parabolicity, the form of R(k) is expected to be differ-
ent for bulk semiconductors, Qws and Qwws.

For the oww, the quantity analogous to
F(a, E,, R(k)) is denoted by G(a, Eqww, R(k)), and is
defined by:

1n

G(a, Eqww, R(k)) = J - exp| — B(ak?+ R(k))] dk. (13)

and the ratio of the phase space integrals for the cucc
Qww Auger process is:

_ G(a, Eqww, R(k))

Joww= 14
YT B 0) (14)

with k, and k, being upper and lower roots of aak®+
R(k) — Eqww=0. Eqww is the oww band gap. The
condition that the oww cHcc Auger process can take
place if states 1, 2, and 4 are in the lowest oww
conduction sub-band is aak® + R(k) — Eqww=0.

Now that the ratio of the Auger rates with and
without non-parabolicity has been expressed in alge-
braic form, numerical results for this ratio can be
evaluated, provided that R(k) is known. This calcula-
tion is carried out in the next section for bulk GaAs and
GaSb.

3. Numerical estimates of the effects of non-
parabolicity on bulk Auger transition rates

Haug [4] has estimated the effects of the non-
parabolicity of the band structure on Auger transition
rates in bulk GaAs and GaSb. A crude estimate has
also been made for InGaAsP [5], but this latter esti-
mate is likely to be inaccurate because of uncertainties
in calculating the alloy band structure from the band
structure of its constituent binaries.

In this section, our method for calculating the
effects of non-parabolic band structure on Auger tran-
sition rates is applied to the cases of bulk GaAs and
GaSb.

At 300 K, the values of the band gaps of GaAs and
GaSb, as assumed by Haug [4] are 1.4 and 0.7¢eV
respectively, and, to facilitate comparison, those same
values are used here.
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