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Abstract. A detailed study of direct Auger processes in 1.3 um InGaAsP/InP
quantum wells and quantum well wires is presented. cHcc, CHLH, and cHsH Auger
processes are considered, as are transitions involving confined states only, and
transitions in which the excited carrier is in an unbound state of the well, with the
other carriers confined. The effects of using realistic confined state wavevectors
and the inclusion of evanescent tails for the confined states are examined. The
approximations of Boltzmann statistics and parabolic subbands are examined, and
it is found that these assumptions will not unduly affect our results (in contrast to
the bulk case). A comparison of our numerical results with present experimental

estimates of Auger coefficients is given.

1. Introduction

Auger recombination is a detrimental non-radiative re-
combination mechanism, particularly important in long-
wavelength semiconductor lasers. The mechanism was
first investigated by Beattie and Landsberg [1] for the
cHCC Auger process in bulk semiconductors (see figure 1
for some of the possible direct Auger processes and their
notation). In recent years, the study of Auger recombina-
tion has enjoyed a renaissance [2-4], primarily due to the
interest in long-wavelength semiconductor lasers operat-
ing at 1.3 and 1.55 um, the two technologically important
wavelengths for silica-based optical fibres.

Recently, quantum well (Qw) heterostructure lasers
have been developed [5] in an attempt to improve
certain important laser characteristics, such as the gain
spectrum [6] and the threshold current [7], by utilising
the two-dimensional density of states arising from the
quantum confinement of the carriers. This has led to a
demand to understand both radiative [8] and non-
radiative (Auger) recombination in QWws.

Early investigations of Auger recombination in QWs
concentrated on the CHcC QW Auger process [9-11], but
that work has since been extended to other important
Auger processes, such as the CHSH QW Auger transition
[12-14].
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Auger transitions in Qws may be conveniently split
into two categories:

(i) bound-bound Auger processes; and
(ii) bound-unbound Auger processes.

Bound-bound Auger processes are transitions in which
all the participating carriers start and finish in bound
states of the Qw. The significant bound-unbound pro-
cesses are those in which the recombining carriers, and
the carrier which is to be excited, are in bound states of
the Qw, and the excited carrier occupies an unbound
state of the QW. Auger processes involving more than one
carrier in unbound QW states are normally unimportant
because of the small number of carriers occupying such
states.

To evaluate the Auger transition rate, Fermi’s
Golden Rule is used. The matrix element for the Auger
transition is calculated using the appropriate carrier
wavefunctions and perturbing potential (which here is
taken to be the dynamically screened Coulomb poten-
tial). Then, the standard approximation of removing the
matrix element from the resulting phase-space integral
and evaluating it for the most probable (or threshold)
carrier configuration [1] is used. The remaining phase-
space integral can be readily evaluated if the assumptions
of parabolic subbands and carriers obeying Boltzmann



statistics (with quasi-Fermi levels) are used. The same
method was later used for calculating Auger transition
rates in a quantum well wire (Qww) [15], a system in
which quantum confinement occurs in two perpendicular
directions.

The earlier work of the authors has been used to
estimate the relative importance of radiative and non-
radiative recombination in QW and Qww lasers [16], and
was also used by Adams [17] to support his proposal for
an ultralow threshold current laser using strained layer
QWs.

In our earlier work [9, 10, 12, 15], analytic expres-
sions were presented for bound-bound Auger recombin-
ation rates in Qws and Qwws, with the restrictive
assumption that the carriers taking part in the Auger
transitions remained in their respective ground state
subbands. Although numerical results were presented for
other intersubband processes [10, 15], few details of
those calculations were given. This omission is rectified
here, and expressions for the Auger matrix element and
activation energy for a general CHSH Auger intersubband
process are given, along with a physical interpretation of
our earlier results [10, 157]. The CHSH Auger process was
chosen for study since transition rates for all the other
important Auger processes (such as CHCC, CHLH, etc,
Auger processes) can be obtained from the CHSH transi-
tion rate by an appropriate transformation [12] de-
scribed in more detail in the next section.

A further limitation of our earlier work on Qw and
QWW Auger transition rates has been the assumption that
the confined state wavevectors of the carriers are integer
multiples of n/L (where L is the confinement length). This
assumption is equivalent to neglecting wavefunction
leakage out of the well, and so is expected to break down
for narrow wells and higher lying, weakly bound sub-
bands, and for Qws with smaller barrier heights. The use
of the realistic confined state wavevectors, and the inclu-
sion of the evanescent parts of the wavefunction, are
studied here, and it is found that the bound-bound cHCC
Auger rate in 1.3 um InGaAsP/InP Qws is decreased by a
factor of approximately two at small well widths (70 A).
At larger well widths, the numerical results approach the
earlier values obtained by assuming wavevectors that are
integer multiples of n/L.

A detailed discussion of the calculations of bound-
unbound Auger processes in Qws is presented here, and
our earlier numerical results [10] are interpreted in
detail. As with the bound-bound processes, this includes
consideration of the qualitative effects of using realistic
confined state wavevectors in the bound-unbound Qw
Auger calculations.

On the subject of bound-unbound Auger processes, it
is worth mentioning that recently, bound-unbound
Auger rates have been calculated for cylindrical Qwws,
and also for quantum spheres [18].

Finaily, some of the initial assumptions of our model
are examined in more detail than has been presented
hitherto. In particular, the assumptions of carriers obey-
ing Boltzmann statistics (with quasi-Fermi levels) and
the use of parabolic Qw subbands are studied. It is shown
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that the effects of Fermi-Dirac statistics may be included
in Auger rate calculations by using a simple multiplica-
tive factor, at least for carrier densities up to about 101°
cm™3, and that this factor only affects the calculated
Auger rates by about 209, Since the calculation pre-
sented here is only accurate to within an order of
magnitude (due to uncertainties in the estimation of
overlap integrals, and approximations necessary to ob-
tain an analytical result), an error of 209 is small, and so
it is valid to use Boltzmann statistics in the calculation.
The use of parabolic Qw subbands is found to be the
more drastic assumption, and the effects of using realistic
subbands are indicated here, using recent work on the
effects of non-parabolic band structure on bulk Auger
transitions rates [19]. For more detailed information on
the work presented here, the reader is referred to the
work in [20] and [21].

2. The bound-bound cHsH aw Auger rate for a general
Iintersubband transition

The cHSH Auger process in bulk semiconductors is one of
the processes illustrated in figure 1(a). For a general
intersubband CHSH Auger transition in a Qw, as shown in

(i) (i) (iii)

(a)

CHCC CHLH CHSH
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Figure 1. (a) Some of the possible Auger processes in bulk
semiconductors: (i) the cHce process, (ii) the cHLH process,
and (iii) the chsh process. The names for the processes
derive from the first letters of the bands that the carriers
occupy. (b) A diagram illustrating the aw cHsH Auger
process. Other subbands have been omitted for reasons of
clarity.
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