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The band-to-band Auger recombination rate in bulk GaSb and in a GaSb quantum well is
calculated. It turns out to be larger in the quantum well because the threshold of the Auger
process is located at the band edge where the density of states is larger in the quantum well
than in bulk. A simple picture is developed to illustrate the physics of the Auger processes in
bulk and quantum-well direct-band-gap semiconductors. With this picture, we propose that
the composition-disorder-induced band mixing should be considered in order to explain the
unusual behavior of the Auger process in an InGaAsP quantum-well structure.

l. INTRODUCTION

AlGaAs quantum-well (QW) lasers exhibit very low
threshold currents. It is generally believed that the quantum
size effect of a QW structure should reduce the Auger re-
combination rate, and therefore the threshold current, of
long-wavelength lasers as well.! However, InGaAsP QW
lasers, which are used in 1.3-1.6-um lightwave communica-
tion systems, have not fulfilled that expectation. There is not
much experimental evidence on the question of whether
GaSb QW lasers, which are also candidate transmitters for
long-wavelength communications, can achieve low thresh-
old currents. The numerical calculation by Sugimura et al.?
indicates a significant reduction in the Auger effect, which
therefore suggests that GaSb laser performance should be
enhanced by the use of a QW structure.

The reasoning in Ref. 2 is that the effective spin-split-off
energy gap A increases as the QW width L decreases. This
increase of A brings it closer to the band-gap energy E, in an
InGaAsP QW, whereas in a GaSb QW, on the other hand, it
brings it away from E, because it is already comparable to
E, in the bulk material. Because the Auger recombination
rate peaks in semiconductors for which A is near E,, the
reasoning goes that InGaAsP QWs should show an increase,
and GaSb QWs should show a decrease, in the Auger recom-
bination rate as the well width L decreases.

In fact, in direct-band-gap semiconductor QWs, the in-
crease in the effective band gap is greater than that of the
effective spin-split-off gap because the effective mass in the
conduction band is smaller than the effective mass in the
spin-split-off band. Therefore, a more sophisticated model is
required to explain the discrepancy in the Auger recombina-
tion rates in bulk and QW structures. We have developed
such a model and calculated the Auger recombination rates
in bulk and QW GaSb structures; our results show that the
rate in a GaSb QW is greater than that in the bulk material.
We also have developed a simple picture to illustrate the
physics of the Auger processes in bulk and QW direct-band-
gap semiconductors. This picture can be used to explain
qualitatively the unusual behavior of the Auger processes in
an InGaAsP QW structure.
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il. FORMULATION
A. CHHS Auger recombination in bulk material
Band-to-band Auger recombination in bulk GaSb is
dominated by the CHHS process, in which a conduction-
band electron 1’ (C) recombines with a heavy hole 1 (H)
and excites a heavy hole 2 ( H) to the spin-split-off band at 2’
(S), as shown in Fig. 1.
The CHHS Auger recombination rate R (cm~*s~')

is®

3
=20 (L) [ o

X|M)*P(1,1',2,2)8(k, + Kk,
—k,. —k,)O0(E, — Ej), (1)
where k is the wave vector, E, is the energy of the initial state,

FIG. 1. CHHS Auger process.
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E, is the energy of the final state, and
E,~E,=E(l'") + EQ2)—E(1) — EQ2). (2)
Neglecting exchange terms, the matrix element M is given by

'Mlz -y (47qu>2 Fl,l'FZ,Z’ 2

€ (ky —k, )2+ A2
where g, € and A are, respectively, the electron charge, the
dielectric constant, and the screening factor, and the |F, ,|?
are the overlap functions.* The quantity P(1,1',2,2"), taking
the reverse process of CHHS Auger recombination into ac-
count also, represents the occupation probabilities. Assum-
ing that the electron and hole distributions f, and f, can be
expressed as Fermi distributions, with electron and hole
equilibrium Fermi levels £, and F,, we have

P(1,1'2,2") = £, (k, )f, (ky ) [, (k)
X[1=fp (k)] — [1=f, (k)]
X[1 =50 [1 = (k) 1S Ky )
={l—exp[ — (F, — F,)/ks T 1}/, (k)
X ) (k) [ — £, (ky) ], 4)

where kj is the Boltzmann constant and T is the tempera-
ture. Since the spin-split-off gap A> &k, T, £, (k, ) in Eq. (4)
can be taken as zero. When P(1,1',2,2’) is positive the Auger
recombination process dominates, whereas when
P(1,1',2,2") is negative the reverse process, impact ioniza-
tion, dominates.

Although the integrations in Eq. (1) extend over all the
values of the wave vectors, they are actually limited by the
conservation of energy and momentum. The lowest permis-
sible value of excited hole energy — E, is called the thresh-
old energy of the Auger recombination E,,. P(1,1',2,2") is
maximum at the threshold.

We assume that the energy bands are parabolic and de-
note m,, m,, and m; as the electron, heavy-hole, light-hole,
and spin-split-off-hole effective masses, respectively. Defin-
ing the new variables

(3)

p=k;, -k, =k, —k,, (5)
p
K =kr - ’ (6)
T [my/my) + 1]
and
K, =k, ——FP2 (7)

[(my,/m) ~1]°
simplifies the integration in Eq. (1). The & function for mo-
mentum conservation reduces the twelfth-order integration
in Eq. (1) to ninth order. Using the same overlap functions
as those used in Refs. 3 and 4, in which [M | is a function of p
and k,. only, one finds

27 (1}
rR=27 (L
=)

xff d’pd’K, dQ, |M|?

K,

X P(1,1',2,2")
(h*/my)[(m,/m.) + 1]
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o

X(Zw‘f dcostf;(kz)lMF), (3)
0

where (), is the solid angle in K, space, and 8, and 6, are,
respectively, the angles of K; and K, with respect to p. The
integration over 8, can be carried out analytically so that Eqg.
(8) reduces to a third-order integration.

It is important to note that |M | has poles at p = 0 if we
assume that the screening factor 4 is zero. In some processes,
this singularity is cancelled or reduced to a lower order by
the zeros at p = 0 of the overlap functions and the density of
states. For materials like GaSb, which has p =0 at the
threshold, the integration near this point is crucial and ap-
proximations®® may lead to false results. For Auger pro-
cesses that have p far from zero at the threshold, on the other
hand, the integrations do not include the poles and |M | can
be taken to be constant to simplify the calculation.*

If the Fermi levels are sufficiently away from the band
edges, Eq. (8) can be approximated as

R = Cnp?, 9)

where n and p are the electron and hole concentrations, re-
spectively, and the constant C is called the Auger recombi-
nation constant. For intrinsic semiconductors, and for semi-
conductors with high levels of carrier injection, which is the
case in semiconductor lasers, # = p. The Auger recombina-
tion lifetime, defined as

r=n/R, (10)
is a measure that is often used to characterize the perfor-
mance of semiconductor lasers.

B. CHHS Auger recombination in a quantum well

The state of the carriers in the /th band of a quantum
well of width L with infinite barriers can be written as®

Gim =ty (Ve “"(2/L) sin(&,,2), (11)
where u is the periodic part of the Bloch function, k and r,

are two-dimensional vectors perpendicular to the width of
the well, and

£, =m(n/L), m=12,... (12)

In analogy with the three-dimensional expression in Eq.
(1), the two-dimensional CHHS Auger recombination rate
per unit volume is

3
R=_21<L) 1
# \4r?) L*

> ffffd%l d%, d%k, d*ky, |M?
561819628y

XP(1,1',2,2)8(k, +k, —k,. —k,)8(E, — E).
(13)
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However, unlike the case of bulk material, the matrix ele-
ment is now

2\2 F R , (- 2
!M!2=4(4"7'4) F FyGy, (§)2Gz,2 (2 &) a4
€ (ky —k,)*+ ¢
where
G j(8) =4(8ss, 6, + 05 s,46, = Oct, 6, — 06, - 5,)
(15)

The integrals over the &,’s in Eq. (1) for bulk material
become summations over the §’s for quantum-well struc-
tures. The G;(£)’s impose selection rules on the summa-
tions. Equation (13) can therefore be reduced to an integra-
tion of third order, which is similar to Eq. (8).

Ill. RESULTS AND DISCUSSION

From Egs. (8) and (13) we can see that the Auger re-
combination rate is determined by the matrix element |M |,
the joint occupation distribution P(1,1',2,2’), and the den-
sity of states. The joint occupation distribution P(1,1',2,2")
and the density of states are too complex to be illustrated in a
two-dimensional figure. However, some of their features can
be illustrated by means of the single-carrier density of states
and the occupation distribution. Figure 2 shows the density
of states in bulk and QW structures, and the Fermi distribu-
tion, for a single carrier and parabolic bands. The density of
states in a quantum well is steplike and always lies at or
below that of the bulk. The Fermi distribution has an expo-
nential tail for energies sufficiently above the Fermi level.
Figure 3 illustrates the product of the density of states and
the occupation distribution, which is the carrier population
distribution, for two typical threshold energy positions, at
and above the band edges, in both bulk and QW structures.
Depending on the position of the threshold energy with re-
spect to the band edge, a QW structure will have a greater or
lesser amount of Auger recombination in comparison with
bulk material.

Fermi Distribution
Density of States

—

Bulk Qw

Carrier Energy E

FIG. 2. Carrier occupation distribution ( Fermi distribution) and density of
states in a bulk and a QW structure with parabolic bands.
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FIG. 3. Density of states (dashed curves) and carrier population distribu-
tions (solid curves) in bulk [(a) and (b)] and QW [(c) and (d)] struc-
tures. The thresholds are at the band edges in (a) and (c). The thresholds
are above the band edges in (b) and (d).

A. Threshold energy at the band edge

The illustrations in Figs. 3(a) and 3(c) apply, respec-
tively, to the CHHS process in GaSb bulk and QW struc-
tures. The energy thresholds for the Auger process E,,, are at
the band edges. The density of states at threshold is zero for
the bulk but not for the QW structure. The Auger recombi-
nation rate in 2 GaSb QW should therefore be greater than
that in bulk GaSb. Indeed, the results of our numerical cal-
culation based on Eq. (8) and a simplified version of Eq.
(13) confirm this (Fig. 4). The decrease in Auger lifetime
with decreasing well width is a result of the increase in the
density of states at the threshold.

Figures 5 and 6 show the calculated Auger lifetime in
bulk GaSb and in a GaSb QW, respectively, at various values
of the temperature. The Auger lifetime in a GaSb QW is less
sensitive to temperature than in the bulk material. This is
because the maximum value of the product of the joint den-
sity of states and the occupation distribution P of the bulk
material lies above the threshold energy E,,, [Fig. 3(a)] and
varies with temperature. On the other hand, the maximum
for the QW structure is at the threshold [Fig. 3(c) ] and does
not vary with temperature.

B. Threshold energy above the band edge

Theillustration in Fig. 3(b) applies to the CCCH Auger
process, in which a conduction-band electron 1 (C) recom-
bines with a heavy hole 1’ ( /) and excites an electron 2 (C)
to a higher-energy state 2’ (C). This is the dominant Auger
process in bulk GaAs and HgCdTe when the band gap is
compositionally tuned in the mid-infrared region. Figure
3(d) applies to the CCCH Auger process in QW structures,
such as the GaAs QW, the InGaAs/GaAs strained QW, and
the mid-infrared HgCdTe QW. The threshold energies in
CCCH Auger processes are always above the band edges
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FIG. 4. Calculated band-to-band Auger recombination lifetime in bulk and
QW GaSb for different values of the well width L.

because of the conservation energy and wave vector. The
CCCH Auger recombination ratein QW structuresis always
lower than that in the bulk because of the reduced joint den-
sity of states in QW structures at these higher threshold ener-
gies.! The illustration of this reduction in Figs. 3(b) and
3(d) is not entirely apt because it represents a single carrier;
however, the reduction is significant for the joint density of
four carriers which takes into account momentum and ener-
gy conservation.
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FIG. 5. Calculated band-to-band Auger recombination lifetime in bulk
GasSb at various values of the temperature 7.
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FIG. 6. Calculatecol band-to-band Auger recombination lifetime in a GaSb
QW of width 100 A at various values of the temperature T. In contrast with
the result shown in Fig. 5, it is essentially independent of T.

C. Auger recombination in InGaAsP

The illustrations in Figs. 3(b) and 3(d), in which the
threshold energies fall above the band edges, also apply to
the CHHS Auger process in InGaAsP bulk and QW struc-
tures, respectively. The Auger recombination rate in the
quantum well should presumably exhibit a reduction from
the bulk, as is the case for the CCCH Auger process in GaAs
and HgCdTe. The work reported in Refs. 1 and 6 predict a
substantial reduction of the Auger recombination rate in

InGaAsP/InP QW lasers. However, one recent measure-
ment of this rate in an InGaAs QW structure’ shows only a
factor-of-3 reduction in comparison with the bulk material,
whereas two other measurements show no reduction.* A
reduction of the Auger recombination rate below the radia-
tive recombination rate is important for improving the tem-
perature characteristics of InGaAsP QW lasers. In fact, the
picture presented in Sec. III B predicting such a reduction
may be too simple, as we now explain.

The Auger process in an InGaAsP QW represents a spe-
cial case. The discrepancy between the experimental results
and the explanation of the density of states reduction given
in Sec. I11 B, as well as the theoretical results given in Refs. 1
and 6, requires us to reexamine Eq. (13). As we can see, each
term of the sum in Eq. (13) represents a two-dimensional
CHHS Auger process involving a set of sublevel bands and
has its own threshold. Some of the terms that involve high-
energy sublevels may have thresholds at the bottom of these
sublevels. Figure 7 shows one example. In most cases, these
terms are small because their threshold energies are high.
For the InGaAsP QW, although these terms may not have
low thresholds, the singularity at p = 0 of the matrix element
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1

FIG.7. CHHS Auger processina QW
which involves high-energy sublevels.
A conduction-band electron 1’ (C), in
1 the sublevel cl, recombines with a
heavy hole 1 (H) in the sublevel Ak 1
hhl  and excites a heavy hole 2 (H) in the
. sublevel Ahi to the spin-split-off band
hhi 5 o (S) in the sublevel shi. The
threshold energy E, is at the band
edge of sublevel sAi.

shl
o

shi

|M | has increased order because of the disappearance of
some of the zeros at p = 0 in the overlap functions. It has
been shown'® that composition-disorder-induced band mix-
ing in ternary and quarternary compounds eliminates the
zeros at p = 0 in the overlap function |F,, |*. The increased
order of singularity in | M | enhances these terms so that they
may become dominant. The Auger recombination rate in an
InGaAsP QW may indeed be increased by the enhancement
of these terms, and thereby become comparable with that in
the bulk.

840 J. Appl. Phys., Vol. 68, No. 2, 15 January 1991

CCCH, as well as CHHH, Auger recombination rates in
a QW structure are not affected by the terms that involve
carriers of the high sublevels and have singularities in [M |,
because the overlap functions in these processes do not
change under composition-disorder-induced band mixing.
The argument given in Sec. III B is then sufficient.
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