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ABSTRACT: Auger recombination is a significant loss mechanism in many
optoelectronic devices. We use first-principles methods based on density functional
theory to study the relative importance of direct and indirect phonon-assisted Auger
recombination in GaAs and related alloys. Energy and momentum of the
recombining electron−hole pair can be transferred to an Auger electron (eeh
process) or an Auger hole (hhe process). For eeh processes, the direct process is
negligibly small compared to the phonon-assisted indirect process in GaAs, while in
hhe processes the direct and phonon-assisted processes contribute almost equally.
The hole processes are about 5 times stronger than the electron processes. In alloys
with lower band gaps, the eeh processes become stronger, and below a band gap of
0.8 eV they are as relevant as the hole processes. Our results highlight the importance of indirect processes, even at low band
gaps.
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Gallium arsenide and its alloys are widely used in
optoelectronic devices such as light-emitting and laser

diodes.1,2 The internal quantum efficiency of these devices,
defined as the fraction of electron−hole pairs that recombine by
emitting a photon, is reduced by various nonradiative
recombination processes. Auger recombination3 is such a
nonradiative process that affects the efficiency of devices
operating at high power.4,5 Auger recombination has been
identified as a probable cause of the efficiency-droop and green-
gap problems of nitride light-emitting diodes.6−9 The
investigation of the microscopic origins of Auger recombination
in semiconductors can thus yield valuable information about
carrier recombination in optoelectronic devices at high power.
In the Auger process, an electron and a hole recombine

nonradiatively by transferring their energy and momentum to a
third carrier (Figure 1a). For the electron−electron−hole (eeh)
Auger process this third carrier is another electron, while for
hole−hole−electron (hhe) Auger the third carrier is a hole. As
there are three carriers involved in the recombination, the rate
is proportional to n2p for eeh and to np2 for hhe, where n is the
electron and p is the hole concentration. Under device-
operating conditions the electrically or optically injected
electron and hole concentrations are usually equal to each
other and exceed those introduced by doping. In this case the
rates are given by Cnn

3 (eeh) and Cpn
3 (hhe), where Cn and Cp

are the corresponding Auger coefficients. This dependence
indicates that Auger recombination becomes increasingly
important at high carrier densities.
Auger recombination in GaAs can occur in a direct fashion

(Figure 1a), or it can be mediated by lattice vibrations (Figure
1b). The additional momentum provided by emission or
absorption of a phonon makes significantly more final states
accessible for Auger transitions and enables Auger transitions
that would otherwise be forbidden due to energy and

momentum conservation. First-principles calculations have
shown that in GaN the phonon-assisted Auger recombination
rate is several orders of magnitude higher than the direct
recombination rates.7 An interesting open question is whether
Auger recombination in GaAs is dominated by direct or
phonon-assisted microscopic processes.
Auger recombination in GaAs has been the subject of several

experimental10−12 and theoretical13−18 studies, but its micro-
scopic mechanism remains unclear. Experiments11,12 have
yielded values for Auger coefficients ranging from 7 × 10−30
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Figure 1. Schematic illustration of (a) direct and (b) indirect
electron−electron−hole Auger recombination superimposed on the
calculated band structure of GaAs. (a) In the direct case electron 1 and
hole 3 recombine while transferring their energy to electron 2 and
exciting it to conduction-band state 4. (b) In the indirect case,
phonon-assisted Auger recombination is enabled by the additional
momentum provided by lattice vibrations.
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to 1.6 × 10−29 cm−3 (Table 1). However, experimental studies
have difficulty distinguishing among the various microscopic

Auger processes. Theoretical investigations, on the other hand,
have produced conflicting results about the relative importance
of direct versus phonon-assisted Auger recombination. Early
theoretical studies13−16 noted that direct eeh Auger in GaAs is
weak. However, these early studies used model parameters to
describe the electronic and vibrational properties of GaAs and
considered only a subset of the vibrational modes and
diagrammatic terms involved. Phonon-assisted Auger recombi-
nation rates in GaAs have not been calculated from first
principles to date.
In this work, we investigate direct and phonon-assisted Auger

recombination in GaAs using first-principles calculations based
on density functional theory (DFT), following the method-
ology of ref 7. The single-particle energies and wave functions
are calculated with DFT19,20 in the local density approximation
(LDA),21,22 using the plane-wave pseudopotential method23,24

as implemented in the Quantum Espresso code.25 A constant
scissors shift is applied to the energies of the unoccupied states
to correct for the band gap underestimation of LDA.
The direct Auger recombination rate is determined from

time-dependent perturbation theory.17,26 The screened-Cou-
lomb-interaction matrix elements are obtained based on a
model dielectric function27 and the experimental dielectric
constant of GaAs. Local field effects are neglected in the model
function but were concluded not to be important for the
calculation of Auger rates in GaAs.18 The Fermi occupation
numbers for the electrons and holes are calculated for a free
carrier density of 1018 cm−3 and a temperature of T = 300 K.
Spin−orbit coupling is neglected, as it was in previous
calculations.17,18 The split-off band at 350 meV below the
valence-band maximum is not occupied with free holes, so it is
not available as an initial hole state. Also, because of energy
conservation, the split-off band is not available as a final hole
state close to the zone center. A 80 × 80 × 80 k-point mesh was
used to sample the first Brillouin zone for the calculation of the
direct Auger recombination rate.

The phonon-assisted recombination rate is calculated with
second-order time-dependent perturbation theory. To keep the
numerical complexity of the calculations within the limits of
available CPU time, the initial-state wave functions of the
recombining electron and hole are approximated by those at
the band extrema at the Γ point. This approximation is also
justified from finding all initial states of the direct calculation
close to the zone center when partial thermal occupancies are
correctly taken into account. The vibrational properties and
electron−phonon matrix elements are obtained from density
functional perturbation theory.28 Phonons and electronic states
are calculated on a 56 × 56 × 56 k-point mesh in the first
Brillouin zone. A coarser k-point mesh than in the direct case is
sufficient because the indirect Auger recombination rate shows
fewer features as a function of energy. The phonon Bose
occupation numbers are also calculated at T = 300 K.
Our calculated values for the direct and phonon-assisted

Auger coefficients of GaAs at the experimental band gap of 1.43
eV for both eeh and hhe processes are listed in Table 1 and
compared to experiment and to previous theoretical
approaches. Our results show that the contribution of the
direct eeh process to the total Auger rate is negligibly small, as
the corresponding Auger coefficient (<10−33 cm6 s−1) is at least
2 orders of magnitude smaller that phonon-assisted eeh Auger
(1.1 × 10−31 cm6 s−1). This agrees with the very small direct
eeh Auger coefficient found in ref 18 (5 × 10−34 cm6 s−1). For
the hhe case the direct (purely Coulomb) Auger coefficient (2.2
× 10−31 cm6 s−1) is larger than for the eeh case (<10−33 cm6

s−1), and the indirect phonon-assisted hhe coefficient is of the
same order of magnitude as the direct hhe coefficient (3.1 ×
10−31 cm6 s−1). The indirect phonon-assisted eeh coefficient
(1.1 × 10−31 cm6 s−1) is much larger than the direct eeh, but
less than half as large as the hhe indirect phonon-assisted. Our
values agree with the experimental values within an order of
magnitude.
Figure 2 shows the relative contributions of phonons to the

eeh and hhe Auger recombination rates as a function of the

phonon wavevector. The rates from acoustic or optical
phonons are given by the areas of the respective curves in
Figure 2. For both eeh and hhe processes the distributions
show a peak at short wavevectors. The first peak corresponds to
a phonon wavelength of 8 a0 for eeh and 10 a0 for hhe
recombination, where a0 is the Bohr radius. The rate
coefficients can also be divided into contributions from acoustic

Table 1. Theoretical Values and Experimental Measurements
for the Direct and Phonon-Assisted Electron−Electron−
Hole (eeh) and Hole−Hole−Electron (hhe) Auger
Recombination Coefficients in GaAs at Room Temperature

method Auger type C (cm6 s−1)

this work direct eeh <10−33

phonon eeh 1.1 × 10−31

direct hhe 2.2 × 10−31

phonon hhe 3.1 × 10−31

calculateda direct eeh 5 × 10−34

direct hhe 8.13 × 10−31

experimentb total eeh ≤1.6 × 10−29

experimentc total eeh+hhe (7 ± 4) × 10−30

model theoryd direct eeh 0
phonon eeh 4.72 × 10−30

direct hhe 4.64 × 10−31

phonon hhe 6.4 × 10−31

model theorye direct + phonon eeh 1.7 × 10−31

direct + phonon hhe 2.4 × 10−30

aRef 18; for hhe the value at a carrier concentration of 1018 cm−3 is
given. bRef 12. cRef 11. dRef 16. eRef 15.

Figure 2. Distribution of contributions of acoustic (dashed magenta)
and optical (solid cyan) phonons with different wavevectors to the
phonon-assisted Auger recombination rate for (a) eeh processes and
(b) hhe processes in GaAs.
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and optical phonons. For eeh indirect phonon-assisted Auger
recombination, acoustic and optical phonons contribute almost
equally, while for hhe processes the acoustic contribution is
more than twice as strong as the optical. The distribution with
respect to wavevector does not significantly depend on the
mode character.
Our results allow us to estimate the direct and indirect

phonon-assisted Auger coefficients of GaAs-based alloys. This is
done by adjusting the band gap with the scissors shift over a
range of energies around the experimental gap of GaAs (1.43
eV) to approximate the alloy band structure while keeping the
Coulomb and electron−phonon matrix elements fixed. This is a
good approximation for compositions close to GaAs, but might
become worse when the band gap and alloy composition
changes considerably from pure GaAs. (Aside from the effect of
the band gap on the energy and momentum conservation, there
is an additional scattering mechanism introduced when
translational symmetry is broken by the structural disorder in
an alloy.7 This additional indirect contribution from the alloy
disorder scattering is not considered here.) The results are
shown in Figure 3. For band gaps smaller than GaAs (as would

be achieved in alloys of GaAs with InAs or GaSb), the direct
Auger coefficient increases with decreasing band gap. Figure 3
shows that the phonon-assisted rates follow the same trend
when the gap is reduced. For the hhe process, the phonon-
assisted process results in a rate that remains comparable to the
direct rate for smaller band gaps. For the eeh process, it is only
at gaps below 1 eV that the direct process becomes larger than
the phonon-assisted indirect process, and even then by only a
small amount. The largest ratio between direct to phonon-
assisted Auger recombination that we found is only 1.8 for eeh
processes and only 1.2 for hhe processes. At the experimental
band gap, hhe processes are about 5 times stronger than eeh,
while for lower band gaps this ratio decreases. Below 0.8 eV the
eeh rate coefficients are larger than the hhe. For band gaps
larger than GaAs (as would occur in alloys of GaAs with GaP or
AlAs), the coefficient of the direct process is significantly
smaller than that of the phonon-assisted process, for both eeh
and hhe recombination.

In conclusion, we use first-principles calculations to evaluate
the purely Coulomb (direct) and the phonon-assisted
(indirect) Auger recombination rate in GaAs and related alloys.
For pure GaAs, direct eeh Auger processes are negligible. The
direct hhe Auger rate is more than 2 orders of magnitude larger
than the eeh rate and is comparable to the phonon-assisted hhe
rate. Direct Auger becomes increasingly important as a function
of decreasing band gap, for both eeh and hhe processes. The
phonon-assisted contributions also increase with decreasing
band gap, and only considering the direct process is not
sufficient even in GaAs-based low-band-gap alloys. Phonon-
assisted Auger recombination clearly dominates over direct
Auger in wider-band-gap GaAs alloys. The analysis of our
results shows that it is important to include all phonon modes
for phonon-assisted indirect recombination. Restricting the
modeling of phonon scattering to a specific mode, e.g., LO
(longitudinal optical), would leave important contributions
unaccounted for. Our results identify the dominant microscopic
Auger recombination mechanism in GaAs and related materials
that affects the high-power performance of optoelectronic
devices.
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