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Impact of phonons and spin-orbit coupling on Auger recombination in InAs
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We extend the methodology for calculating Auger recombination from first principles to include spin-orbit
interaction, which allows us to study materials in which the spin-orbit splitting and the band gap are of similar
magnitude. We use this methodology to compute the direct and indirect Auger coefficients in InAs and related
alloys. The direct process involves only Coulomb interaction, while the indirect process is mediated by phonons.
We show how the spin-orbit split-oft states allow for efficient direct Auger recombination, greatly enhancing
the excitation rate of Auger holes due to a near resonance between the spin-orbit splitting and the band gap of
the material. We find that the direct hole-hole-electron Auger recombination coefficient decays exponentially
with increasing band gap, while the electron-electron-hole Auger recombination coefficient decays faster than
exponentially. Additionally, we modeled the phonon-assisted process in InAs and show that the direct Auger

process is dominant.
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I. INTRODUCTION

Auger recombination is an important nonradiative carrier
recombination mechanism in semiconductors. It reduces the
efficiency of light-emitting devices at high power and has
been shown to play a significant role in the efficiency-droop
and green-gap problems of nitride light-emitting diodes [1-3].
Auger processes also contribute to efficiency loss in photo-
voltaics [4] and limit the direct current performance of bipolar
transistors [5]. Auger recombination is particularly critical in
narrow-gap semiconductors such as InAs-based heterostruc-
tures. These materials find applications in mid-wavelength
infrared (3-5 um) diode lasers [6] as well as in interband
cascade lasers with InAs/GaInSb quantum wells [7]. The
reduction in quantum efficiency due to Auger recombination
tends to govern the lasing threshold, especially at high carrier
concentrations and high temperatures [8]. Understanding the
microscopic details of the Auger recombination mechanism in
these materials will aid in identifying engineering solutions to
mitigate its impact.

General trends in the Auger coefficients of common semi-
conductors were examined by Bulashevich and Karpov [9].
They noted that the Auger coefficients in direct-band-gap
materials fall off exponentially with increasing band gap until
they reach a value around 1073 cm®s~!. A microscopic
understanding of the Auger recombination process in low-
band-gap materials such as InAs will help us better understand
these trends.

In the Auger process (Fig. 1), the energy resulting from an
electron-hole pair recombination is not emitted as a photon
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but transferred to a third carrier, either an Auger electron (in
the e-e-h process) or an Auger hole (in the h-h-e process).
In the direct e-e-h process illustrated in Fig. 1(b), an initial
electron-hole pair (states 1 and 3) recombines across the band
gap and transfers its energy to a third electron (state 2) that
gets excited to a high-energy state in the conduction band
(state 4). Such direct Auger recombination is mediated purely
by Coulomb interactions. However, additional second-order
interactions involving the emission or absorption of a phonon
[Fig. 1(c)] can also contribute significantly to the total Auger
rate [2,10].

First-principles calculations based on density functional
theory (DFT) are well suited for the predictive modeling of
optoelectronic materials [11]. Auger carriers are excited to
states with energy approximately equal to the gap away from
the band edges. DFT calculations can reliably predict the
energies and wave functions throughout the Brillouin zone
(BZ) and at higher energies. Based on such calculations,
it was revealed that in wide-band-gap semiconductors such
as GaN Auger recombination is dominated by the indirect,
phonon-assisted, process [2,12]. It is still an open question
to what extent phonon-assisted processes contribute to Auger
recombination in smaller-gap materials.

Calculations of the Auger rate in narrow-gap materials
require an accurate treatment of spin-orbit coupling (SOC),
which modifies the band structure near the band extrema.
In InAs, the magnitude of the spin-orbit (SO) splitting
(0.39 eV [13]) is comparable to the band gap (0.35 at
300 K [14] and 0.43 eV at 0 K [13]) and enables additional
direct Auger recombination processes that would otherwise
be forbidden by energy and momentum conservation. In addi-
tion, the lack of inversion symmetry in InAs breaks the spin
degeneracy of the bands. Hence, careful consideration of the
SOC is needed.
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FIG. 1. (a) Calculated band structure of InAs. The indicated
region near the center of the Brillouin zone is enlarged in panels

(b) and (c) to illustrate Auger processes: (b) the direct e-e-h process
and (c) the phonon-assisted h-h-e process.

In this paper, we report a fully first-principles prediction
of SOC effects in direct and phonon-assisted Auger recombi-
nation, which requires significant modifications to previously
developed methodology [12]. When applied to InAs, the
results show that SOC significantly enhances direct Auger
recombination. The resulting rate for the direct Auger process
in InAs is a factor of 50 larger than for the phonon-assisted
process. We also find that, as the band gap of the material
increases, the direct Auger process becomes comparatively
less relevant. The Auger recombination coefficients decay
approximately exponentially as a function of band gap, and
this strong dependence means that the direct Auger process
can be significantly reduced by alloying.

II. METHODOLOGY

A. Computational details

Our first-principles calculations are based on DFT [15,16].
The electronic structure is computed with projector aug-
mented wave potentials as implemented in the Vienna Ab-
initio Simulation Package (VASP) [17,18]. The d electrons in
In and As were treated as core electrons, and a plane-wave
energy cutoff of 500 eV was used. The Auger rate is highly
sensitive to the eigenvalues near the band extrema, requiring
an accurate description of the band structure. We use the
modified Becke-Johnson functional within the local-density
approximation (MBJLDA) [19,20]; a fit to a highly accurate
band structure calculated with the Heyd-Scuseria-Ernzerhof
functional [21] yielded a ¢ parameter of 1.15 for the MB-
JLDA functional. The resulting band structure is shown in
Fig. 1(a). The calculated LDA lattice parameter is a = 6.06 A,
in very good agreement with experiment [22]. The phonon
spectra and electron-phonon coupling matrix elements are ob-
tained with density functional perturbation theory [23]. Since
electron-phonon interactions are not implemented in VASP at
this time, we have used the Quantum ESPRESSO code [24]. Per-
turbations to the wave functions due to SOC are implemented
using the vector part of the ab initio pseudopotentials [25].

The reciprocal space is sampled with a 60 x 60 x 60 I'-
centered k-point mesh for the electron and phonon states.
The screened Coulomb interaction is evaluated using a static
model dielectric function [12] and the experimental dielectric
constant of 12.3 for InAs [26]. We account for the screening
by free carriers with the Debye model. For the evaluation
of the phonon-assisted Auger rate we assume that the initial
states of the three carriers are all at '—the same approx-
imation as employed in Refs. [3,10] to render the problem
computationally tractable.

B. Inclusion of SOC for direct Auger process

The methodology in Ref. [12] must be modified to treat
systems with strong SOC. We will first discuss how the spin
quantum number is accounted for in non-SOC systems; then
we will show how spin-orbit coupling is implemented in our
calculations.

Our computational approach is based on time-dependent
perturbation theory using Fermi’s “golden rule.” We represent
the states in the band structure using composite index i =
[kin;], where k is the momentum quantum number and n is
the band index. In the spin-degenerate case, for each state i
there are two possible spin quantum numbers o; = :I:%. In the
absence of SOC, the eigenvalues do not depend on oj, so the
total direct Auger recombination rate, RdAiﬁegCetr, is given by

Rdirect
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where f; denotes the Fermi occupation number of the elec-

tronic state indexed by i with energy &;. The quantity inside
the absolute value is the screened Coulomb matrix element:
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where the first term is a direct term and the second is an ex-
change term, accounting for the antisymmetry under fermion
exchange. The direct and exchange terms can be obtained
by evaluating the two-body Coulomb interaction W (r,, rg)
between the states represented in real space as v;(r):

(12| W | 34)
= f f dradr s (ra WS (s W (a1 WS GF )W ).
3)

After the spin summation over the 2* = 16 combined spin
configurations, we recover the expression for the Auger rate
from Ref. [12]:
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SOC is included via a perturbing Hamiltonian AHSOC

expressed in terms of the spectrum of Kohn-Sham states |kno )
at each k point [25]:

(kno | AHSOC | kn'o'). (5)

This Hamiltonian is then diagonalized to obtain the energy
eigenvalues and spinor wave functions at that k point. In non-
spin-degenerate materials like InAs, the wave function must
be represented as a spinor wave function where the two spin
components are independent:

D=1y @I +1v) @) (©)

The Auger rate in the non-spin-degenerate case is given by an
expression similar to Eq. (1) where the summation over the
index i in the spinor basis [Eq. (6)] now replaces the separate
summations over the band and spin indices:

direct
RAuger
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1234
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The matrix element in Eq. (7) corresponds to Eq. (2) but with

nonorthonormal spin components. To evaluate this matrix
element, we must sum over each spin component of the wave

functions (wiT and wf) for the initial states:
My, = (12|W]34)
= ({0 WY wd) + (v Wiwd v
X Uy U IW s v ) + (W vy WY vg). (8)
My, = (12|W]43)
= il W iwlvd) + Wil v
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The two terms (|M{’234|2 and |M7,34) in Eq. (4) are absent
in Eq. (7), reflecting the fact that Eq. (7) does not include a
spin summation over the o;’s. Instead, the number of allowed

band indices for each state |i) is doubled for the non-spin-
degenerate case.

C. Inclusion of SOC for phonon-assisted Auger recombination

Following the same argumentation as for the direct process
in the previous section, the expression for the indirect Auger
rate is

indir 2z 1 1
RASgeerC[ =7 Z ffa(1 = f3)(A —ﬁ:)(nuq + 3 + 5)
1234,vq
X |M1234.0q)*8 (€1 + €2 — €3 — €4 F Fiwyy).  (10)

Here, the n,4 are the phonon-occupation numbers from Bose-
Einstein statistics:

1
Mg = o T T b

and the phonon energy (fiw,4) is accounted for in the energy
conservation delta function. The upper (lower) sign represents
the phonon-emission (absorption) process. The generalized
matrix element (M, with the subscript omitted) is given by

|M|2 =|M1+M2+M3+M4_M5_M6_M7_M8|2’
(12)

where each of the terms (M to M?) corresponds to one of the
phonon-assisted processes depicted in Fig. 3 of Ref. [12]:
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Following the notation in Ref. [12], m is the index of an
intermediate state and n is the inverse lifetime of that inter-
mediate state. The direct (M%) and indirect (M*) screened
Coulomb matrix elements are defined in Egs. (8) and (9).
The electron-phonon matrix elements (g) are evaluated using
density functional perturbation theory for the spin-degenerate
system, and expressed in the spinor wave-function basis of the
form in Eq. (6) via a transformation

Uijo, = (10 @ 11) + 1971 ® W51 ® (o], (21)

from the product-state wave functions to spinor wave func-
tions.

III. RESULTS AND DISCUSSIONS

We assume equal densities of free electrons and holes
(n = p), which is typical in optoelectronic devices with high
carrier injection. The Auger coefficients can be defined by
Cauger = Rauger /n3. The resulting direct and phonon-assisted
coefficients at n=10'8 cm™3 are tabulated in Table I. At the
experimental band gap of 0.35 eV we computed a direct Auger
coefficient (e-e-h plus h-h-e) of 8.60 x 1078cm®s~!. The
computed phonon-assisted coefficient, 1.5 x 1072° cm®s~!,
is more than an order of magnitude smaller. A survey
of experimental literature [27-32] reveals significant
variations among the reported Auger coefficients, ranging
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TABLE I. Computed Auger coefficients C (in units of
1073° cm®s™!) for InAs at 300 K with a carrier concentration of
10" cm~3.

Direct Phonon
Direct (no SOC) Phonon (no SOC)
e-e-h 496 387 9 10
h-h-e 364 84 6 9
Total 860 471 15 19
from 1-3x 1072 cm®s™! in InAs based quantum

wells [32] to bulk values of 6.0 x 10727 in Ref. [29]
and 6.5 x 1072 cm®s~! in Ref. [27]. The model theory
of Takeshima [33] predicted an Auger coefficient of
1.8 x 10727 cm®s~! (at T = 300 K and n = 10'8 cm™3).

While the experimental measurements of the Auger recom-
bination rates are conducted at room temperature, the effective
temperature of the carriers can be much higher than the lattice
temperature. To evaluate the Auger coefficients at higher car-
rier temperatures, we performed a series of calculations for the
direct Auger process between 150 and 450 K and fit the results
to an Arrhenius law [34] [C(T) = Cx exp(—E4/kgT)], as
shown in Fig. 2. The resulting activation energies are E{*" =
0.021 eV and Ef¢ = 0.011 eV.

We now describe an approximate approach that allows
us to qualitatively comment on recombination processes in
materials related to InAs. InAs-based alloys can be formed
by alloying with GaAs (band gap 1.43 eV) or InSb (band
gap 0.17 eV), both of which have band structures similar to
InAs [19]. Explicit alloy calculations require large supercells
and are computationally prohibitive with the k-point densities
needed for the Auger calculations. We therefore approximate
the alloy electronic structure by modifying the band gap of
InAs while keeping all of the Coulomb and electron-phonon
matrix elements fixed—commonly referred to as a scissors
shift. In doing so we are neglecting additional scattering
mechanisms due to alloy disorder and focusing purely on
the band-gap dependence. Figure 3 shows the calculated
coefficients as a function of the shifted band gap. While the
Auger coefficients predicted at different band gaps are not
intended to quantitatively represent the actual alloys, shifting

10—27 1., 4

10—28 i 4

C(T)=1.05x%x10"?7
xexp(—0.021/kgT)

C(T)=5.32x 10728
xexp(—0.011/kgT)

1072° T T T T . T
0 2 4 6 8 0 2 4 6 8

1000/T (K~1) 1000/T (K1)

Auger coefficient (cm® s~1)

FIG. 2. Computed direct Auger coefficients at the experimental
band gap (E, = 0.35 eV) with a carrier concentration of 10'8 cm=,
for temperatures between 150 and 450 K, fitted to an Arrhenius
relationship.
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FIG. 3. Auger coefficient vs scissors-shift-adjusted band gap for

direct (solid blue) and phonon-assisted (solid orange) Auger recom-
bination due to (a) e-e-h and (b) h-h-e processes. The calculated
coefficients without SO interactions for the direct (dashed blue)
and phonon-assisted (dashed orange) processes are included for
comparison. The gray vertical line indicates the experimental band
gap of InAs. The calculations are carried out at 300 K with a carrier
concentration of 10'® cm™3.

the band gap still allows us to probe the dependence of the
Auger process on different features in the band structure.

A. Direct Auger process

Figure 3 shows that the direct Auger process is stronger
than the indirect Auger process across the entire range of
band-gap values for both e-e-h and h-h-e. The decrease of
the direct e-e-h Auger coefficient as a function of increasing
band gap can be attributed to the lack of higher-energy states
(roughly one band gap higher in energy than the conduction-
band minimum) near the center of the BZ. This renders energy
and momentum conservation difficult to satisfy when three
of the states must come from the same highly dispersive
conduction band [states 1, 2, and 4 in Fig. 1(b)]. The decrease
in the direct h-h-e coefficient depends strongly on the near
resonance of the SOC and follows an exponential trend, which
reflects the tail of the Fermi-Dirac distributions. The same
trends can be observed in previous studies of GaN [12] and
GaAs [10].

Inclusion of SOC effects modifies the band structure near
the valence-band maximum and significantly enhances the
h-h-e direct Auger coefficient. This is most evident for band-
gap values close to the SO-splitting energy of InAs (see
Fig. 3), where a near resonance occurs. At the band gap
of InAs, the h-h-e Auger coefficient is 3.64 x 10728 cm®s~!
when SOC is included (see Table I), more than a factor of
4 greater than the coefficient computed without SOC (8.4 x
1072 cm®s™!). The inclusion of SOC has a less dramatic
effect on the e-e-h process (4.96 x 10728 cm®s~! with SOC
and 3.87 x 10728 cm®s~! without). The near coincidence of
the band gap with the SO splitting makes InAs close to a
worst case scenario in terms of impact of SO coupling on
Auger recombination. For this reason, it is often assumed that
the rapid Auger recombination in InAs is primarily due to the
h-h-e process. However, our calculations show that the e-e-h
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FIG. 4. Normalized contributions to the phonon-assisted Auger
rate plotted as a function of phonon wave number g for (a) a band
gap of 0.35 eV and (b) a band gap of 1.1 eV.

recombination is just as important and, in fact, accounts for
a majority of the direct Auger recombination in InAs. The
high e-e-h rate can be attributed to the large difference in
dispersion between the conduction and valence bands. In an
e-e-h process, the final Auger electron state occurs at roughly
one band-gap energy above the initial state, but since the
conduction band is very dispersive the associated momentum
is quite small. This momentum can easily be provided by the
hole state, since the valence-band dispersion is low and hence
occupation of higher-momentum states is significant.

B. Phonon-assisted Auger process

In contrast to the direct process, in the indirect process
a phonon supplies the additional momentum (the phonons
do not contribute much to energy conservation), in principle
allowing the Auger electron and hole to be scattered anywhere
in the BZ. At the carrier concentrations and temperatures
considered here, the initial electron and hole states represent
a very small portion of the BZ—0.03% for electrons and
2% for holes. Any small amount of momentum difference in
the initial states can easily be compensated by the additional
phonon, which justifies our approximation that the initial
states are all at I". The small momentum differences will
modify the matrix elements; however, any corrections to the
phonon-assisted rate would not change our conclusion that the
direct process dominates across the entire range of band gaps
considered in Fig. 3.

Figure 4 shows contributions to the total Auger rate from
phonons of different absolute wave numbers. At the 0.35-eV
band gap of InAs [Fig. 4(a)], the vast majority of phonon-
assisted Auger contributions comes from the center of the
BZ, near I'. In this regime, the energy and momentum con-
servation for the phonon-assisted Auger processes is very
similar to the direct process, and the phonon-assisted Auger
process behaves as a higher-order correction to the direct
Auger recombination, with the phonon-assisted rate more than
an order of magnitude smaller than the direct rate (Table I).

In contrast, at larger band gaps [Fig. 4(b)], states from other
regions of the BZ can be involved via a phonon. These states
account for a much greater portion of the total phonon-assisted
Auger rate, with barely any contributions coming from the
zone center (since there are no states in the vicinity of I'

that would allow energy conservation to be satisfied with a
low-wave-number phonon). For even higher band gaps, the
majority of states involved in the recombination process are no
longer near the zone center (where the direct process occurs),
and the indirect Auger process becomes stronger relative to
the direct process.

In wide-band-gap materials (e.g., GaN [12] with a band gap
of 3.5 eV) the phonon-assisted process becomes the dominant
process. This is because the direct Auger coefficient falls off
exponentially at large band gaps, while the phonon-assisted
coefficient decays much slower, roughly as an inverse power
law above 0.5 eV. The fact that the direct Auger coefficient
is decreasing much faster than the phonon-assisted Auger
coefficient at higher band gaps explains the trends observed in
Ref. [9]. A crossover between the direct and phonon-assisted
rates will occur at a band gap above 1.5 eV. We acknowledge
that this is well beyond the limit where our approximate
treatment of alloys is expected to be accurate. However, we
believe the trends to be correct, and the observation that
direct Auger recombination dominates in direct-gap materials
at lower band gaps while the phonon-assisted Auger process
becomes dominant at higher band gaps should be general.

Since the Auger coefficients generally decrease with in-
creasing band gap, suppression of Auger recombination can in
principle be achieved with band-gap engineering. This can be
accomplished by alloying or straining the material, but is not
always feasible if specific band-gap values are required. How-
ever, the strong dependence of the Auger coefficient on SOC
opens an additional dimension in the design space, allowing
for suppression of Auger recombination by eliminating the
resonance between the SO splitting and the band gap [35].

IV. CONCLUSION

In conclusion, we have developed methodology to in-
clude spin-orbit coupling in first-principles simulations [12]
of direct and indirect Auger recombination. Our calculations
for InAs show that inclusion of SOC enhances the h-h-e
recombination coefficient by more than a factor of 4. The
direct Auger process is dominant in InAs, accounting for
more than 98% of the total Auger rate. The direct process
decreases exponentially with increasing band gap, making the
phonon-assisted process relatively more important in larger-
gap materials.
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