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ABSTRACT

Radiation-resilient optoelectronic materials are highly desired in space and nuclear applications, and understanding the relevant defects and
electronic processes in those materials is crucial for both current and next-generation applications. GaAs is a prototypical semiconductor
that serves as a foundational system for describing and understanding optoelectronic devices. In this review, both experimental studies and
molecular dynamics (MD) simulations of irradiated GaAs are reviewed, with particular emphasis on the deep-level transient spectroscopy,
irradiation-induced amorphization zones, and MD predictions of damage structures. The MD results are also compared to predictions of
the non-ionized energy-loss model. Recent theoretical studies, in particular, density functional theory based calculations on the simple
intrinsic defects and defect clusters in GaAs, are also reviewed. These defects have an important role in dictating the evolution of GaAs in
radiation damage environments, as they impact the coupled dynamics of charge carriers. Finally, possible gaps and challenges toward the
general understanding of defect evolution in GaAs are discussed.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0279267

I. INTRODUCTION

GaAs is the base material for many optoelectronics devices.
Since the early work of Hall et al. demonstrating coherent light emis-
sion from GaAs junctions,1 this material has gained popularity in
research and development centering around optoelectronics applica-
tions. In many situations, such as in space and nuclear applications,
the deployed optoelectronic devices are exposed to harsh radiation
environments. In these conditions, various defects can form, which
greatly influences the device performance. This interaction of ener-
getic particles with matter gives rise to materials that, at times, have
totally unique properties. Thus, understanding radiation-induced
defects and defect complexes is becoming increasingly important in
GaAs and has the potential to drive innovation in critical technolo-
gies like solar cells, lasers, and thermoelectric generators.

One of the earliest experimental studies of defects in GaAs is the
work of Williams in 1966.2 Although the defect studied there is asso-
ciated with oxygen impurities rather than intrinsic defects, this work
nevertheless opened the experimental avenue of studying the deep
centers (electronic states deep in the bandgap of the material induced
by defects) in GaAs using capacitance techniques.2 This technique
was later developed to a more advanced and powerful tool known as
deep-level transient spectroscopy (DLTS) to probe the energy levels
of defects in III–V semiconductors including GaAs.3,4 There have

been numerous studies on radiation-induced defects in GaAs since
then. Arguably, the last comprehensive review on defects in GaAs, by
Bourgoin et al.,5 was almost 30 years ago. Since that review, there has
been enormous advancement in the fundamental understanding of
defects in GaAs from both a modeling and experimental perspective,
but a modern review summarizing all this information is missing
from the literature. This review serves to capture that work and
provide clarity on the outstanding problems in the field.

The arrangement of this review is as follows: To start, we first
review radiation effects in GaAs in general. This is followed by the
review of studies on different defects: point defects and defect com-
plexes induced by irradiation, defect clusters, and charge dynamics.
We then highlight the current gaps and challenges toward a com-
prehensive understanding of defect evolution in radiation environ-
ments and the possible impact of radiation-induced defects on the
electronic behavior of GaAs. Finally, a summary is given.

II. FUNDAMENTALS: PROPERTIES OF GaAs AND
DEFECTS IN SEMICONDUCTORS

A. Properties of GaAs

GaAs was first described by Goldschmidt in 1929.6 However,
it was not until 1952 that Welker described the electronic
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properties of the compound,7 which initiated worldwide interest in
the material for semiconductor devices. Since then, GaAs has been
used in transistors of various types, solar cells, laser diodes,1 and
spintronics.8

As highlighted in Fig. 1(a), GaAs is a cubic material with the
zinc blende (or cubic sphalerite) structure, space group F-43m, and
a lattice constant of 0.565 nm. Ga and As each reside on their own
fcc sublattice; thus, the GaAs structure can be conceptualized as
two interpenetrating fcc lattices that are offset from one another by
(¼, ¼, ¼). Each of the atoms is in a tetrahedral environment, sur-
rounded by four neighbors of the opposite type. If all of the atoms
were of one type, such as C, the structure becomes identical to that
of diamond. GaAs can adopt other structures, particularly at high
pressures,10 but this structure is the most common and is the struc-
ture GaAs adopts in devices.

GaAs is a direct bandgap material with a bandgap of 1.42 eV
(at room temperature)—the band structure is shown in Fig. 1(b).
As a direct bandgap material, electron excitations require only
energy, not momentum, making GaAs amenable for optical devices
(in contrast to Si, which has an indirect bandgap). Compared to Si,
GaAs has a higher electron mobility. GaAs is also a semi-insulating
compound.11 In conductive semiconductors, electrically active
impurities can easily introduce states near the valence or conduc-
tion band (CB) edges, thereby enhancing carrier concentrations
(more on this later). In contrast, impurities in semi-insulators tend
to pin the Fermi level near midgap, which strongly suppresses free-
carrier concentrations and results in much higher resistivity. GaAs
is unique in that it can be prepared either as a high-resistivity semi-
insulator or as a p- or n-type semiconductor. This affords it great
flexibility as the foundation of semiconductor devices.

Finally, it is important to note that Ga and As come from dif-
ferent groups in the periodic table. In conventional notation, Ga is
a group III and As is a group V element. (Note that this nomencla-
ture is somewhat outdated—in the newer international naming
convention for the periodic table, these are now called groups 13
and 15, losing their connection to valence. Thus, in the semicon-
ductor literature, these are often still referred to their old group
classification.) This can also be interpreted as their valence: Ga has
three valence electrons while As has five. This is important for
understanding the defect chemistry in this compound.

B. Defects in semiconductors

Defects are unavoidable in materials but in many cases, they
are the source of functionality. In semiconductors, defects are typi-
cally separated into two classes: dopants (and impurities) and point
defects. Classifying dopants as defects may seem counterintuitive as
they are intentionally added to the semiconductor to change the
properties of the material. However, from a fundamental perspec-
tive, their impact is often similar in nature to other point defects,
so we will consider them as such in this treatment.

Two types of dopants are usually added to semiconductors: p-
and n-type dopants. Both have a different number of valence elec-
trons compared to the host site upon which they sit, and, in a com-
pound semiconductor such as GaAs, the same dopant can be either
n- or p-type depending on where it sits [see Fig. 2(a)]. Typically, a
p-type dopant has a lower electronic valence than the host site. As
such, it tends to attract, or accept, an electron from the matrix atoms.
The capture of an electron effectively emits a hole into the matrix. In
contrast, an n-type dopant has more electrons than the host atom
and, thus, emits, or donates, an electron to the matrix. Thus, p-type
dopants are referred to as acceptors and n-type dopants are donors.

GaAs is a so-called III–V semiconductor; as noted earlier, this
means that it is a compound of atoms that nominally have three
(Ga) or five (As) valence electrons. Thus, to achieve n-type doping,
either host atom must be replaced by an atom with a larger number
of valence electrons: more than five for As and more than three for
Ga. Typical dopants in GaAs are highlighted in Fig. 3. In GaAs,
n-type dopants include Te and S when they are substituted for As
and Sn, Si, and Ge when they are substituted for Ga. On the other
hand, p-type doping involves replacing Ga or As with lower valence
species, two for Ga or four for As. Typical p-type dopants include
Be, Zn, or Cr when substituted for Ga, and Si, Ge, or C when substi-
tuted for As. Note that dopants with four valence electrons, such as
Si and Ge, can be either p- or n-type depending on where they sit in
the lattice—these are often called amphoteric dopants.

Dopants are used to engineer the properties of semiconduc-
tors by introducing electronic states in the gap that are either filled
with electrons (n-type) or holes (p-type). As shown in Fig. 2(b),
this shifts the Fermi level and changes the concentration and
mobility of free electrons or holes.

FIG. 1. (a) The structure of GaAs. The
elemental fcc structure of the Ga and
As sublattices is highlighted by the
green and purple cubes, respectively.
(b) The elementary band structure of
GaAs, highlighting the direct bandgap
and a few other prominent features
within the band structure. The conduc-
tion band is highlighted in red while the
valence band is highlighted in blue.
Adapted from L. Q. Tian and W. Shi, J.
Appl. Phys. 103, 124512 (2008).
Copyright 2008 AIP Publishing LLC.9
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Point defects have a similar impact on the electronic structure,
but in contrast to dopants, these often occur unintentionally and
uncontrollably. Just like dopants, defects can also donate or accept
carriers from the host atoms, altering the carrier population.13,14 In a
compound semiconductor, the point defects are interstitials, vacan-
cies, and antisites. The interstitials and vacancies not only impact the
electronic properties of the material but also control atomic diffusion
within the material. As the name implies, vacancies are the atomic
analog of holes, i.e., missing atoms in the crystal structure of the
material. In contrast, interstitials are excess atoms in the atomic
structure, filling the space between the lattice sites of the structure.

In addition to where a defect sits in the lattice, there is an
additional degree of freedom for any point defect—its charge state.

In the absence of any transfer of electrons, a Ga interstitial—typi-
cally notated as Gai—would be neutral, but it can capture or emit
electrons, changing its charge state. The various energies at which
these transitions occur lead to a multitude of different states in the
gap and also define how likely these transitions are to occur.
Charge states are denoted by explicitly labeling the defect with the
net charge: Ga0i for a neutral Ga interstitial, Ga�1

i for an interstitial
that has captured one electron, and Gaþ1

i when it has captured a
hole (or emitted one electron). Similar notation is used for As
interstitials (denoted as Asi) and vacancies on either sublattice
(VGa or VAs). In reality, these defects can carry a range of charge
states, complicating both their understanding and their impact on
properties. This will be discussed in more depth later.

While interstitials and vacancies are present in all solids, includ-
ing elemental solids, antisites are only present in compound materi-
als. Antisites are atoms in the GaAs crystal structure that occupy a
site that a different element would normally occupy, that is, a Ga on
an As site or an As on a Ga site. These are denoted as GaAs and
AsGa. Since Ga and As have different valence states, creating antisites
on either sublattice naturally creates an electrically active “dopant.”
GaAs has the possibility of capturing up to two electrons to achieve
the same valence state as As and, correspondingly, AsGa can capture
up to two holes. Thus, these two defect states may exhibit a −2 and
+2 charge state, respectively, though other charge states are certainly
possible and maybe even likely. Thus, as we create defects of any
type in the compound, new states will be created in the bandgap
and, depending on the concentration of those defects, these can act
as isolated traps for electrons and holes or even create new bands
that can impact various properties of the material.

III. RELEVANCE OF RADIATION DAMAGE TO GaAs
DEVICE PERFORMANCE

Radiation-resilient optoelectronic materials are highly desired
in space and nuclear applications,15,16 and understanding the

FIG. 2. (a) Schematic showing the
type of dopants that are common in
GaAs. (b) Schematic of how doping
changes the band structure and shifts
the population of holes and electrons
in the material. Adapted from S. M.
Sze and K. K. Ng, Physics of
Semiconductor Devices (John Wiley &
Sons, 2006). Copyright 2006 John
Wiley & Sons.12

FIG. 3. A section of the periodic table showing common dopants in GaAs, high-
lighting the valence state as relevant for GaAs doping. Dark green (purple) ele-
ments are p-type dopants when substituted for Ga (As), while light green
(purple) elements are n-type dopants for Ga (As). Note that dopants like Si and
Ge can act as either p- or n-type depending on which host element they
replace.
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defects with the greatest impact on optical and electronic processes
in GaAs is crucial for both predicting performance and designing
new devices for current and next-generation applications.17 The rel-
evant GaAs-based devices include a range of optoelectronic
devices, including intersatellite optical links, light-emitting diodes
(LEDs), laser diodes, GaAs-based metal semiconductor field effect
transistors (FETs) and logic gates, near-infrared imaging devices,
and solar cells. These devices could all be exposed to different types
and fluences of radiation as part of their normal operation.18

The overall radiation resistance of many technologically signif-
icant optoelectronic devices is governed by radiation-induced
defects and defect-mediated carrier decay rates.19,20 Two notable
examples that illustrate this concept are GaAs-based laser diodes
and solar cells. The efficiency of laser diodes is controlled by the
rate of electron–hole pairs decaying into emitted photons,21 while
the efficiency of solar cells is controlled by the rate of photons
turned into dissociable electron–hole pairs.22 Radiation-induced
point defects greatly impact these decay pathways by promoting
thermal relaxation/decay at the expense of optically active path-
ways.15,23 In solar cells, this results in electron–hole pairs recombin-
ing, thermally, faster than they can be extracted as useful current.24

In laser diodes, this amounts to injected electron–hole pairs recom-
bining to generate heat rather than light.21 Because these and other
optoelectronic devices are often deployed in the harsh radiation
environments of space and nuclear systems, significant effort has
been devoted to understanding the complex relation between
radiation-induced point defects and overall device performance.
Being able to predict the performance of these systems before they
are deployed is a technical challenge because it requires bridging
vast length and time scales.

IV. GENERAL OVERVIEW OF RADIATION EFFECT IN
GaAs

Depending on the irradiation spectrum—γ-rays, electrons,
neutrons, protons, ions—the radiation damage in GaAs is different.
For example, while γ-rays typically induce relatively short-lived ion-
ization damage, electron radiation mostly produces clearly sepa-
rated and stable point defects in GaAs.5 Due to this behavior, early
studies have made extensive use of electron irradiation to develop
the foundational understanding of point defect and defect complex
behavior in GaAs. Neutrons, protons, and heavier ions can cause
dense cascades of permanently displaced atoms, giving rise to more
complicated structures than either γ-ray or electron irradiation. In
this section, we will first review the experimental observation of
radiation effects in GaAs. This is followed by molecular dynamics
(MD) simulation results of cascade damage in GaAs, which reveal
the structural details in irradiated GaAs. Finally, the nonionizing
energy-loss (NIEL) model25 in GaAs, which is commonly used to
describe damage levels in semiconductors, is compared with MD
predictions.

A. Experimental observation of radiation effects in
GaAs

While heavy ion irradiation and high dose conditions can
produce large-scale damage to GaAs lattice, many forms of irradia-
tion result in point defects and local electronic structure

reconfigurations that are difficult to detect with traditional bulk
characterization methods. Early experimental studies of irradiated
GaAs, particularly for a neutron radiation environment, focused on
changes in electrical properties.26–32 Williams et al. studied such
changes in n-type GaAs as a result of fast neutron irradiation.31

The main effect of fast neutron irradiation is the removal of the
majority carriers due to the trapping of mobile charge carriers by
radiation-induced energy levels created within the bandgap.

As a result of neutron irradiation, the position of the Fermi
level in the bandgap shifts away from the conduction band toward
midgap as it depends on the free-carrier density. It was found that
there is a linear relationship between neutron fluence and the
Fermi-level shift that accounts for the observed change in carrier
concentrations,31 which results in a non-linear dependence of
carrier concentrations on neutron fluence. A second effect of the
irradiation is the degradation of carrier mobility, only evident at
low temperatures as a result of carrier scattering by the defect
traps.31

While many techniques have been applied to the study of
optoelectronic properties of semiconductors, there are a few spec-
troscopic measurements that are routinely applied for defect char-
acterizations. For example, deep-level transient spectroscopy
(DLTS) is often used to characterize defect energy levels within the
bandgap of irradiated GaAs and other semiconductors. DLTS was
developed by Lang et al.3,33–35 and it is a powerful tool to charac-
terize the deep-level defects in GaAs. It is based on a junction-
capacitance technique2,36,37 and can measure the activation energy
for thermal emission of a carrier from a trap state to the nearby
band edges. It can also probe the dynamics of charge carriers with
the defect trap states within the bandgap,35,38–41 a subject we will
return to in Sec. VII.

One advantage of DLTS over purely electrical measurements
(such as resistivity measurement) is that DLTS are highly specific
to a particular defect. For example, Martin et al.42 used DLTS to
study the carrier dynamics of a midgap donor level, often called
the EL2 defect. (For electron traps, the DLTS levels are usually
labeled with the symbol E, such as E1-9 or EL1-11, while hole traps
are labeled with the symbol H.43 Following that convention, we will
also use the same classification in this paper.) Similarly, En series
are used to label broader peaks in DLTS, under thermal annealing
in neutron-irradiated GaAs. Figure 4 shows the DLTS spectra
recorded on Bridgman-grown GaAs doped with Si, both as irradi-
ated by neutrons and after annealing at various temperatures post-
irradiation. The level of DLTS signal corresponds to the defect
concentration in the sample. This figure highlights the reduction in
EL2 defect concentration after annealing and allows for the extrac-
tion of the EL2 trap energy.

Often, DLTS is combined with techniques such as cathodolu-
minescence (CL), photoluminescence (PL), UV–Vis spectroscopy,
and Hall transport measurements to gain a more comprehensive
understanding of the impact of radiation-induced defects on device
performance and band structure.44,45 While CL uses electron beam
and PL uses photoexcitation to probe the optical properties,
UV–Vis is an absorption spectroscopy. Hall transport measure-
ments provide information about the carrier type (n- or p-type),
carrier density, and carrier mobility within the material. A com-
prehensive analysis involving DLTS, PL, and Hall transport
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measurements was employed by Pons and Bourgoin, and
Swaminathan46,47 to map out the (primarily electron-induced)
point defects in GaAs. The results were summarized in the 1988
review paper by Bourgoin et al.5 Interested readers are encouraged
to find out details there. Later developments in both theoretical
and experimental understanding of point defects and defect com-
plexes in GaAs due to irradiation will be covered in Sec. V. Another
complementary and powerful tool to characterize defects in GaAs is
electron paramagnetic resonance (EPR). Two experimental studies
stand out, by Worner et al.48 and Goltzene et al.49 Both studies
aimed to measure the AsGa antisite defect population in fast
neutron-irradiated GaAs. Both studies suggest that there is a non-
linear growth in defect concentration as a function of fast neutron
total fluence. The defect population characterized through EPR is
also influenced by the as-grown impurity concentration in samples.

Under neutron irradiation, there are several experimental
results suggesting more extended defects could be formed that are
typically not found in electron irradiated samples. Auret et al.45,50

used DLTS to identify En1-5 defect levels in neutron-irradiated
n-type GaAs and found broader peaks. These peaks were specu-
lated to be related to the presence of extended defects, but

conclusive studies are not available. In GaAs DLTS, the “U-band”
is a broad, anomalous feature observed in DLTS spectra, particu-
larly after neutron irradiation. Above a critical fluence level, the
“U-band” was observed by several authors,44,51,52 suggesting a
feature that only appears in more heavily damage GaAs. Warner
et al.53 studied GaAs under 227MeV proton irradiation. The evolu-
tion of the U-band defect as determined by DLTS seems to occur at
active recombination centers, as observed in electron beam induced
current (EBIC) measurements, in which the generation of elec-
tron–hole pairs under an electron beam informs on carrier mobility
and defect characteristics. The charge recombination centers
appear to be produced by high-energy recoils creating defect clus-
ters. Defect clusters induced by irradiation in GaAs will be covered
in Sec. VI.

The integration of dedicated spectrometers with optical and elec-
tron microscopes enables spatially resolved analysis of the optoelec-
tronic properties of GaAs. In recent years, micro-photoluminescence
(micro-PL) has been used to measure the bandgap variations across
defects in GaAs by analyzing emitted luminescence.54,55 Notably,
micro-PL has been employed to map band-to-band electron emis-
sions and band-to-impurity luminescence around pinhole defects in
GaAs, revealing a distinct bimodal luminescence peak structure and a
reduced bandgap for antisite impurity transitions compared to the
pristine crystal.56

Additionally, CL and electron energy-loss spectroscopy
(EELS) are commonly used to characterize the band structure at
the submicrometer scale. Early studies on ion-irradiated GaAs uti-
lized EELS to observe changes in the band structure and the gener-
ation of dangling Ga bonds as a function of depth below the
irradiated surface after Ar+ irradiation.57 EELS experiments involv-
ing low-energy N2

+ irradiation demonstrated the controllable
implantation of nitrogen into GaAs, significantly altering its elec-
tronic properties.58 Given that the damage profile—i.e., the varia-
tion in defect concentration and implanted ions as a function of
depth—changes with irradiation conditions, the ability to probe
these spatially dependent modifications using cross-sectional trans-
mission electron microscopy (TEM) provides valuable experimental
insight. TEM enables direct visualization and quantification of
depth-resolved structural changes, including dislocation loops, cavi-
ties, and phase changes, allowing correlation with ion dose or dis-
placements per atom (dpa).

While much of the literature on irradiated GaAs has concen-
trated on point defects and amorphous zones, recent studies employ-
ing advanced microscopy techniques have provided valuable insights
into extended defects. Atomic-resolution TEM and high-angle
annular dark-field imaging (HAADF) STEM observations have
revealed the formation and evolution of dislocation loops and stack-
ing faults in GaAs under ion irradiation, indicating that these
extended defects are indeed present and can be characterized with
high spatial resolution.59,60 Notably, a combination of ion range cal-
culations and MD simulations has shown that the dominant damage
mode in GaAs under ion irradiation, including MeV He ions and
low-energy self-recoils, is the formation of defect clusters, rather than
isolated point defects. Interstitials are found to dominate among the
isolated defects, but clustered damage dominates overall.61

It is commonly observed that in III–V compounds (and cova-
lently bonded semiconductors more broadly) sufficient irradiation

FIG. 4. DLTS spectra recorded on Bridgman-grown GaAs doped with Si
(n = 1.8 × 1017 cm−3) as irradiated and after annealing at various temperatures
at a fluence of 3.1 × 1015 n/cm−2. Reproduced with permission from G. M.
Martin, E. Estève, P. Langlade, and S. Makram-Ebeid, J. Appl. Phys. 56, 2655–
2657 (1984). Copyright 1984 AIP Publishing LLC.42
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can lead to amorphization zones/layers. As noted by several
authors, GaAs is no exception.62–65 Irradiation of GaAs with
various ion species (B, C, O, Si, Ar, and Ge) at energies around
100 keV has been shown to induce amorphous layer formation
under a wide range of conditions. The resulting amorphous layers
can reach considerable thicknesses (50–300 nm, depending on the
ion), with their extent influenced by factors such as ion mass, sub-
strate temperature, and flux, rather than solely by displacement
damage.64 For proton irradiation at 30 keV, the critical fluence
required for amorphization has been reported as 3.6 × 1017 protons/
cm2.66 Unsurprisingly, Kr irradiation at 1 MeV requires a much
lower fluence of 2 × 1014 ions/cm2 to produce a layer of amorphiza-
tion.67 Additionally, the formation of an amorphous zone is shown
to be extremely sensitive to implanting temperature.62 Further,
Bench et al.63 found that, upon warming to room temperature, the
amorphous zones decreased in size and density as the sample tem-
perature was increased above 200 K. With sufficient time at 300 K,
the amorphous zones decreased in size and eventually recrystallized
completely, leaving no trace of their prior existence. While gradual
recrystallization has been observed at room temperature, the recrys-
tallization temperature of GaAs is cited around 500 K with anneal-
ing processes often in the 500–700 K range, depending on sample
geometry.68–70 Proton irradiation of GaAs solar cells has been
studied through device modeling and optical techniques like PL
and current–voltage (I–V) measurements, revealing functional deg-
radation due to defect-induced damage. These defects reduce
minority carrier diffusion length and increase recombination, con-
sistent with simulations.71 It is unclear if neutron or proton irradia-
tion could produce a similar level of amorphization in GaAs to
those observed under ion irradiation conditions or to what extent
that amorphization might occur at various operating temperatures.

The dynamics of generation, recovery, and accumulation of
ion irradiation damage in GaAs has been a focus of more recent
experimental studies.72–74 Kanayama explored the recovery and
accumulation of ion irradiation damage, revealing a dose rate
dependence (the higher dose rate led to the heavier damage) in
GaAs.72 Debelle et al. studied the effect of energy deposition on the
amorphization kinetics in dual-ion beam irradiated GaAs.74 They
found that electronic energy deposition can induce an efficient
dynamic annealing of the damage created in collision cascades.

B. Molecular dynamics simulation of radiation damage
in GaAs

MD simulation of radiation damage offers atomistic detail of
damage structures. MD uses interatomic potentials to simulate the
motion of interacting atomic particles in material systems. MD pro-
vides direct insight into the defect structure produced during the
collision cascade damage event, though timescale limitations
hinder the study of the longer-time (e.g., microseconds and
beyond) evolution of those defects. Large-scale MD studies of irra-
diation effects in GaAs began with the work of Nordlund et al.61

Before that, few studies examined the irradiation damage processes
and those that did were limited to quite low energies.75,76 To count
the number of defects, a standard Wigner–Seitz (WS) method is
used in Nordlund et al.’s MD simulations.61

Part of the reason that GaAs being less well studied is because
of the unreliability of the interatomic potentials used in MD simu-
lations to describe the atomic force interactions in GaAs. In addi-
tion, charges and carrier population, which affect defect formation
energies, are neglected in the interatomic potentials. Nordlund
et al.’s work61 was considered a substantial step in the ability to
reliably predict the damage distributions and amorphous zones
produced during collision cascades in GaAs. Nordlund and
coworkers61,77–79 found that for Ga and As recoils with energies up
to 10 keV, a significant portion of the damage resides in large
amorphous clusters or amorphous pockets. In addition, the
number of antisites is an order of magnitude smaller than the total
number of defects. The authors concluded that, since the amor-
phous zones anneal out at room temperature and much of the
remaining damage is in small clusters which can also be expected
to anneal out easily, the antisites will be one of the most important
defects remaining at high temperatures.

Björkas et al. studied the damage produced by high-energy
100 keV–10MeV H+, He, Ne, and Ni ions in GaAs using MD sim-
ulations.78 They found that large amorphous clusters were not
formed by H+ irradiation, while some did form for Ni irradiation.
This observation is commensurate with experiments.80 The authors
suggest that for heavy ion irradiation, as compared to light ion irra-
diation, there is an increasing fraction of damage concentrated in
large clusters, which causes a greater change in carrier decay time
as observed in experiments.81

Later, using the same interatomic potential as Björkas et al.,78

Gao and co-workers carried out primary knock-on atom (PKA)
recoil MD simulations for displacement cascades up to 20 keV,82

however, for a much larger crystal supercell of 1 × 106 atoms
employed for their MD simulations. In addition, the short-range
interactions for high-energy particles with GaAs were further
modified to match the “universal” screening function Ziegler–
Biersack–Littmark (ZBL) potential.83 This potential gives a good
representation of high-energy scattering of atoms in solids.

Figure 5 shows the final defect states after (a) 2, (b) 5, and (c)
20 keV cascade in GaAs observed in Gao et al.’s simulations.82 The
transition from a single pocket of atomic displacements to multiple
subcascades is readily apparent. The defects generated by a PKA
energy less than 2 keV distribute on one cascade region while
higher energies generate defects distributed across multiple sub-
branches of the cascade.

In more recent work, Teunissen et al. incorporated the effect
of electronic stopping in their MD simulations of collision cascades
in GaAs.84 A recently proposed electron–phonon (EPH) model for
nonadiabatic dynamics was used in this work, which treats the elec-
tron–phonon coupling and electronic stopping as two features of
the same physical process. The evolution of the number of defects
from the EPH-MD simulations is shown in Fig. 6. The relative
number of defects from 1 to 10 keV increases by approximately a
factor of 10, which is in agreement with the MD simulations by
Gao et al.82 and Nordlund et al.61 However, the absolute number
of defects found by Gao et al.82 is much higher while the number
of defects reported by Nordlund et al.61 is also higher but much
closer to the EPH-MD values. In both of the cases of EPH-MD
and the work of Nordlund et al.,61 the number of antisites is an
order of magnitude lower than the number of Frenkel pairs
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(vacancies and interstitials). That the number of defects in all simu-
lations is linear with PKA energy emphasizes the fact that getting
the physics right even at the lowest energies is critical for meaning-
ful predictions.

In Fig. 6, the EPH-MD values of the number of defects are
also compared to the standard Norgett–Robinson–Torrens model
(NRT)85 formula, Ndefects ¼ 0:8EPKA

2Ed
, where EPKAis the PKA energy of

recoil in the MD simulations, and Ed is the mean threshold dis-
placement energy that is taken to be 13 eV, the average of the
reported values for Ga and As.86 The NRT model is a modified

Kinchin–Pease estimate for the total number of Frenkel pairs pro-
duced61 and is based on the binary collision approximation (BCA).
The number of defects from the EPH-MD simulations is only
slightly smaller than predicted via the NRT model, as shown in
Fig. 6.

C. The nonionizing energy-loss (NIEL) damage in GaAs

It has been observed that radiation damage in electronic com-
ponents made from semiconductors or semiconducting com-
pounds is proportional to the nonionizing energy loss (NIEL).87

NIEL is a measure of the energy lost by a particle to nuclear recoils
as it travels through medium. It disregards energy transfer that is
used to liberate bound electrons. It, thus, represents the portion of
incident energetic particles that is non-ionizing, and that affects the
target material mainly by atomic displacements through inelastic
nuclear scattering. The concept of NIEL is useful to describe prob-
lems concerning displacement damage and is commonly used as a
metric to quantify a particular damage level due to radiation-induced
atomic displacements.87 NIEL differentiates between electron-only
stopping (which just creates ionization) and nuclear stopping;
however, the result of an atom displacement is a charged defect pop-
ulation. The formulation of NIEL can be determined through the
Lindhard energy partition function G(E),88

NIEL ¼ α

ðEmax

Ed

EG(E)
dσ
dE

dE, (1)

where α is the atomic density of the target material, E is the kinetic
energy of the recoil or energy of the primary knock-on atoms
(PKAs), Emax is the maximum energy that can be transferred to a
recoil nucleus by an incident particle, and Ed is the threshold dis-
placement energy for GaAs. G(E) is the Lindhard energy partition
function to describe energy partitioning when an incoming particle
interacts with a solid target. dσ

dE is the differential interaction cross

FIG. 6. Number of defects for multiple PKA energies from simulations by
Teunissen et al.84 Number of Frenkel pair defects as determined via the
Wigner–Seitz (WS) method are compared with the numbers reported in Gao
et al.82 and Nordlund et al.61 The number of defects as predicted via the NRT

model Ndefects ¼ 0:8EPKA
2Ed

� �
is evaluated with Ed ¼ 13 eV. A fit to the number of

EPH-MD defects at energies up to 5 keV is shown in gray, which has an effec-
tive Ed of 17.1 eV. Reproduced with permission from Teunissen et al., Phys.
Rev. Mater. 7, 025404 (2023). Copyright 2023 American Physical Society.

FIG. 5. The final defect states after (a) 2, (b) 5, and (c) 20 keV cascade in GaAs. The transition from a single pocket of atomic displacements to multiple subcascades is
observed. Reproduced with permission from Gao et al., J. Appl. Phys. 121, 095104 (2017). Copyright 2017 AIP Publishing LLC.82
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section, which describes the probability of particle scattering or inter-
action with the target. Since the commonly used NRT formula
relates the recoil energy to the number of defects through
Ndefects ¼ 0:8EPKA

2Ed
, Eq. (1) can also be expressed as

NIEL ¼ α

ðEmax

Ed

Ed
0:4

NdefectsG(E)
dσ
dE

dE: (2)

Messenger and co-workers25,53,89 have done substantial work
involving the NIEL model for GaAs. They calculated NIEL as a func-
tion of particle energy for silicon ions and protons incident upon
GaAs.53 Gao et al.82 used MD simulations to determine the accurate
damage level by calibrating the NIEL model25 in GaAs. Taking
Ndefects as obtained from MD simulations, Gao et al.82 derived an
“effective” NIEL for GaAs. Figure 7 presents the NIEL obtained based
on MD results82 for several different incident particles in GaAs,
where the values of the NIEL calculated by an analytical approach89

are superimposed for comparison. In general, the MD-informed
NIEL values are a few times larger than the analytical NIEL values,
particularly at higher energies (incident particle energies >1MeV).
However, due to the reduction in the number of defects predicted by
standard MD by considering the effect of electronic stopping,84 the
comparison between the analytical NIEL formulation and MD based
NIEL might suggest a more reasonable agreement.

V. SIMPLE INTRINSIC DEFECTS IN GaAs

In Sec. IV, we discussed how, during high-energy collision cas-
cades in GaAs,61,78,79 large damage regions form and consist of

amorphous zones or vacancy and antisite clusters. However, even
in the cases where amorphization is seen, the amorphous zones
anneal out at room temperature, leaving behind a damage state
consisting of small clusters of point defects, many of which can
also be expected to anneal out easily.61 These studies highlight the
important role that isolated point defects and small defect clusters
have in dictating the evolution of these materials in radiation envi-
ronments. The isolated point defects include interstitials, vacancies,
and antisites, and we call these as simple intrinsic defects in this
paper. Among these defects, antisites are particularly relevant, as
such defect requires high temperatures to anneal out.78 Indeed,
simple intrinsic defects and di-vacancies have been treated as the
primary products of collision cascades in the model of defects and
carrier transport in radiation-damaged GaAs in previous modeling
study by Wampler and Myers.90

Most of the native defects (grown crystal defects, excluding
residual impurity and substitutional dopants) have been studied
through electron irradiation experiments.5 Earlier experimental
studies5 suggest that the native defects are not simple intrinsic
defects. They were suggested to be defect complexes formed by
pairing with other defects or with impurities. For example, even in
the case of the EL2 defect, which plays a major role in the electrical
properties of bulk materials, it was thought to be the As antisite
complexed with an As interstitial.5

The picture of these proposed defect models has largely
changed as the result of later density functional theory (DFT) mod-
eling studies. Schultz and Lilienfeld’s DFT modeling91 of simple
intrinsic defects in GaAs provides an excellent explanation of the
type of defect behavior that DFT calculations have revealed. In
Schultz and Lilienfeld’s DFT work,91 it is demonstrated that in
most cases, the so-called defect complex should not exist. In Fig. 8,
their computed defect energy levels for simple intrinsic defects in
GaAs are shown, where levels connected with vertical lines are
negative-U defect-level systems. In negative-U defect level systems,
the defect introduced into the semiconductor can trap two elec-
trons (or holes) with the second bound more strongly than the
first,92 which is considered to be unusual, reflecting strong lattice
relaxation effects upon capture and emission of carriers.93 The
defect gap states are important since they greatly influence the
recombination pathways and, thus, affect the electrical/optical per-
formance of GaAs devices (see Sec. VII).

It should be noted that most of the DFT works covered in this
section uses regular DFT exchange functionals such as the local
density approximation (LDA) or the Perdew–Burke–Ernzerhof
functional within the generalized gradient approximation (PBE-
GGA) or PBE-GGA. In general, higher level DFT calculations such
as hybrid functionals are more accurate, but currently have only
been applied in studies of antisites and vacancies in GaAs.94,95

A. The arsenic and gallium antisites (AsGa, GaAs)

DFT work91,94–98 shows that an isolated neutral arsenic anti-
site AsGa corresponds to EL2 in the DLTS of GaAs samples. As
shown in Fig. 9, AsGa has a metastable configuration, which is a
complex of an As interstitial and a Ga vacancy. This metastable
configuration deviates from the standard AsGa antisite structure
[Fig. 9(b)] by the substitutional As retreating along a [111]

FIG. 7. The NIEL obtained based on the MD results82 for several different inci-
dent particles in GaAs, where the values of the NIEL calculated by an analytical
approach89 are imposed for comparison. Reference 22 in the legend is Ref. 89
in this paper. Reproduced with permission from Gao et al., J. Appl. Phys. 121,
095104 (2017). Copyright AIP Publishing LLC.82
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direction toward an open interstitial site [Fig. 9(c)]. This metastable
site is 0.43 eV higher than the AsGa antisite ground state configura-
tion and has a transition barrier of 0.18 eV to the saddle configura-
tion.91 The computed midgap AsGa (0/+) donor state, at 0.80–
0.81 eV below the conduction band (CB) minimum,91 is consistent
with experimental observations for the EL2 (0/+) level, ranging
from 0.74 to 0.83 eV below the CB edge.99–102 In Fig. 9(b), the As

has more than two electrons that can be accommodated in the
bonds to its neighbors (two electrons more than the original Ga
host atom that occupied the site), making it a double donor.

In contrast to AsGa, the gallium antisite GaAs is expected to be
a double acceptor. Zhang and Chadi,103 in their DFT calculations,
suggested that GaAs possesses strong structural bistabilities as a
function of the Fermi-level position in the bandgap. In addition, it
forms low-energy metastable complexes and undergoes exchange
reactions with mobile As interstitials. As a result of the exchange
reaction, the gallium antisites are transformed into GaAs bulk,
releasing Ga interstitials.

B. The gallium and arsenic interstitials (Gai, Asi)

Ga interstitials (Gai) in GaAs are more studied than As inter-
stitials (Asi) in the literature. After numerous experimental and
theoretical efforts to understand the behavior of Gai, there is still
some uncertainty. On the experimental side, while Gai in GaAs has
never been directly observed, the diffusion of Gai in GaAs has been
probed using zinc diffusion experiments. Bösker et al.104 found that
Gai diffusion profile can be described by the +2 and +3 charge
states of Gai. However, later experimental works by Bracht
et al.105,106 found in similar experiments that the diffusion is
mainly mediated by neutral and singly positively charged Gai.

On the theoretical side, Malouin et al.107 was the first to present
a detailed study of many of the possible configurations of Gai using
DFT modeling. As shown in Fig. 10, their study showed that, from a
total of eight possible configurations, half of them are not stable. The
work of Schultz and von Lilienfeld91 suggested that Gai will diffuse
in its positive charge states (+1, +2, and +3), with a migration
barrier of ≥1 eV, which contradicts the conclusion of Bracht
et al.105,106 A later DFT work by Schick and Morgan108 found that
the migration path may depend on the Fermi level in the material
system, and the neutral split configuration of Gai could contribute
significantly to the diffusion process with a barrier of much less than
1 eV, for certain Fermi-level range. However, one caveat of the
Schick and Morgan work108 is that they did not use any energy cor-
rections in their charged state calculations.

For As interstitials, there is less inconsistency. Using DFT,
Wright and Modine109 have studied the migration process of the As
interstitial. Their calculated migration energy for the migration of the
+1 Asi (0.45 eV) is in good agreement with the measured value
(0.5 ± 0.15 eV) in p-type GaAs.110 Wright and Modine’s study109 also
suggested that under current injection Asi could migrate through a
modified Bourgoin–Corbett process111 with a very small migration
barrier of 0.05 eV, making it nearly an athermal transport process.

In the Bourgoin–Corbett process,111 capture of a minority
carrier changes the defect state from a stable state to a migration
transition state, causing the defect to transform to a new stable
state shifted in position from the original state. When this new
defect state captures a majority carrier, it again changes from a
stable state to a migration transition state causing the defect to
transform back to the original stable state, possibly at a new posi-
tion. By alternately capturing minority and majority carriers, the
defect can, thus, migrate through the lattice. This process is differ-
ent from standard diffusion mechanism, in that the successive
changes in a defect charge state dominate the migration process. It

FIG. 9. Schematic depiction of the bonding around the arsenic antisite AsGa
and its metastable configuration As�Ga. A Ga atom in the perfect crystal91 (a) is
substituted by an arsenic atom to form (b) the ground state As0Ga. The two extra
valence electrons of the As atom (with respect to the Ga atom it replaces) orbit
the center in a localized Rydberg (non-bonding) state. In the metastable state
(c), the substitutional As retreats along a [111] direction toward an open intersti-
tial site, breaking one As–As bond, and straining the others. The two extra elec-
trons are captured in the dangling bonds, forming complete lone pairs; the
electron affinity of the lone pairs compensating for the energy cost of breaking
the bond and introducing local strain. Reproduced with permission from Schultz
and von Lilienfeld, Modelling Simul. Mater. Sci. Eng. 17, 084007 (2009).
Copyright 2009 IOP Publishing.

FIG. 8. Computed PBE defect energy levels for simple intrinsic defects in
GaAs, plus di-vacancy cluster, extrapolated to infinite supercells from results of
216-site supercell calculations.91 Levels connected with vertical lines are
negative-U defects. Reproduced with permission from Schultz and von
Lilienfeld, Modelling Simul. Mater. Sci. Eng. 17, 084007 (2009). Copyright 2009
IOP Publishing.
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can arise as the dominant process under certain conditions, e.g., in
Barnes’s report112 that radiation damage in a GaAs laser diode
could be annealed at low temperatures by carrier injection (i.e.,
under forward bias).

C. The gallium and arsenic vacancies (VGa, VAs)

In early DFT work, Baraff and Schlüter113 discovered that the
gallium vacancy (VGa) could be structurally bistable as a function
of charge state, which was later studied in detail by Pöykkö et al.114

This finding was also confirmed by Schultz and Lilienfeld.91

Gallium vacancy takes both the form of a single gallium vacancy,
and a form of where a neighboring arsenic atom shifts in the
vacant gallium site, creating a nearest neighbor As vacancy–As
antisite pair. The latter kind of structure is also seen in
oxides.115–117 There is significant consensus from numerous studies
that the single gallium vacancy structure takes the charge states
from +1 to −3.91,118–120 However, for the positively charged
gallium vacancy, the site-shifted form becomes important.

El-Mellouhi and Mousseau121 carried out DFT study of the
charge-dependent migration pathways for the single Ga vacancy in
GaAs, from neutral to −3 charge states. The self-diffusion process
is dominated by jumps to the second nearest Ga neighbors to reach

the same sublattice. Their results suggested that for a diffusion path
to second nearest neighbors (Ga neighbor), the migration barrier
for VGa is 1.7–2.0 eV from neutral to −3 charge states. Bliss et al.122

measured the migration barriers for Ga vacancies in low-
temperature GaAs using the positron annihilation technique.
Analysis of annealing kinetics gives a migration barrier of
1.5 ± 0.3 eV for vacancy diffusion to second nearest neighbor sites
(Ga neighbor).122 Such experimental measurements agree with the
DFT modeling values within the experimental error bars.

Like VGa, the arsenic vacancy (VAs) exhibits a site-shift bist-
ability as a function of charge states.91,123 El-Mellouhi and
Mousseau124 also studied the As vacancy diffusion pathway. They
found that the diffusion path is essentially insensitive to the charge
state, with a migration barrier of 2.38 eV for the −1 charge state
and 2.41–2.44 eV for the +1 charge state. In general, arsenic vacan-
cies are less mobile than gallium vacancies because of higher diffu-
sion barriers. It was estimated that arsenic vacancies should,
therefore, diffuse 4500 times slower than Ga at 1000 K.124

VI. DEFECT CLUSTERS IN GaAs

It is evident from earlier sections that a complete understand-
ing of defect clusters—defect structures that are comprised of more

FIG. 10. Top: The eight initial configurations considered in the study107 of the neutral self-interstitial Gai (denoted as IGa in the figure). The first six configurations, going
from left to right, are viewed along the 〈110〉 direction, while the remaining two are viewed along the 〈100〉 direction. Bottom: The metastable configurations obtained after
full relaxation of Gai. Full arrows connect the initial configuration to its metastable counterpart, while dashed arrows mean that the initial configuration is unstable and con-
verged to the pointed configuration. Gallium atoms are red, while arsenic atoms are white; the interstitial Ga atom is colored yellow. For split interstitial structures, regular
sites of the displaced lattice atoms are highlighted by a dotted circle. Reproduced with permission from Malouin et al., Phys. Rev. B 76, 045211 (2007). Copyright 2007
American Physical Society.
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than one elementary point defect—and their evolution is essential
for accurate modeling of radiation-induced defects and their
impact on the microstructure in irradiated GaAs. This section con-
sists of a brief overview of past research on interstitial and vacancy
clusters in GaAs under irradiation. Even larger extended defects
such as dislocations or (111)-oriented extended defect complexes
are not covered due to lack of sound and quantitative results in the
literature. These structures are, however, expected to impact device
performance and are worthy of future study.

A. Interstitial clusters

Interstitial clusters are important clusters in defect evolution
since the interstitials are the most mobile defects in GaAs. Zollo and
co-workers125–131 studied interstitial clusters in GaAs using both
DFT and tight-binding (TB) MD. The most stable structures identi-
fied with DFT for the neutral di-interstitial clusters As2i, GaiAsi, and
Ga2i are shown in Fig. 11 (a different nomenclature, In, is also used
at times, to label interstitial clusters made of n interstitials). For As2i,
it involves three As atoms sharing one As site. For GaiAsi, it is com-
posed of one As 〈110〉 dumbbell and one extra Ga in the closest tet-
rahedral site. For Ga2i, it is composed of three Ga atoms sharing one
Ga lattice site, with two of the Ga atoms form a 〈110〉 dumbbell
while the third is very close to the tetrahedral site. These structures
have C1h (As2i) and C2v (GaiAsi, and Ga2i) symmetry, respectively.

All the di-interstitials exhibit high binding energies, as listed
in Table I (negative value for attractive binding), indicating that the
interstitial aggregates are readily formed from migrating isolated
interstitials. In addition, Zollo and Gala130 also studied the migra-
tion path of As2i and GaiAsi interstitial clusters and found these
two di-interstitials have fairly low migration energy barriers:
0.76 eV for As2i and 0.32 eV for GaiAsi. It should be emphasized
that these results are for neutral clusters and that, in principle, the
clusters can have varying charge state just like the individual point
defects.

Zolo and Gala127,129 also studied larger interstitial clusters
from I3 to I7 in GaAs, using tight-binding molecular dynamics
(TBMD). The binding energies of these clusters are also listed in
Table I. They have checked for the existence of low-energy reaction
paths where the growth of larger clusters occurs through the
capture of I1 and I2 by a pre-existing stable complex. In addition,
the I5 ground state configuration (Ga2iAs3i) was found to be the
most stable In complex as compared to its neighbors (I4 and I6). It
was suggested that I5 is the nucleation seed for (111)-oriented

extended defect complexes in GaAs, such as dislocations or stack-
ing faults.129

B. Vacancy clusters

Vacancy clusters are usually created during cascade collision
displacements such as those that occur during neutron or ion irra-
diation. There has been some debate whether defects generated
under electron irradiation like di-vacancies could be formed in
GaAs.132 Indeed, in an early positron annihilation study of electron
irradiated GaAs,132 the di-vacancy was thought not to exist, as sup-
ported by earlier DFT calculations of the positron annihilation life-
time.133 However, recent DFT work by Schultz132 suggested that E1
and E2 DLTS centers in the electron irradiated experiments are
electronic signatures from di-vacancies. This is mainly due to the
−3 and −4 charge state of the divacancy defect, which were not
included in the earlier work,133 leading to smaller positron annihi-
lation lifetime.

Staab et al.134 also studied the stability of various atomic arrange-
ments of vacancy aggregates in GaAs, using a self-consistent-charge
density-functional-based tight-binding method. They found that the
first such stable aggregate is made up of 12 vacancies. They also calcu-
lated the positron lifetime of these clusters and found good agreement
with the long positron lifetime component of about 500 ps measured
in GaAs.134

Through various studies of defects in GaAs, it is clear that
antisites typically have greater stability than other point defects.
The interstitial defects are very mobile, even at room temperature.
The vacancy defects are somewhat mobile, generally requiring
higher than the room temperature to move. These defects are
known to affect the electrical/optical performance of GaAs devices
by defect-medicated carrier recombination pathways under operat-
ing conditions, a topic that will be covered in Sec. VII.

VII. CHARGE CARRIER DYNAMICS AND DEFECTS

The dynamics of charge carriers with lattice defects in GaAs is
governed by the Coulomb force. Defects perturb the periodic

FIG. 11. Structure of As2i, GaiAsi, and Ga2i di-interstitial clusters.126

Reproduced with permission from Zollo et al., J. Phys.: Condens. Matter 16,
8991 (2004). Copyright 2004 IOP Publishing.

TABLE I. The binding energy and migration barrier of interstitial clusters.
Tight-binding results are marked with an asterisk and the remainder are calculated
with DFT. Values are taken from the indicated references.

Binding energy (eV) Migration barrier

Ga2i −1.46126 …
As2i −2.35126 0.76 eV130

GaiAsi −2.24126 0.32 eV130

As3i
a −1.87127 …

Ga3i
a −2.66127 …

Ga2iAsi
a −3.73127 …

Ga2iAsi
a −4.65129 …

Ga2iAs2i
a −6.95129 …

Ga2iAs�3i
a −9.31129 …

Ga3iAs3i
a −10.36129 …

Ga4iAs3i
a −12.34129 …

aTight-binding results.
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potential in the crystal lattice. This perturbation often results in
regions of localized charge that can “capture” free carriers, leading
to the formation of bound quantum states known colloquially as
“traps.” Traps may be individual point defects or defect complexes
and may capture either electrons or holes. These traps are typically
classified based on their binding energy and capture cross section.
In many GaAs technological applications, traps play a crucial role
in determining the recombination and transport properties of the
device.41,135 This fact reinforces the need to understand the defect
structure in these materials, as outlined in Secs. I–VI.

A key piece of the carrier-defect dynamics in GaAs is the time
a carrier spends captured, which depends on a ratio of the energy
necessary to release the carrier from the bound state and the
energy sources available to liberate it.136,137 Because many defect
states in GaAs are located near the band edge, quiescent thermal
energy may be enough to liberate a charge from a bound state.
Shallow traps, with energies close to the conduction or valence
bands (such as gallium vacancies), can release carriers back into
the bands relatively quick (∼1 ns), whereas deep traps (such as
arsenic antisites), situated closer to the middle of the bandgap, can
hold carriers for much longer periods (∼100 ns), significantly
impacting GaAs’s electronic and optical properties.138

The modern understanding of carrier-defect interaction in
GaAs is considered as a transition between two quantum states.
The states differ in their distribution of occupancy across the total
spectrum of available energy levels, but do not change the spectrum
(in the lowest order theories139). Carrier transitions can lead to the
annihilation (or creation) of electron–hole pairs. Conservation of
energy dictates that, with the annihilation of electron–hole pairs,
the energy must be released as light, lattice vibrational energy, or
additional kinetic energy of the existing carrier population. These
energy pathways are often called radiative, non-radiative, and
Auger processes, respectively (see Fig. 12).

Radiative transitions in GaAs are critical to optoelectronic
device performance in radiation environments and involve the emis-
sion or absorption of photons as carriers transition between energy
states. When an electron in the conduction band recombines with a
hole in the valence band, the energy difference between these states

can be released as a photon, resulting in radiative recombination.141

The efficiency of the radiative transition depends on factors, such as
the bandgap energy, the density of states, and the overlap of electron
and hole wavefunctions. The radiative process is fundamental to the
operation of light-emitting devices such as LEDs and semiconductor
lasers.142 Understanding how defects affect this process is crucial for
improving the performance of GaAs-based optoelectronic devices,
and ultimately, designing radiation-tolerant material systems.

In addition to photon-mediated transitions, charge carriers
have been shown to interact with defects through multi-phonon
relaxation pathways in GaAs.138,143 This process involves the non-
radiative transfer of energy from the trapped carrier to the lattice in
the form of phonons [Fig. 12(b)].144 Multi-phonon relaxation is
particularly significant for deep traps (like those associated with the
arsenic antisite in GaAs) where the energy difference between the
trapped state and the conduction or valence band edge is too large
to be bridged by single-phonon process.35,145 It is also a driving
mechanism for transitions between electronic states with large
momentum disparity, as the photon momentum is vanishingly
small compared to the electron momentum.146 The probability of
multi-phonon relaxation depends on the coupling strength between
the electronic states and the phonon modes, which is influenced by
the local atomic structure and bonding characteristics around the
defect. Although it results in a very different energy balance,
phonon-mediated transitions are still fundamentally driven by the
Coulomb interaction if the defect is charged. Modern work has
leveraged this understanding to suppress phonon-mediated non-
radiative decay channels in GaAs-based optoelectronic devices.147

For non-radiative recombination, in the literature, carrier
capture processes are often described in terms of capture cross sec-
tions σ. In first-principles DFT computational works, the capture
coefficients, C, as defined as in the work of Alkauskas et al.,143 are
calculated. The two quantities are related via C¼ υh i σ, where υh i
is the average thermal velocity of carriers. In a recent work,138 the
capture coefficients of various point defects in GaAs were calcu-
lated using a first-principles-based theory of multi-phonon emis-
sion. Further work is needed for the calculation of the capture
coefficient of more extended clusters in GaAs.

FIG. 12. Schematics for (a) radiative recombination, (b) non-radiative recombination, (c) direct Auger recombination, and (d) indirect Auger recombination. (c) and (d) are
adapted from Ref. 140. Reproduced with permission from Steiauf et al., ACS Photonics 1, 643–646 (2014). Copyright 2014 American Chemical Society.
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Last, Auger processes are non-radiative recombination mecha-
nisms where the energy released by an electron–hole recombination
is transferred to a third carrier (another electron or hole) rather
than emitting a photon. This third carrier is excited to a higher
energy state through its interaction with the electron–hole plasma.
The Auger recombination rate is highly dependent on the carrier
density, typically increasing with the cube of the carrier concentra-
tion.140 This makes Auger processes particularly significant in
heavily doped semiconductors or under high injection conditions,
such as in high-power laser diodes. There has been a long history
of investigating the effects of Auger recombination in GaAs, specifi-
cally as a function of carrier concentration.41,140,148–153 Auger
recombination can lead to significant efficiency losses in
GaAs-based optoelectronic devices, as the energy is dissipated as
heat rather than light when the excited carriers ultimately decay via
intraband phonon-mediated processes.

The relative efficiency of all these interactions affects the
overall recombination dynamics in GaAs. Performance is directly
linked to radiative recombination processes. Non-radiative recom-
bination via traps and multi-phonon relaxation pathways can sig-
nificantly reduce the carrier lifetime and mobility,15 thereby
impacting the performance of GaAs devices. Understanding these
fundamental interaction dynamics is essential for describing and
predicting radiation damage effects in devices where charge carrier
dynamics are critical to device performance such as GaAs photo-
voltaic cells, light-emitting diodes, and laser diodes. However, there
is one more important situation to discuss, and that is the scenarios
involving significant random disorder, where the localization
effects of carrier wave functions are important.

Wave function localization significantly affects the rates at
which carriers are captured by defects or emitted back into the con-
duction and valence bands.138,154 When a carrier’s wave function
overlaps with a defect wavefunction (in such a case, the wavefunc-
tion of defects is delocalized), the probability of capture increases,
potentially leading to enhanced non-radiative recombination
rates.155 Conversely, if carriers are spatially separated from defects
due to wave function localization, the capture rate decreases, poten-
tially reducing non-radiative recombination pathways. This locali-
zation effect is crucial in understanding the efficiency of GaAs
light-emitting devices, photovoltaic cells, and other semiconductor
applications where minimizing carrier capture by defects is
essential.56,156–158

In nanoscale semiconductor structures, such as quantum dots
or nanowires, quantum confinement leads to discrete energy levels
and localized wave functions. This is due to the dimensional con-
finement of carriers and/or defects. Localization phenomena can
significantly influence carrier interaction with surface defects or
interface states,159,160 impacting recombination pathways and
overall device performance. Understanding and controlling locali-
zation phenomena is essential to achieve tailored device design,
e.g., radiation-tolerant GaAs lasers.

In summary, modern semiconductor technologies fundamen-
tally leverage quantum behavior to enable functionality—ulti-
mately, the operation and performance of these devices starts at the
quantum level. Consequently, further study of the many-body
carrier-defect dynamics is crucial for advanced semiconductor
device design and radiation-tolerant device development.

Fundamental defect properties, such as carrier trap energy, influ-
ence the recombination rates and efficiency of devices like LEDs
and laser diodes. Similarly, the capture cross section is vital for
understanding carrier dynamics and non-radiative recombination
processes. A larger capture cross section indicates a higher likeli-
hood of carriers being trapped, which can significantly affect the
carrier lifetime and overall device performance. By accurately deter-
mining these parameters, device architectures can potentially be
tuned to enhance efficiency, reduce energy losses, and improve the
operational stability of optoelectronic devices in harsh radiation
environments.

VIII. GAPS AND CHALLENGES TOWARD
UNDERSTANDING OF DEFECTS EVOLUTION IN GaAs

The previous discussion has highlighted the significant pro-
gress that has been made in understanding non-equilibrium defects
and their associated impact on performance in GaAs. However,
despite the decades of research in this material, there are still many
outstanding questions that limit our ability to fully describe and
ultimately predict the properties of GaAs under irradiation. There
are several gaps in our present understanding of defects evolution
in GaAs, and one possible challenge in modeling that evolution:

(a) Despite extensive investigation on the simple intrinsic defects
in GaAs at the DFT scale, there is still ambiguity in terms of a
consistent picture of the thermokinetic description of defects
in GaAs. This is mostly due to the underestimation of the
bandgap within regular DFT at either LDA or GGA levels.
Employing hybrid functionals, such as HSE161 or PBE0,162 are
expected to fill this gap.

(b) Radiation-induced defect evolution is inherently a non-
equilibrium problem. The defect clusters could play a
significant role in determining that evolution, depending on
irradiation conditions. However, the impact of defect clusters
on the evolution of radiation damage has not been explored.
We suggest that the prediction of defect evolution could
employ the cluster dynamics163,164 approach to solve the
myriad of coupled differential equations that describe defect
transport and reactions under non-equilibrium conditions.
The strength of cluster dynamics is that it can account for hun-
dreds of distinct defect species, including electronic defects,
and solve for their coupled evolution over time. This approach
has been successfully applied to a variety of radiation damage
problems including for metals and ceramics,165,166 particularly
nuclear fuels,167,168 and has been able to utilize atomistic data
to quantitatively compare to experimental measurements
under irradiation.

(c) Linking of defect content and evolution to the performance
degradation of GaAs optoelectronics is in general lacking.
While there has been some encouraging progress in this area
in modeling space-based infrared imaging devices,169 which
couples MD and a defect diffusion-reaction model with a
space-weather-forecast model, more general capabilities are
lacking. A multi-scale approach to simulate the defect evolu-
tion profile and combine the radiation damage simulations to
the optical performance modeling of optoelectronics is still
non-existent.
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(d) It is well known that in both Si and III–V materials, including
GaAs, radiation can induce amorphization pockets and zones.
Indeed, decades of effort have been devoted to understanding
the amorphization process and the detailed structure of the
amorphous phase.64,170–172 However, the fact that these materi-
als readily amorphized under irradiation poses challenges to
fully simulate the microstructural evolution process at the
atomistic level. In particular, during irradiation under operat-
ing conditions, amorphization will be a dynamic process, with
regions of the material amorphizing and recrystallizing, a
process that can be further aided by irradiation172,173 and
which can be a source of point defects.174 These local regions
of amorphous material can further act as sinks for defects.175

While these “pockets” are known to impact the overall damage
evolution in semiconductors and their incorporation into
models is critical for predicting amorphization thresholds,176

there is still a need to more fully understand their dynamic
evolution and their interaction with mobile crystalline
defects. High fidelity models to describe how amorphous
regions transform under thermal annealing and how this
process may affect defect evolution are still not available for
materials beyond Si.

These are only a few of the gaps that remain in our knowledge
of radiation effects in GaAs. There are a number of other questions
that need to be addressed. For example, what are the recombination
pathways for non-equilibrium defects in GaAs? It has been shown
in another semiconductor, SiC, that there are extra barriers for
recombination that impede defect annihilation.177 Is the same true
in GaAs? Another consideration is the fact that GaAs is not used as
a pure material; it is often doped to reasonably high levels to
induce functionality. How those dopants interact with defects, pos-
sibly acting as diffusion traps or nucleation sites, is unclear. In this
review, we have focused on defects induced by displacement
damage, but ionizing radiation can create, at least transiently, elec-
tronic defects that can also impact performance. The lifetime of
those defects is important to assess in order to determine how
GaAs irradiated by, e.g., γ-rays will perform. Related to the
amorphization question, other extended defects such as precipi-
tates, dislocation loops, and vacancy clusters can form and will
further impact the evolution and performance of the material.

Before we conclude, two additional related topics are also
worth mentioning. One topic is the effect of radiation on the
dielectric properties of GaAs. The dielectric function dictates, for
example, the allowed electromagnetic modes in an optical device.

TABLE II. GaAs-based devices and radiation damage effect on components.

Material Device Radiation damage

GaAs
(host)

Space solar cell, MOSFET, HEMT, HBT,
photodiode, and laser diode.183

Radiation-induced defects reduce carrier mobility, lowering the device’s
efficiency (exposed to electron beams, 10–20MeV up to 2MGy).184

GaAs-related compound
GaAsP Material for manufacturing red, orange, and

yellow LED185,186 and solar cell.
Decrease in the intensity of luminescence and increase in the differential
resistance of the diodes (irradiated by 2MeV electron with fluences of

2.6 × 1016 e/cm2).187

AlGaAs Space solar cell, LED,185 and laser diode.188 Radiation damage leads to increased non-radiative recombination, reducing
quantum efficiency and resulting in light loss [irradiated by 14MeV neutron

with fluences of 4 × 1014 n/cm2 (1MeV)].189

InGaAs Photodetector,190,191 space solar cell,
HEMT,192 and VCSEL.193

Radiation damage increases non-radiative recombination, reducing current
conduction efficiency and overall device performance. In high-frequency/
high-power applications, these defects can decrease device stability. Lower
radiation tolerance compared to InGaP (irradiated by 1MeV electron with

1016 e/cm2),194 (24 GeV proton up to 1.1 × 1016 p/cm2).195

InGaP HEMT, HBT, VCSEL, space solar cell.196,197 Suffering from radiation-induced degradation.
GaAsSb HBT, photodiode, VCSEL, laser diode,194

multi-junction solar cell.198
Changes in noise fluctuations and current–voltage characteristics (under

gamma 60Co exposure, 500 kGy).24

InGaAsP Photodiode,199 multi-junction solar cell,200

LED,201 waveguide, laser diode.202
Radiation-induced lattice defects, leading to reduction of the non-radiative

recombination lifetime and of the carrier mobility due to scattering
(irradiated by 1MeV electron with 1016 e/cm2, and 1MeV neutron up to

1016 n/cm2),203 (2 MeV and 30MeV proton up to 5 × 1012 p/cm2 and reactor
neutron up to 1012 n/cm2).204

Insulating dielectric/buffer layer
Al2O3 HEMT gate oxide, Insulation for GaAs-based

power devices and laser diodes.
Creating carrier traps in the Al2O3 layer [10 keV x rays up to 1000 krad

(SiO2)],
205 electric charging of bulk regions causes dielectric breakdown, and

radiation-induced luminescence (8 MeV proton up to 7.3 MGy).206

MgO MIS diode, buffer layer on the GaAs substrate. Small shifts in its crystalline structure or color changes but dielectric strength
and thermal conductivity are largely unaffected by radiation exposure.
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In GaAs, and other similar materials, there is little known about
how defects impact the dielectric properties of the material. The
dielectric tensor function ϵij(ω), also known as the permittivity, is
essential for accurately calculating the optical properties of any
material. Żukowski et al.178 measured the dielectric permittivity of
GaAs after Hþ irradiation, showing that the dielectric permittivity
increased as a function of temperature while remaining relatively
constant in the sampled frequency range. Papež et al.179 character-
ized the dielectric function of a GaAs-based photovoltaic cell after
γ-ray irradiation. They found that the average value of the dielectric
function decreased after irradiation and the location of the dielec-
tric peaks shifted to a lower frequency. On the theoretical side,
limited work has been done to calculate the effect of defects on the
dielectric function of GaAs from first principles. Guo et al.180 used
GGA on a 64-atom supercell to calculate the dielectric properties
of GaAs with vacancy, antisite, and interstitial intrinsic defects. No
published work has been on the dielectric function of defective
GaAs calculating using a larger supercell to better account for long
range effects of the defect sites. Both the local field effect and the
excited state energies could contribute to a more accurate calcula-
tion of the complex permittivity in GaAs. In addition, the reported
dielectric relaxation time of 10−4 s,181 a time scale of non-negligible,
could be explored further by time-dependent DFT calculations.
The relative sparsity of theoretical work in this area on GaAs pro-
vides further study opportunity.

Another related topic is the impact of radiation on the hetero-
geneous integration of GaAs with other materials in modern device
architecture. In modern device architectures, GaAs is often inte-
grated with other materials in multi-layer or heterojunction struc-
tures. For example, the combination of GaAs with materials, such
as AlGaAs or InGaP, produces efficient light emission (in LEDs
and lasers) and light absorption (in photodetectors and photovol-
taic cells).182,183 These modern device architectures allow
GaAs-based technology to achieve high performance, reliability,
and/or energy conversion efficiency, meeting the demands of high-
frequency (above 1 GHz), high-power, high-bitrates and high-speed
telecommunications and other optoelectronic applications.

Radiation exposure can deteriorate the performance of the
semiconductor devices, causing a degradation in output, reliability,
or light emission/absorption efficiency, leading to potential failure
if the device is exposed to high radiation environment over time.
When irradiation impacts GaAs and hetero-integrated materials,
GaAs and the integrated materials develop defects, which can nega-
tively affect the performance of the entire device. The integrated
materials forming heterojunctions include aluminum gallium arse-
nide (AlGaAs), indium gallium arsenide (InGaAs), gallium arse-
nide phosphide (GaAsP), Indium gallium phosphide (InGaP)
grown on GaAs substrates, gallium arsenide antimonide (InGaSb),
and indium gallium arsenide phosphide (InGaAsP). The devices
manufactured with these materials include laser diodes, LEDs, pho-
todiode, photodetectors multi-junction solar cells, high electron
mobility transistors (HEMTs), vertical-cavity surface-emitting
lasers (VCSELs), heterojunction bipolar transistors (HBTs), micro-
wave frequency integrated circuits (ICs), quantum well and
quantum dot lasers, etc. In Table II, the effect of radiation on the
GaAs-related compound semiconductor and its impact on the
GaAs-based devices is listed.

IX. SUMMARY

In summary, the fundamental understanding of
radiation-induced defects in GaAs is reviewed. Radiation-resilient
optoelectronic materials are highly desired in space and nuclear
applications, and understanding the relevant defects and electronic
processes in GaAs is crucial for describing, predicting, and design-
ing both current and next-generation applications. In this paper,
experimental studies of irradiated GaAs are reviewed, with particu-
lar emphasis on electrical property characterization, DLTS for char-
acterization of the electronic levels of defects, and
irradiation-induced amorphization zones. On the other hand, MD
simulations of radiation damage offer the examination of damage
structures with atomistic details. The MD results are compared to
the NIEL model prediction, which is commonly used to describe
the damage level due to irradiation-induced atomic displacements.
Most recent theoretical works, in particular, DFT-based calcula-
tions, focused on simple intrinsic defects and defect clusters in
GaAs are also reviewed. These defects have an important role in
dictating the evolution of GaAs material in radiation damage envi-
ronments. The impact of radiation-induced defects on device
behavior is through the coupled dynamics of charge carriers. It is
envisioned that, by modeling of the above phenomena, device
architectures can be tuned to enhance efficiency, reduce energy
losses, and improve the operational stability of optoelectronic
devices in harsh radiation environments. Finally, possible gaps and
challenges toward understanding non-equilibrium defect evolution
in GaAs are discussed.
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