aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Impact of Disorder on the Optoelectronic Properties of
GaN {y}As {1—-x—-y}Bi {x} Alloys and Heterostructures
Muhammad Usman, Christopher A. Broderick, and Eoin P. O'Reilly
Phys. Rev. Applied 10, 044024 — Published 9 October 2018
DOI: 10.1103/PhysRevApplied.10.044024


http://dx.doi.org/10.1103/PhysRevApplied.10.044024

Impact of disorder on the optoelectronic properties of GaN,As;_,_,Bi, alloys and

heterostructures

Muhammad Usman,’ * Christopher A. Broderick,>3 t and Eoin P. O’Reilly? *

1School of Physics, University of Melbourne, Parkville, Melbourne, Victoria 3010, Australia
2 Tyndall National Institute, Lee Maltings, Dyke Parade, Cork T12 R5CP, Ireland
3 Department of Electrical and FElectronic Engineering, University of Bristol, Bristol BS8 1UB, U.K.
4 Department of Physics, University College Cork, Cork T12 YNG60, Ireland

We perform a systematic theoretical analysis of the nature and importance of alloy disorder effects
on the electronic and optical properties of GaNyAs|_,_,Bi, alloys and quantum wells (QWs), using
large-scale atomistic supercell electronic structure calculations based on the tight-binding method.
Using ordered alloy supercell calculations we also derive and parametrise an extended basis 14-band
k-p Hamiltonian for GaN,Asi_,—,Biz. Comparison of the results of these models highlights the
role played by short-range alloy disorder — associated with substitutional nitrogen (N) and bismuth
(Bi) incorporation — in determining the details of the electronic and optical properties. Systematic
analysis of large alloy supercells reveals that the respective impact of N and Bi on the band structure
remain largely independent, a robust conclusion we find to be valid even in the presence of significant
alloy disorder where N and Bi atoms share common Ga nearest neighbours. Our calculations reveal
that N- (Bi-) related alloy disorder strongly influences the conduction (valence) band edge states,
leading in QWs to strong carrier localisation, as well as inhomogeneous broadening and modification
of the conventional selection rules for optical transitions. Our analysis provides detailed insight into
key properties and trends in this unusual material system, and enables quantitative evaluation of

the potential of GaNyAsi_,_,Bi, alloys for applications in photonic and photovoltaic devices.

I. INTRODUCTION

Over the past several decades significant research effort
has been dedicated to the development of III-V semi-
conductor alloys and quantum-confined heterostructures
such as quantum wells [1-6] and quantum dots, [7-10]
as platforms for the development of a range of pho-
tonic, photovoltaic, and spintronic devices. Despite the
widespread of use InP-based quantum well (QW) based
devices in optical communications, an important factor
limiting overall device performance is the prevalence of
temperature-dependent loss mechanisms, including car-
rier leakage, as well as non-radiative Auger recombina-
tion and inter-valence band absorption (IVBA) processes
involving transitions between the highest energy valence
bands (VBs) and the spin-split-off (SO) band. [11-13] As
these loss mechanisms are governed by the fundamental
parameters of material band structure, in particular the
band gap (E,) and VB spin-orbit splitting energy (Ago),
any attempt to mitigate them must focus on developing
materials and heterostructures whose electronic proper-
ties can be flexibly engineered. [14-16]

Recently, dilute bismide alloys have emerged as a
promising new material system whose band structure can
be engineered in order to suppress IVBA and Auger re-
combination. [15, 17] Dilute bismides are formed when a
dilute fraction of Bi atoms replace As in (In)GaAs, form-
ing the (In)GaAs;_.Bi, alloy. The incorporation of Bi
leads to an extremely strong reduction and composition-
dependent bowing of F,, of ~ 90 meV between z = 0
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and 1% in GaAs;_,Bi,. Contrary to N incorporation
in GaAs, which strongly perturbs the conduction band
(CB) structure leading to a reduction of E; of ~ 150
meV between y = 0 and 1% in GaN,As;_,, [18-20] Bi -
being significantly larger and more electropositive than
As or N — primarily impacts the VB. [21-24] As a re-
sult, the strong reduction of F, in GaAs;_,Bi, is ac-
companied by a similarly large increase and bowing of
Ago. [24-26] This brings about the potential to engi-
neer the band structure to achieve Agy > E4, and to
hence facilitate suppression of the dominant Auger re-
combination and IVBA mechanisms. [15, 27, 28] Given
the strong and complementary nature of the impact of
N and Bi incorporation on the GaAs band structure, co-
alloying to form the quaternary dilute nitride-bismide al-
loy GaN,As;_,_,Bi, provides significant opportunities
for band structure engineering. [15, 21, 27, 29] N (Bi)
incorporation primarily impacts the CB (VB) structure
and introduces tensile (compressive) strain with respect
to a GaAs substrate, suggesting that the band gap, VB
structure, band offsets, and strain can all be readily engi-
neered. Initial experimental studies [30-33] have revealed
the expected giant reduction and bowing of E,, confirm-
ing that GaN,As;_,_,Bi, alloys offer an interesting plat-
form from the perspective of photonic and photovoltaic
device development.

To fully exploit the mnovel characteristics of
GaNyAsy_,_,Bi,, a comprehensive theoretical under-
standing of the properties of this emerging semiconductor
alloy must be developed. Given the highly-mismatched
nature of N- and Bi-containing semicondutor alloys —
in which substitutional N and Bi atoms act as isovalent
impurities, generating localised states which hybridise
with the extended (Bloch) states of the host matrix semi-



conductor leading to a breakdown in Bloch character —
conventional theoretical approaches to model alloy band
structure, such as the virtual crystal (VC) approxima-
tion, break down (as is the case, to a lesser extent, even
in more conventional semicondutor alloys [34]). These
unusual material properties then mandate that a direct,
atomistic approach, free of limiting approximations, is
necessary to understand the strongly perturbed elec-
tronic structure. [19, 20, 22, 24, 35] In particular, based
on previous investigations [36, 37] of GaN,As;_, and
GaAs; . Bi, alloys, it is expected that short-range alloy
disorder — associated with the formation of pairs and
larger clusters of N and/or Bi atoms sharing common
Ga nearest neighbours — will have a pronounced effect
on GaNyAs;_,_,Bi, alloy properties. Previous studies
have been primarily based on continuum approaches,
which typically ignore disorder effects and therefore
offer limited scope to understand the full details of the
complicated alloy electronic structure, or to analyse
the results of experimental measurements [27, 38, 39].
Here, we present a multi-scale framework based on
atomistic tight-binding (TB) and continuum k-p models
to describe the electronic and optical properties of
GaNyAs,_,_,Bi, alloys and heterostructures. Through
systematic large-scale atomistic TB calculations, we
develop a detailed understanding of GaN,As;_,_,Bi,
alloys and QW structures, in particular highlighting
the crucial significance of alloy disorder effects and the
associated implications for the interpretation of future
experimental measurements, and for development of
heterostructures for device applications.

We begin our analysis by undertaking large-scale elec-
tronic structure calculations on ordered alloy supercells,
and quantify the impact of co-alloying N and Bi on the
GaAs electronic structure in the ultra-dilute (dilute dop-
ing) limit. Our results show that N and Bi perturb the
electronic properties effectively independently of one an-
other. For large, disordered alloy supercells we com-
pute the evolution of the electronic structure with alloy
composition, revealing general trends and demonstrating,
somewhat surprisingly, that the respective impact of N
and Bi incorporation on the electronic properties remains
independent, even in the presence of significant short-
range alloy disorder. Our analysis demonstrates that
an extended basis set 14-band k-p Hamiltonian — which
explicitly treats the localised impurity states associated
with substitutional N and Bi atoms, and is parametrised
directly via atomistic supercell calculations — describes
the main features of the band structure evolution with
reasonable accuracy compared both to full atomistic cal-
culations and experimental measurements. We perform
atomistic and continuum calculations of the electronic
and optical properties of GaN,As_,_,Bi,/GaAs QWs,
the results of which highlight the role played by al-
loy disorder in determining the properties of technolog-
ically relevant heterostructures. On the basis of our
analysis we then evaluate the potential to develop de-
vices for practical applications, and (i) suggest, con-

trary to recent studies, [40-42] that GaNyAs;_,_,Bi,
heterostructures are not suitable for applications at 1.55
pm, and (i) confirm that the most promising poten-
tial application of GaN,As;_,_,Bi, alloys is as an ~ 1
eV band gap material, grown lattice-matched to GaAs
(or Ge) for applications in multi-junction solar cells.
[43] Overall, our results elucidate the unusual properties
of GaNyAs;_,_,Bi,, highlight the importance of short-
range alloy disorder in determining the details of the ma-
terial properties, and provide guidelines for the devel-
opment of optimised photonic and photovoltaic devices
based on this emerging semiconductor alloy.

The remainder of this paper is organised as follows.
In Sec. IT we describe our atomistic TB and continuum
k-p models of the GaNyAs;_,_,Bi, electronic structure.
Next, in Sec. IIT we present our results, beginning in
Sec.IIT A with an analysis of the impact of co-alloying N
and Bi on the electronic properties in the dilute doping
limit, before turning in Sec. III B to analyse the evolu-
tion of the electronic structure in disordered alloys, and
then the respective electronic and optical properties of
GaNyAs;_;_,Bi,;/GaAs QWs in Secs. IIIC and IIID.
In Sec. 4 we describe the implications of the calculated
trends in the electronic and optical properties for practi-
cal applications. Finally, we summarise and conclude in
Sec. V.

II. THEORETICAL MODELS

The unusual electronic properties of dilute nitride and
bismide alloys derive from the fact that, when incorpo-
rated in dilute concentrations, N and Bi act as isovalent
impurities which strongly perturb the band structure of
the host matrix semiconductor. Due to the prominence
of N- and Bi-related impurity effects, conventional ap-
proaches to analyse alloy band structures — e.g. the VC
approximation — break down, meaning that direct atom-
istic calculations are generally required to provide quan-
titative insight. [20, 44, 45] Furthermore, since the effects
of Bi and N incorporation are prominent at dilute com-
positions, quantitative understanding of the properties
of real materials must be built on analysis of systems
containing upwards of thousands of atoms, in order to
mitigate finite size effects and so that there is sufficient
scope to analyse important alloy disorder effects. [24, 46]

Here, we provide an overview of the atomistic TB and
continuum k-p models we have developed to study the
GaNyAsy_,_,Bi, electronic structure. Full details of
these models, including the parameters used in our cal-
culations, can be found in Sec. S1 of the Supplementary
Material [47].

A. Atomistic: sp®s* tight-binding model

Since the TB method employs a basis of localised
atomic orbitals, it is ideally suited to probe the electronic



structure of localised impurities. [48] This, combined
with its low computational cost compared to first prin-
ciples methods, means that appropriately parametrised
TB models provide a physically transparent and highly
effective means by which to systematically analyse the
properties of large, disordered systems and realistically-
sized heterostructures. We have previously demonstrated
that the TB method provides a detailed understanding
of the electronic and optical properties of GaNyAs;_,
and GaAs;_,Bi, alloys, and that calculations based on
this approach are in quantitative agreement with a wide
range of experimental data. [20, 24, 46, 49, 50] Here, we
extend this approach to GaN,As;_,_,Bi, alloys.

Our nearest-neighbour sp3s* TB model for
GaNyAs;_,_yBi; is closely based upon that devel-
oped in Ref. 24 for dilute bismide alloys, which we
have previously employed to provide quantitative un-
derstanding of the electronic, [24] optical [46] and spin
[50] properties of GaAs;_,Bi,. In this model, which
explicitly includes the effects of spin-orbit coupling, the
orbital energies at a given atomic site are computed
depending explicitly on the local neighbour environment,
and the inter-atomic interactions are taken to vary with
the relaxed nearest-neighbour (i) bond lengths via a
generalisation of Harrison’s scaling rule, [51, 52] and
(ii) bond angles via the two-centre expressions of Slater
and Koster. [53] To treat GaN,As;_,_,Bi, we have
made one significant modification to this model, by
including an on-site renormalisation that corrects the
orbital energies at a given atomic site depending on
the local displacement of the atomic positions due to
lattice relaxation. This simple modification — which
depends only on the differences in atomic orbital energies
and bond lengths between the constituent GaN, GaAs
and GaBi compounds — is motivated by our previous
analysis of GaNyAs;_, alloys, where we found that it
suitably describes the charge transfer associated with
the non-local character of the change in the supercell
Hamiltonian due to substitutional N incorporation. [54]
As in Ref. 24, the relaxed atomic positions in the alloy
supercells are computed using a valence force field model
based on the Keating potential. [55, 56] We note that
this TB-based approach reproduces the detailed features
of the electronic structure of N- and Bi-containing
alloys compared to first principles calculations based
on density functional theory. A detailed description of
our theoretical framework can be found in our recently
published review of the theory and simulation of dilute
bismide alloys, Ref. 37, where the wvalidity of this
approach is evaluated in the context of first principles
calculations and experimental measurements.

To study the properties of bulk GaN,As;_,_,Bi, al-
loys we employ simple cubic supercells containing 4096
atoms. We have previously demonstrated that this super-
cell size is sufficiently large to (i) mitigate finite size ef-
fects on the calculated electronic properties, by providing
a suitably large basis of folded bulk states with which to
describe N- and Bi-related localised states, and (ii) pro-

vide sufficient scope for the formation of a large variety of
distinct local atomic environments to accurately reflect
the short-range alloy disorder inherent in real materials.
Our heterostructure calculations are performed for re-
alistically sized, [001]-oriented GaNyAs;_,_,Bi,/GaAs
QWs. The 24576-atom supercells used to study these
structures have a total length of 24 nm along the [001]
direction, and 4 nm along each of the [100] and [010] in-
plane directions. The thickness of the GaN,As;_,_,Bi,
QW layer is taken to be 8 nm in each case, with surround-
ing 8 nm thick GaAs barrier layers. The lateral extent
and thickness of these QWs were chosen based on our
analysis of GaAs;_,Bi,/GaAs QWs, [57] where we noted
that (i) the lateral dimensions were sufficient to mitigate
in-plane finite size effects, and (ii) the calculated proper-
ties were robust to QW thickness fluctuations ~ +1 nm.
All bulk and QW supercell calculations employ conven-
tional Born-von Karman boundary conditions. In order
to analyse the optical properties we compute the trans-
verse electric (TE-) and transverse magnetic (TM-) po-
larised — i.e. polarised perpendicular or parallel to [001]
— optical transition strengths in the usual way, by using
Fermi’s golden rule in conjunction with the full supercell
eigenstates (cf. Eq. (54)).

B. Continuum: 14-band k-p Hamiltonian

Previous analysis has demonstrated it is wuseful
to derive continuum models that describe perturbed
band structure of GaNyAs;_, and GaAs;_,Bi, al-
loys.  Phenomenological approaches, principally the
band-anticrossing (BAC) model, have originated from
interpretation of spectroscopic data [18, 58] and atom-
istic electronic structure calculations, [39, 59, 60] and are
widely employed as a straightforward means by which to
describe the evolution with alloy composition of the main
features of the band structure of bulk materials and het-
erostructures. For GaNyAs;_,, it is well established that
the the CB structure can be described by a simple 2-band
BAC model, in which the extended states of the GaAs
host matrix CB edge interact with a set of higher energy
N-related localised states. [18, 20] In Ga(In)N,As;_,
the composition dependence of the BAC interaction be-
tween these two sets of states results in a strong reduc-
tion of the alloy CB edge energy with increasing y. Si-
miliar behaviour is present in GaAs;_,Bi,: the strong
reduction (increase) and composition-dependent bowing
of B, (Ago) can be described in terms of a valence band-
anticrossing (VBAC) interaction, [39, 58] between the ex-
tended states of the GaAs VB edge and localised impu-
rity states associated with substitutional Bi impurities,
which pushes the alloy VB edge upwards in energy with
increasing . While (V)BAC models generally omit ef-
fects associated with alloy disorder, they nonetheless pro-
vide reliable descriptions of the main features of the alloy
band structure [39, 61, 62] and have been used as a ba-
sis to provide quantitative prediction of the properties of



real dilute nitride and bismide photonic and photovoltaic
devices. [63, 64]

We have previously demonstrated that an appropriate
set of k-p basis states for GaN,Asi_,_,Bi, alloys must
represent a minimum of 14 bands: the spin-degenerate
CB, light-hole (LH), heavy-hole (HH) and SO bands of
the GaAs host matrix (8 bands), the A;-symmetric N
localised states (of which there is one spin-degenerate
set; 2 bands), and the Tp-symmetric Bi localised states
(of which there are two spin-degenerate sets; 4 bands).
Atomistic supercell calculations confirm that the respec-
tive impact of N and Bi on the band structure are de-
coupled in ordered GaNyAs;_,_,Bi, alloys, confirming
that an appropriate k-p Hamiltonian can be constructed
by directly superposing the separate VC, (V)BAC and
strain-dependent contributions associated with N and Bi
incorporation. [39] As such, the GaN,As;_,_,Bi, band
structure then admits a simple interpretation in terms
of the respective perturbation of the CB and VB sepa-
rately by N- and Bi-related localised states, with minor
VC changes to the CB (VB) structure due to Bi (N)
incorporation. We parametrise the 14-band k-p Hamil-
tonian directly from TB supercell calculations, obtaining
the N- and Bi-related band parameters without the usual
requirement to perform post hoc fitting to the results of
alloy experimental data. [39, 59]

III. RESULTS AND DISCUSSIONS
A. Co-alloying N and Bi: dilute doping limit

Analysis of large, ordered 2M-atom Gap/NiAsp 1
and GaysAsy;_1Bi; supercells — undertaken using the
empirical pseudopotential [19, 44, 65] and TB methods
[24, 39, 59, 66] — have revealed the mechanisms by which
substitutional N and Bi impurities perturb the GaAs
band structure. Specifically, it has been shown that the
local relaxation of the crystal lattice (arising from differ-
ences in covalent radius) and charge transfer (arising from
differences in atomic orbital energies) due to substitu-
tional incorporation of an isolated N (Bi) impurity gives
rise to highly localised states. These states are resonant
with and couple to the GaAs CB (VB) in GaNyAs;_,
(GaBi,As; ), leading to hybridised alloy CB (VB) edge
states containing an admixture of extended GaAs Bloch
and localised N (Bi) character. These localised states
can be described as linear combinations of the supercell
eigenstates that fold back to I'. Since more eigenstates
fold back to I' with increasing supercell size, systematic
analysis has demonstrated the need to use large super-
cells — i.e. ultra~-dilute Bi and N compositions — to accu-
rately quantify the nature and impact of these localised
impurity states in the dilute doping limit. [24, 39, 59]

Here, we perform a similar analysis for a series of 4096-
atom Ga2048N1A82046Bi1 supercells. We vary the rel-
ative positions of the N and Bi atoms to ascertain (i)
any changes to their respective impact on the electronic

structure, and (ii) the scale of any interactions between
N- and Bi-related localised states. In each case we com-
pute the fractional GaAs I' (Bloch) character [45, 46] of
the supercell zone-centre eigenstates in order to quan-
tify the changes in the electronic structure associated
with the formation of different N and Bi local atomic
environments. Full details of the calculated I' character
spectra are presented in Sec. S2 of the Supplementary
Material [47].

Table I summarises the results of our calculations for
a range of GaggygN1Aso046Bi1 supercells. We use sub-
scripts B, C and D to describe the positions of Bi atoms
relative to a N atom at position A. Prior to relaxation of
the atomic positions, the vectors describing the separa-
tion between these atomic sites are: ryg = ao(T+ 7+ 2),
ryc = ag(T+Yy) and ryp = L (T+Y), where ag is the GaAs
lattice constant. For example, the notation GaAs:N,Big
describes a supercell in which the Bi atom is oriented
along [111] relative to the N atom, with the N and Bi
atoms occupying the same position in a given pair of
neighbouring 8-atom simple cubic unit cells, while the
notation GaAs:N,Bip describes a [110] oriented N-Ga-Bi
complex in which the N and Bi atoms share a common

Ga nearest neighbour.

We begin with a GaggsgN1 AsogseBi; supercell in which
the N and Bi atoms are separated by v/3ag (where they
do not form a pair or cluster) and note that the asso-
ciated reduction in symmetry, arising from relaxation of
the crystal lattice about the impurity sites, lifts the de-
generacy of the predominantly GaAs LH- and HH-like
VB edge states. Asthe N and Bi atoms are brought closer
together the splitting between these states increases due
to the resultant larger local relaxation of the lattice,
with the largest calculated splitting of ~ 10 meV in a
GagpasN1 Asgps6Bi; supercell occurring for an N-Ga-Bi
complex oriented along the [110] direction (in which the
N and Bi atoms are second-nearest neighbours and share
a Ga nearest neighbour). We note that this lifting of
the VB edge degeneracy due to a reduction in symmetry
is consistent with that calculated previously for disor-
dered GaAsl_mBix. [24, 467 67] In the Ga2048N1As2047
and GaggagAsoga7Biy supercells we note the presence of
a small (< 1 meV) splitting of the LH- and HH-like VB
edge states. We do not expect a lifting of the VB edge de-
generacy in these ordered structures: the observed split-
ting is due to small residual strains associated with the
convergence of the relaxation of the atomic positions us-
ing the valence force field model. [24, 46]

From Table I, we see that as the N and Bi atoms
are brought closer together the splitting between the
two highest energy VB states (E,; and E,2) increases
due to the resultant larger local relaxation of the lat-
tice. The largest calculated splitting of ~ 10 meV in a
GaggasN1 Asgps6Bi; supercell occurs when the N and Bi
atoms are second-nearest neighbours sharing a Ga near-
est neighbour (in the GaAs:N,Bip supercell). We note
that this lifting of the VB edge degeneracy due to a re-
duction in symmetry is consistent with that calculated



TABLE I. Energies of the lowest energy CB (Ecg), two highest energy VBs (Evp; and Evg;), and SO band edge (Eso) calculated
using the TB method for selected 4096-atom simple cubic GaNyAsi_,_,Bi, supercells. The notation describing distinct (non-
equivalent) local atomic configurations in the second column are defined in the text; accompanying schematic illustrations can
be found in Fig. S1 of the Supplementary Material [47]. The spatial distance between the N and Bi atoms for each (unrelaxed)
configuration is denoted by ryp and given in units of GaAs lattice constant ag.

Supercell Conﬁguration TN,Bi (ao) Ecp (GV) Evy (GV) ) (GV) FEso (GV)
Ga2048A52048 GaAs 1.519 0.0010 0.0010 —0.3518
G32048N1A82047 GaAs:NA E— 1.500 0.0013 0.0011 —0.3518
Ga204gASQQ47Bi1 GaASBlB e 1.518 0.0068 0.0062 —0.3521
Ga2048N1A32046Bi1 GaASNABIB \/g 1500 00152 00131 —03521
Ga2048N1ASQO46Bi1 GaAsNABlc \/i 1506 00154 00127 —03521
G32048N1A82046Bi1 GaAs:NABiD % 1.495 0.0196 0.0115 —0.3523

previously for disordered GaAs,_,Bi,. [24, 46, 67] We
note also that the calculated shift in the VB edge en-
ergy in the supercells containing both N and Bi is signif-
icantly larger than that in the equivalent N-free super-
cells. Our analysis suggests that this is a result of the
large local relaxation of the lattice about the N atomic
site which, within the framework of our TB model, gen-
erates significant shifts in the energies of the p orbitals
localised on the N atom. However, we calculate that this
trend does not persist beyond the ultra-dilute regime,
with the calculated overall shift in the VB edge energy
with composition in GaNyAsi_,_,Bi, closely tracking
that in GaAs;_,Bi, (cf. Sec. IIIB).

The calculated trends in the impact of interaction be-
tween N- and Bi-related localised states is consistent with
previous calculations, [39] and can be understood gener-
ally on the basis of their respective independent impact
in G32048N1ASQO47 and G32048ASQO47B11 Supercells. For
the CB edge state, having energy Ecg, the impact of the
interaction between the N and Bi atoms is minimal: the
overall character of the CB edge is predominantly deter-
mined by the impact of the localised resonant state asso-
ciated with the N atom. Even in the GaAs:N,Big super-
cell — in which the N and Bi atoms are closest, and hence
the interaction of their associated localised states max-
imised — the largest calculated Bi-induced shift in F¢p is
minimal when compared to the overall shift in Fqg calcu-
lated in an equivalent Bi-free supercell. In this case the
character of the calculated GaNyAs;_,_,Bi, CB edge
state results from a combination of an N-induced hybridi-
sation and reduction in energy (described by the con-
ventional 2-band BAC model), in addition to small fur-
ther changes associated with (i) the VC-like Bi-induced
reduction in Fcg, and (ii) the local compressive strain
associated with lattice relaxation about the Bi atomic
site. Contrary to the trends observed for the CB and VB
edges, we note that the SO band edge energy is relatively
unaffected by N incorporation: the calculated trends in
the energy of I' character of the SO band edge states are
essentially identical to those in GaAs;_,Bi,, with the im-
pact of N manifesting primarily via small energy shifts
associated with local lattice relaxation.

Next, we turn our attention to the localised states as-

sociated with N and Bi, which we construct explicitly for
each supercell. [24, 45, 59] Our analysis reveals a some-
what surprising feature: the overall nature and charac-
ter of the N- (Bi-) related localised states are found to
be effectively identical to those in an equivalent Bi-free
Ga2048N1A52047 (N—free Ga2048A52047B11) supercell. In
all cases we find that the character of the band edge
eigenstates is largely retained: the CB (VB) edge eigen-
states are a linear combination of the unperturbed GaAs
CB (VB) edge and N (Bi) localised states, describable via
the same 2- (4-) band (V)BAC model as in GaN,As;_,
(GaAs;_,Bi;). [24, 59] This confirms that the impact
of N (Bi) on the CB (VB) structure is effectively in-
dependent of co-alloying with Bi (N) and, as we will
see below, that general trends in the evolution of the
GaNyAs;_,_,Bi, band structure can be described to a
reasonable degree of accuracy by superposing the estab-
lished description of impact of both N and Bi incorpora-
tion. [39]

B. Band edge energies in disordered alloys

Having analysed the impact of co-alloying N and Bi
in the dilute doping limit, we now turn our attention to
the evolution of the electronic structure with alloy com-
position in disordered alloys. We restrict our attention
to lattice-matched, 4096-atom supercells in which the N
and Bi compositions have been chosen to produce net
zero macroscopic strain with respect to GaAs — i.e. we
require y = 0.58x so that the GaN,As;_,_,Bi, lattice
constant computed using Végard’s law is equal to that
of GaAs. At each alloy composition we compute the
electronic structure of five distinct supercells in which
the N and Bi atoms are substituted at randomly chosen
sites on the anion sublattice. To determine the compo-
sition dependence of the band edge energies we average
over the results of these five distinct calculations at each
composition. As a reference for the GaN,As;_,_,Bi,
calculations, we have performed the same analysis for
equivalent Bi- (N-) free GaN,Asi_, (GaAs;_,Bi,) su-
percells. The results of these calculations are summarised
in Figs. 1(a), 1(b) and 1(c) for GaN,As;_,, GaAs;_,Bi,
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FIG. 1. (a), (b) and (c) Calculated variation of the CB and VB edge energies Fcg and Evg, and band gap Ey = Ecg — Evs,
with alloy composition in GaNyAsi_,, GaAsi_,Bi, and GaN,As;_,_,Bi, (lattice-matched to GaAs). Closed red circles (green
squares) show the values of Ecg and Evs (E4) averaged at each composition over those calculated for a series of free-standing,
disordered 4096-atom supercells using the sp®s* tight-binding model. Error bars denote the standard deviation about these
average values, computed from the corresponding energies for the distinct supercells considered at each composition. Solid
(dashed) black lines show Ecg and Evg (Eg) calculated using the 14-band k-p Hamiltonian. (d) Variation of E4 and Ago with
N composition y in GaNyAsg.9s2—yBio.o1s (z = 1.8%) calculated using the 14-band k-p Hamiltonian (dashed and solid black
lines, respectively), compared to the results of room temperature spectroscopic ellipsometry (SE; closed green squares and
circles) and photo-modulated reflectance (PR, closed red squares) measurements. The experimental data are from Ref. 68.

and GaNyAs;_,_yBi;, respectively.

Beginning with GaNyAs;_,, the closed red circles in
Fig. 1(a) show the calculated dependence of the CB and
VB edge energies Ecg and Eyg on y. Our calculations re-
produce the well-known trends for GaNyAs;_,. Firstly,
N incorporation causes a rapid decrease and large com-
position dependent bowing of Ecp, with the calculated
CB edge states consisting of an admixture of GaAs CB
edge Bloch and N localised state character. [59, 69] Sec-
ondly, the VB and SO edge energies are relatively unper-
turbed from those calculated in ordered alloy supercells,
and are well described via conventional VC energy shifts
as Evp(y) = Evg(0) + rxy and Ego(y) = Eso(0) — Wy,
where Eyp(0) and FEso(0) are the corresponding unper-
turbed GaAs band edge energies. [39] Thirdly, the band
gap E, = Ecp — Evp (depicted by closed green squares in
Fig. 1(a)) is calculated to decrease by =~ 180 meV when
1% of the As atoms are replaced by N, in good agreement
with a range of experimental measurements. [20]

The closed red circles in Fig. 1(b) show the calculated
dependence of Ecp and Eyp on = in GaAs;_,Bi,. Again
we recover the experimentally observed trends. Bi incor-
poration causes a rapid decrease of the band gap (closed
green squares), which is characterised by strong compo-
sition dependent bowing and is qualitatively similar to
that in GaNyAs;_,, but instead originates from strong
upward bowing of Eyg. [58] The calculated VB edge
eigenstates consist of an admixture of GaAs VB Bloch
and Bi localised state character, [24, 39] and the calcu-
lated ~ 100 meV decrease in E; in going from GaAs to
GaAsg.g9Big.g1 is in good agreement with experimental
measurements. [24, 26] We note that our calculations

correctly describe that the decrease of E, due to N in-
corporation is larger than that associated with Bi incor-
poration at fixed composition, reflecting the larger dif-
ferences in covalent radius and electronegativity between
N and As than between As and Bi. We further find that
Ecs and the SO band edge energy Fso in GaAs;_,Bi,
are well described via conventional VC energy shifts as
ECB(JZ) = EVB(O) — Qp; T and Eso(x) = Eso(o) — YBi L.
[39] The calculated VC parameters rypi, axp and Yypi
are given, along with the remainder of the parameters of
the 14-band k-p model, in Sec. S1.B of the Supplemen-
tary Material [47].

The error bars in Figs. 1(a) and 1(b) denote the stan-
dard deviations of the corresponding energies, computed
from the values of Ecg, Fyg and Fy calculated for each of
the distinct supercells considered at fixed alloy composi-
tion. For GaN,As;_, we note that the calculated stan-
dard deviations for Ecp (and hence E,) increase strongly
with increasing y, from 6 meV at an ultra-dilute N com-
position y = 0.15% to > 80 meV for 2% < y < 3%. This
reflects that N-related alloy disorder has a strong impact
on the GaNy,As;_, CB structure, with the different spa-
tially random distributions of N atoms in the supercells
considered leading to large differences in the computed
CB edge energy at fixed y. Conversely, we compute neg-
ligible standard deviations < 3 meV for Eyp across the
range of y considered, reflecting the weak impact of N
incorporation on the VB structure. We find that these
trends are reversed in GaAs;_,Bi, alloys, where we com-
pute negligible standard deviations < 3 meV for F¢g at
each Bi composition z, reflecting that VC contributions
dominate the CB and SO band edge character. How-



ever, we compute larger standard deviations for Eyg, re-
flecting the important role played by Bi-related localised
states and alloy disorder in determining the nature of the
GaAs,_,Bi, VB edge states. However, the maximum
calculated value of 43 meV for the standard deviation of
Eyg at © = 1.95% is approximately one-half of that calcu-
lated for GaNyAsi_, at similar composition indicating,
as expected, that N-related alloy disorder more strongly
perturbs the electronic structure.

Figure 1(c) summarises the results of the disordered
alloy supercell calculations for GaNyAs;_,_,Bi, lattice-
matched to GaAs. The variation of Ecg, Evp and E, are
shown here as a function of the Bi composition x, for N
compositions y = 0.58 z. The calculated reduction of £,
— approximately 220 meV (400 meV) in a lattice-matched
alloy having z = 1% (y = 1%) — is significantly larger
than that in either GaNyAs;_, or GaAs;_,Bi,. That
this giant band gap bowing can be achieved in alloys
which are lattice-matched to GaAs suggests significant
potential for applications at infrared wavelengths. We
note (i) the decrease in E¢p is comparable to, but slightly
larger than, that in GaN,As;_,, and (ii) the increase in
Eyp is approximately equal to that in GaAs;_,Bi,. Ago
is calculated to increase by approximately 70 meV per %
Bi in lattice-matched GaN,As;_,_,Bi, —i.e. by approxi-
mately the same amount as in GaAs;_,Bi,, reflecting the
weak impact of N incorporation on the VB structure.

As in Figs. 1(a) and 1(b), the error bars in Fig. 1(c)
denote the standard deviations computed for Fcp, Eyvg
and F, using the corresponding calculated values for the
distinct supercells considered at each fixed alloy com-
position. As expected on the basis of the trends dis-
cussed above for ternary GaNyAs;_, and GaAs;_.Bi,
alloys, (i) the impact of N and Bi incorporation leads
to large respective computed standard deviations in Ecg
and Eyg, and (ii) the magnitude of the computed stan-
dard deviation for Fcp at fixed composition is larger
than that associated with Eyg. We note then that the
standard deviation associated with Ej, the maximum
calculated value of which was 98 meV at z = 3.9%,
is typically larger in GaN,As;_,_,Bi, than that in ei-
ther GaNyAs;_, or GaAs;_,Bi, having the same N
or Bi composition, but is in general broadly compara-
ble in magnitude to that associated with GaNy,As;_,.
Overall, these results reaffirm that N- and Bi-related al-
loy disorder leads to significant inhomogeneous spectral
broadening of the band edge transitions in GaNyAs;_,
and GaAs;_,Bi, alloys, and demonstrates that while al-
loy disorder effects can be expected to have an impor-
tant impact on the GaN,As;_,_,Bi, electronic struc-
ture, the magnitude of such effects should somewhat ex-
ceed but nonetheless be broadly comparable to those in
GaNyAs;_y.

To confirm that these trends can be described as a
direct combination of the separate impact of N (Bi) in-
corporation primarily on the CB (VB) structure, we have
also used the 14-band k-p model to calculate the compo-
sition dependent band edge energies. The results of the

k-p calculations of Ecg and Fyg (solid black lines) and
E, (dashed black lines) for GaN,As;_,, GaAs;_,Bi, and
GaN,As;_;_,Bi, are shown respectively in Figs. 1(a),
1(b) and 1(c). In GaN,As;_, (GaAs;_;Bi,) this corre-
sponds to a 10- (12-) band k-p model of the band struc-
ture. In all cases we note that the variation of Eqz and
Eyp with composition are in good overall agreement with
the results of the disordered supercell calculations. We
note some minor deviation between the calculated vari-
ation of E; in GaN,As;_, and GaN,As;_,_,Bi, using
the TB and k-p models, which we identify as being as-
sociated with the relatively stronger impact of N-related
cluster states — neglected in the k-p model — on the CB
edge. [20, 36, 45] These results suggest overall that the
evolution of the main features of the GaN,As;_,_,Bi,
band structure (i) is primarily determined by the influ-
ence of localised states associated with independent N
and Bi impurities, and (ii) can be reliably described us-
ing an extended k-p Hamiltonian whose basis explicitly
includes these localised states and their coupling to the
GaAs host matrix band edge states.

Finally, Fig. 1(d) compares the variation of E, (solid
black lines) and Agg (dashed black lines) with N composi-
tion g, calculated using the 14-band k-p model, to photo-
modulated reflectance (PR) and spectroscopic ellipsome-
try (SE) measurements undertaken on a series of pseudo-
morphically strained GaN,Asg gsa—yBig.01s (z = 1.8%)
samples grown on GaAs via metal-organic vapour phase
epitaxy. [68] The calculated variation of E, and Ag
with y are in good overall agreement with experiment.
Firstly, the 14-band model accurately describes the mea-
sured large reduction in E,; compared to that in GaAs,
and captures the evolution of F; with increasing N com-
position. Secondly, the 14-band model describes well the
overall magnitude of Agy — which is larger than that in
GaAs due to the presence of Bi — and that incorporating
N tends to have little impact on Ago, with the measured
and calculated values remaining approximately constant
across the range of N compositions considered, confirm-
ing the predicted weak impact of N incorporation on the
VB structure.

C. Electronic properties of GaNyAsi_,_,Bi,/GaAs
quantum wells

In order to realise photonic devices based on
GaNyAs;_,_,Bi, alloys, in practice it will likely
be required to develop quantum-confined heterostruc-
tures.  We therefore elucidate and analyse general
features of the electronic and optical properties of
GaNyAs;_;_,Bi,/GaAs QWs, focusing in particular on
the bound lowest energy electron and highest energy hole
states el and hl. In order to account for alloy disorder
effects, for each QW structure having fixed N and Bi
composition we consider ten distinct supercells having
different statistically random spatial distributions (RDs)
of substitutional N and Bi atoms at anion lattice sites



TABLE II. Details of the GaNyAsi_,—yBi,/GaAs structures analysed in Secs. 3.3 and 3.4. Structures 1 and 2 contain ternary
(N-free) GaAs;_,Bi,/GaAs QWs, while structures 3 and 4 contain quaternary GaNyAs;_,_,Bi, QWs. In addition to the
Bi and N compositions x and y we summarise the results of the 14-band k-p calculations, which are independent of alloy
disorder at fixed composition. We provide the computed in-plane component €, (= €4y, compressive in all structures) of the
macroscopic strain, as well as the CB and VB band offsets (AEcs and AFEun), ground state transition energy el-hl at T' = 300
K, and the corresponding ground state emission/absorption wavelength for the el-hl transition.

Structure x (%) y (%) €zx (%) AFEcp (meV) AEyuy (meV) el-hl (eV) el-h1 (nm)
1 6.25 — —0.74 106 359 1.097 1130
2 9.00 — —1.06 153 456 0.960 1292
3 6.25 2.50 —-0.23 419 366 0.791 1568
4 9.00 1.00 —0.86 306 459 0.808 1535

in the GaN,As;_,_,Bi, QW layer. We compare the re-
sults of atomistic TB calculations to those obtained for
the same structures using the continuum 14-band k-p
model in the envelope function approximation (EFA), in
which the QWs are treated as idealised one-dimensional
structures. Since the 14-band model does not explicitly
account for the presence of alloy disorder, the results of
the k-p calculations provide a reference against which
to highlight the role played by alloy disorder in the full
atomistic calculations.

Four compressively strained QW structures are consid-
ered: structures 1 and 2 are N-free GaAs;_,Bi,/GaAs
QWs having respective Bi compositions x = 6.25 and
9%, while structures 3 and 4 are GaN,As;_,_,Bi,/GaAs
QWs having respective Bi and N compositions x =
6.25%, y = 2.5% and z = 9%, y = 1%. These struc-
tures are described in Table II, and the simulated ge-
ometries are as described in Sec. IT A above. The N and
Bi compositions for structures 3 and 4 were chosen to
produce ground state el-hl transition energies close to
0.8 eV, so as to analyse the QW properties in the com-
position ranges of interest for applications in the tech-
nologically important 1.55 pym wavelength range. Ta-
ble IT also summarises the results of the 14-band k-p
calculations for each QW structure, including the in-
plane compressive strain €., CB and VB offsets AF.g
and AFEy, and QW band gaps (el-hl transition ener-
gies). Based on our analysis in Sec. IIIB we conclude
that GaN,As;_,_,Bi, /GaAs heterostructures have large
type-I band offsets and can therefore be expected to pos-
sess intrinsically high electron-hole spatial overlap, sug-
gesting the possibility to achieve good optical efficiency
and indicating potential for the development of light-
emitting/absorbing devices. We calculate respective CB
and VB offsets AEcz = 106 meV and AEyy = 359 meV
in structure 1 (z = 6.25%), compared with 153 and 456
meV in structure 2 (z = 9%). In these N-free struc-
tures Bi incorporation brings about compressive strain
and large VB offsets AFyy, and while AEg is consider-
ably smaller it is nonetheless sufficiently large to provide
good confinement of electrons and holes to facilitate effi-
cient photon emission/absorption. [28]

Beginning with structure 1 and incorporating 2.5%
N in the QW layer to obtain structure 3 increases the

ground state transition wavelength by =~ 450 nm to
1.55 pum, while simultaneously reducing the net com-
pressive strain by a factor of approximately three to
€z = —0.23%. Comparing the calculated band offsets
for structures 1 and 3 we observe that N incorporation
significantly increases AFEcg, by a factor of approximately
four to 419 meV, corresponding to the strong N-induced
reduction of the QW CB edge energy. The VB offset
is effectively unchanged, again reflecting that N incorpo-
ration has little effect on the VB. We observe a similar
trend in incorporating 1% N to go from structure 2 to
structure 4. In all cases we find that the trends in the
net macroscopic strain, QW band offsets, and band gap
calculated using the 14-band model are consistent with
those obtained from the full atomistic calculations.

Figures 2(a) and 2(b) show the probability density for
the el (upper panels; black lines) and hl (lower pan-
els; red lines) states in the GaN,As;_,_,Bi, /GaAs QWs
(a) structure 3, and (b) structure 4, calculated using the
TB method. For each structure we have plotted prob-
ability densities for three of the ten different RDs of Bi
and N atoms considered; plots for additional RDs can
be found in Fig. S6 of the Supplementary Material [47].
Solid and dashed lines respectively denote the probabil-
ity density projected to cations and anions, calculated
using the TB method at each fixed position z along [001]
by summing over the probability density associated with
all atoms in the plane perpendicular to [001]. Firstly,
we note that the calculated probability densities in the
N-free QWs, structures 1 and 2 — which, for brevity, are
provided in Sec. S3 of the Supplementary Material [47]
— demonstrate that short-range alloy disorder strongly
perturbs the hole states in GaAs;_,Bi,/GaAs QWs,
while the electron states in the relatively unperturbed CB
can be well described using the conventional EFA. The
GaNyAs;_5_,Bi;/GaAs hl probability densities calcu-
lated using the TB method are qualitatively the same as
those in the N-free structures, as expected given the weak
impact of N incorporation on the VB structure. The hl
eigenstates depart from a conventional envelope function-
like behaviour: we calculate that, in a given structure, hl
tends to localise preferentially within the QW about re-
gions of locally high Bi composition —i.e. about pairs and
larger clusters of Bi atoms. In the CB we note that intro-
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FIG. 2. Probability density associated with the lowest energy CB electron state (e1; upper row) and highest energy VB hole state
(h1; lower row) in 8 nm thick (a) GaNg.o25As0.9125Bl0.0625/GaAs (z = 6.25%, y = 2.5%), and (b) GaNo.o1As0.00Bio.00/GaAs
(z = 9%, y = 1%) QWs. Solid (dash-dotted) black lines and solid (dash-dotted) red lines respectively denote the el and hl
probability densities at cation (anion) sites calculated using the TB model, obtained at each position z along the [001] growth
direction by summing over the probability densities associated with each atom in the plane. Dashed blue lines denote the
well/barrier interfaces. The TB calculations were performed for ten supercells containing different random spatial distributions
(RDs) of substitutional N and Bi atoms on the anion sublattice: results are presented here for three representative structures in
each case, with plots for additional GaNy,As1_,_,Bi,/GaAs structures, as well as for GaAsi_,Bi;/GaAs structures, provided

in Figs. S5 and S6 of the Supplementary Material [47].

ducing N brings about a marked qualitative change in the
nature of the el eigenstates: the el probability density
in the presence of N mirrors that of A1 in the presence of
Bi, reflecting that N localised states strongly perturb the
CB structure. As we have identified in our previous anal-
ysis of the GaNyAs;_, (GaAs;_;Bi,) electronic struc-
ture, the observed strong localisation of the CB (VB)
edge eigenstates generally reflects strong hybridisation of
the extended GaAs band edge states with a multiplic-
ity of N (Bi) localised states associated with pairs and
larger clusters of substitutional N (Bi) impurities, result-
ing in significant degradation of the Bloch character of
the corresponding alloy eigenstates. [24, 45, 46] In the
GaNyAsy_,_,Bi, QW structures considered here this be-
haviour is reflected in the near complete breakdown of the
EFA description of the carrier probability densities due to
strong electron and hole localisation, with the details of
the QW electronic properties being strongly dependent
on the precise nature of the short-range alloy disorder
present in the GaNyAs;_,_,Bi, layer of the structure.

Figures 3(a) — 3(d) provide a summary of the calcu-
lated el and h1l probability densities for structures 1 — 4
respectively, using both the TB (solid and dashed black
and red lines) and 14-band k-p (solid and dashed green
lines) models. The probability densities shown for the
TB calculations are averaged over those computed for
the ten different supercells (RDs) used to represent each
structure. As in our analysis of the bulk electronic struc-
ture (cf. Sec. 3.2), we find that the k-p method reliably
captures the general trends observed in the full atom-
istic calculations. However, on average, alloy disorder
effects cause a breakdown of the EFA for hole states in
GaAs;_,Bi, QWs, and for both electron and hole states

in GaNyAs;_,_,Bi, QWs. On this basis we conclude
that the electronic properties of GaNyAs|_,_,Bi,/GaAs
QWs are strongly influenced by the alloy microstructure,
and hence that the bound states in GaN,As;_,_,Bi,
heterostructures are generally characterised by strong lo-
calisation and a corresponding degradation in Bloch char-
acter, compared to those in equivalent structures based
on conventional semiconductor alloys.

D. Optical transitions in GaNyAs;_,_,Bi,/GaAs
quantum wells

We consider now the optical properties of these QW
structures and, again facilitated by comparison with the
results of the atomistic TB and continuum k-p calcula-
tions, quantify the impact of alloy disorder on the QW
band gap and ground state optical transition strengths.

The results of our TB calculations of the optical prop-
erties for structures 1 — 4 are summarised in Figs. 4 (a)
— 4(d) respectively where, in each case, the results for all
ten different RDs are shown. Solid black (red) lines show
the computed TE- (TM-) polarised el-h1 optical tran-
sition strengths, plotted in each case at the wavelength
A corresponding to the computed el-hl transition en-
ergy. We begin by noting that since all QWs considered
are compressively strained, in the k-p calculations hl is
purely HH-like at the QW zone centre (k; = 0). As such,
the hl eigenstates computed using the 14-band model
have no component along the [001] direction, so that the
zone-centre TM-polarised optical transition strength van-
ishes in accordance with the conventional selection rules
for QWs. Examining the results of the atomistic cal-



culations in Figs. 4(a) and 4(b) we note that this selec-
tion rule holds generally in the N-free GaAs; ., Bi, /GaAs
structures 1 and 2: the calculated TM-polarised optical
transition strengths are negligibly small, even in the pres-
ence of significant alloy disorder at x = 9%. [57]

The calculated TE-polarised optical transition
strengths for structures 1 and 2 describe that the band
edge optical transitions in GaAs;_,Bi,/GaAs QWs are
characterised by inhomogeneous broadening associated
with alloy disorder-induced fluctuations in the QW
band gap, [46, 57] producing a spectral width AX of
the el-hl transition wavelength — computed as the
standard deviation of the el-hl wavelengths for the ten
different RDs used to represent each QW — of 10 nm (17
nm) at x = 6.25% (9%). [46, 57] The TB calculations
indicate little degradation in the optical transition
strengths in going from structure 1 to 2, reflecting
that the slight reduction in the Bloch character of hl
associated with this ~ 3% increase in z is offset by the
increase in electron-hole spatial overlap brought about
by the accompanying increase in AFcg. [28] [28, 46, 57]
Indeed, the k-p calculations for structures 1 and 2
indicate a modest increase < 5% in the TE-polarised
optical transition strength in going from z = 6.25 to
9%: we attribute the deviation from this trend observed
in the TB calculations to the impact of alloy disorder
on the hl eigenstates, with the formation of pairs and
larger clusters of Bi atoms acting to decrease the Bloch
character of the VB edge states. We note that these
trends are consistent with the available experimental
data, as highlighted in our previous analysis of bulk
GaAs,_,Bi, alloys and QWs.

Turning our attention to the quaternary QWs — struc-
tures 3 and 4 — in Figs. 4(c) and 4(d) we note that co-
alloying N and Bi leads to significant modifications of
the optical properties. Firstly, we note a breakdown of
the conventional QW selection rules: the hl eigenstates
in certain supercells acquire appreciable LH character in
the presence of N, leading to non-zero zone-centre TM-
polarised el-h1 optical transition strengths. Our calcu-
lations identify this as being primarily a result of the
impact of local regions of tensile strain — due to lattice re-
laxation about N atomic sites — on the bound hole states.
These microscopic regions of tensile strain allow the pre-
dominantly HH-like A1l eigenstates to acquire an admix-
ture of LH character — i.e. p-like orbital components po-
larised along the growth direction — and hence to have
non-zero transition strengths at the zone centre for TM-
polarised transitions involving el. While N incorporation
leaves the overall character of the VB edge states largely
unchanged on average, this demonstrates that N cluster-
ing can nonetheless bring about non-trivial modification
of the character of individual bound hole states. This fur-
ther confirms that calculated breakdown of the conven-
tional optical selection rules is associated with the impact
of N-related alloy disorder on the VB structure. This ex-
plicitly local effect is not accounted for in the 14-band
k-p model considered here, nor in existing models of the
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GaNyAs_,_,Bi, band structure. We note however that
this calculated breakdown of the conventional QW opti-
cal selection rules does not necessarily imply that mea-
sured optical spectra for GaN,As;_,_,Bi,-based QWs
will have large TM-polarised components. Our analy-
sis here focuses on individual QW eigenstates: more de-
tailed analysis shows that this behaviour is associated
with the formation of localised states about clusters of
N atoms, which occur relatively rarely and are hence un-
likely to contribute significantly to the net optical emis-
sion/absorption.

Secondly, we note that the combination of N- and Bi-
related alloy disorder leads to large variations of the QW
band gap between the distinct supercells considered for
each structure, resulting in A\ = 47 nm (99 nm) in struc-
ture 3 (4). For some RDs we calculate anomalously low
ground state optical transition strengths, which our anal-
ysis associates with strong hybridisation of the el (hl)
eigenstates with N (Bi) cluster states that are typically
strongly localised, spatially separated from one another,
and lie close in energy to the bulk CB or VB edge. We
note that the degradation in Bloch character this repre-
sents is also manifest through the strong calculated de-
crease in optical transition strength due to the incorpo-
ration of N at fixed x (i.e. in going from structure 1 to 3,
or structure 2 to 4). The k-p calculations indicate that
the TE-polarised optical transition strength in structure
3 (structure 4) should be ~ 75% (=~ 80%) of that in
structure 1 (structure 2), underestimating the approxi-
mately fivefold reduction observed in the full atomistic
calculations: the extended nature of the QW eigenstates
calculated in the EFA does not capture the impact of
carrier localisation about N and/or Bi clusters on the
el-h1 spatial overlap. This discrepancy highlights the
role played by short-range alloy disorder in determin-
ing the optical properties of GaNyAs;_,_,Bi,-based het-
erostructures, and indicates that intrinsic alloy disorder
may potentially limit the optical efficiency and perfor-
mance of real GaNyAs;_,_,Bi, materials and devices.

The calculated strong variation of the TE-polarised
optical transition strengths for the distinct RDs con-
sidered reaffirms that the large number of mixed an-
ion local environments that occur in a randomly disor-
dered GaNyAs;_,_,Bi, alloy has a significant impact on
the band edge eigenstates. In general, short-range al-
loy disorder generates a multiplicity of band edge states
which are (i) spread over a relatively small range of en-
ergies, and (ii) strongly localised, at different locations
in the different QW structures investigated. In a real
GaNyAs_,_,Bi, heterostructure the band-edge optical
emission/absorption will then consist of contributions
from a range of such states, having broadly similar char-
acter to the el and hl states described above. Previ-
ous analysis has demonstrated that the net electronic
and optical properties arising from such states can be
accounted for using EFA-based models by including an
appropriate description of the associated inhomogeneous
spectral broadening, at least in type-I heterotructures.
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FIG. 3. (a), (b), (c) and (d) respectively show the probability density associated with the el (upper row) and hl (lower row)
states in structures 1, 2, 3 and 4 of Table II. Solid (dash-dotted) black and red lines denote the electron and hole probability
densities at cation (anion) sites, calculated using the TB model and averaged over the ten different RDs considered for each
structure. Solid (dashed) green lines denote the el (hhl) probability density calculated using the 14-band k-p Hamiltonian in
the EFA. Dashed blue lines denote the well/barrier interfaces.

[28, 70] This has allowed, e.g., quantitative prediction
of the optical gain in (In)GaNyAs;_, GaAs;_,Bi, QW
laser structures. [63, 64] As such, while full atomistic
calculations demonstrate a breakdown of the EFA for
individual eigenstates in GaNyAs;_,_,Bi,, and are re-
quired in general to understand the full details of the un-
usual material properties, it is possible that EFA-based
models may provide an average description of the elec-
tronic and optical properties which accurately describes
the measured trends in real heterostructures. However,
the stronger localisation of electrons in the N-containing
QWs (cf. Figs. 3(c) and 3(d)) suggest that the EFA
may overestimate the carrier spatial overlap in type-II
GaNyAs;_,/GaAs;_,Bi, QW structures.

Overall, our results indicate that short-range alloy dis-
order has a marked impact on the GaN,As;_,_,Bi,
alloy properties, similar in nature to equivalent effects
in Ga(In)N,As;_, and GaAs;_,Bi, alloys and het-
erostructures. [28, 70] We expect that a simliar k-p-
based approach to that developed for (In)GaN,As;_,
and (In)GaAs;_,Bi, can be reliably applied to compute,
analyse and optimise the properties of devices based on
type-I GaNyAsi_,_,Bi, heterostructures, but that de-
tailed comparison to future experimental measurements
will be required to ascertain the validity of such ap-
proaches when applied to type-II heterostructures based
on N- and Bi-containing alloys. [71]

IV. IMPLICATIONS FOR PRACTICAL

APPLICATIONS

Having quantified key trends in the evolution of the
GaNyAs,_,_,Bi, electronic and optical properties, we

turn our attention to the consequences of the unusual
material band structure for device applications. As we
have demonstrated above that the 14-band k-p Hamil-
tonian describes well the composition dependent band
edge energies, we employ this model to compute the
dependence of the energy gaps on N and Bi composi-
tion, and epitaxial strain. These calculations are sum-
marised in Fig. 5, where solid blue (dashed red) lines
denote alloy compositions for which fixed band gap
E, (strain e,,) can be achieved in pseudomorphically
strained GaNyAs;_,_,Bi,/GaAs. The €;, = 0 line de-
scribes that lattice-matching to GaAs is achieved for
Y 0.58z. The extremely strong reduction of E,
allows long emission/absorption wavelengths — ranging
from ~ 1 pm through the near-infrared to mid-infrared
wavelengths in excess of 4 ym — to be achieved at N
and Bi compositions compatible with established epitax-
ial growth. [30, 32, 33, 68, 72, 73]

The dash-dotted green line in Fig. 5 denotes alloy com-
positions for which Eg = Agp, so that alloys lying to the
left (right) of this contour have Ago < Ey (Ago > Ey).
We recall that Auger recombination and IVBA processes
involving the SO band play an important role in limiting
the performance of near- and mid-infrared light-emitting
devices. [16] For processes involving the SO band there
are three distinct cases to consider: (i) Ago < Ey, (ii)
Aso = Eg, and (iii) Ago > E,. Case (i) is typical of
near-infrared GaAs- and InP-based light-emitting devices
operating at wavelengths between 0.9 and 1.7 ym. In this
regime CHSH Auger recombination and IVBA involving
the SO band are present, with the magnitude of these
effects increasing strongly as the difference Eg — Ago de-
creases. [74] In GaAs-based devices operating close to 1
pm (E, = 1.24 eV) one typically has E; — Ago =~ 0.90
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FIG. 4. TE-polarised (solid black lines) and TM-polarised
(solid red lines) optical transition strengths between the el
and hl states, calculated using the atomistic TB model, for
the N-free GaAsi_,Bi,/GaAs QWs structure (a) 1, and (b)
2, and for the GaNyAs;_,_Bi,/GaAs QWs structure (c) 3,
and (b) 4 (cf. Table II). For each structure the computed
transition strengths are shown for all ten distinct supercells
considered. The spectral width of the ground state transition
wavelength (A)) is calculated as the standard deviation of the
wavelengths computed for the ten distinct supercells (RDs)
used to represent each structure.

eV, with CHSH Auger recombination and IVBA play-
ing a minimal role. However, in InP-based devices op-
erating at 1.55 pm (E,; = 0.8 V) is it typical to have
E; — Ago = 0.45 eV, with CHSH Auger recombination
and IVBA assuming a dominant role in limiting device
performance. [12, 75] This trend has been clearly ob-
served in temperature- and pressure-dependent experi-
mental measurements performed on a range of InP-based
devices, highlighting that the threshold current density
increases superlinearly with emission wavelength as one
approaches case (ii). [76, 77]

In case (ii), which is denoted by the closed black circle
in Fig. 5, the CHSH Auger recombination and IVBA pro-
cesses are resonant and can be expected to place severe
limitations on efficiency, thereby all but eliminating the
potential for sustainable device operation. For case (iii)
an electron-hole pair recombining across the band gap
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FIG. 5. Composition space map calculated using the 14-
band k-p Hamiltonian, describing the variation of the in-
plane strain (€z» = €4y ) and room temperature band gap (E,)
in pseudomorphically strained GaN,As;_,—,Bi. alloys grown
on [001]-oriented GaAs. Solid blue and dashed red lines re-
spectively denote paths in the composition space along which
E, and €;, are constant. The dashed-dotted green line de-
notes alloy compositions for which Ey; = Ago; alloys lying to
the right of this contour have Ago > E4 and are predicted to
have suppressed CHSH Auger recombination and IVBA.

provides insufficient energy to promote an electron from
the SO band to a VB edge hole state, thereby suppressing
CHSH Auger recombination and IVBA by conservation
of energy. [15, 77] This is the case in GaSb-based mid-
infrared devices operating at wavelengths between 2 and
3 pm where, in line with the expected suppression of
CHSH Auger recombination and IVBA, reduced thresh-
old current densities compared to those in equivalent InP-
based near-infrared devices are observed in experiment.
[77]

As such, there are two desirable scenarios from the per-
spective of the relationship between Eg, and Agg. Firstly,
when Ago < E, with the ratio
than one, in which case CHSH Auger recombination and
IVBA occur but at sufficiently low rates so as not to im-
pede device performance. Secondly, the ideal scenario
in which Ago > E, and CHSH Auger recombination
and IVBA can be expected to be suppressed. While the
ideal Ago > E, scenario can in principle be achieved in
GaAsi_;Bi, (y = 0) with E;, = 1.55 pm, our calcula-
tions show that incorporating N requires a reduction in
x to maintain a fixed emission wavelength, and there-
fore reduces Ago relative to E,: an undesirable change
which pushes the band structure from case (iii) towards
case (ii). N incorporation then quickly brings E; and
Ago into resonance — i.e. case (ii), E4 = Ago — the worst
possible scenario in terms of the suitability of the band
structure for the development of a light-emitting device.

The results in Fig. 5 then indicate that N-free
GaAs; _,Bi, alloys provide the ideal scenario for the real-
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isation of efficient light emission at 1.55 um, and that co-
alloying N with Bi to achieve 1.55 pm emission presents
a band structure which is not compatible with the de-
sign of light-emitting devices. As a result of the strong
increase in Ago brought about by Bi incorporation, at 1.3
pm alloys containing Bi will have Ago < E4 but with the
difference 4 — Ago being smaller than in a conventional
InP-based material. This suggests that increased losses
due to CHSH Auger recombination and IVBA can be ex-
pected in a 1.3 pm GaAs-based GaNy,As;_,_,Bi, device
compared to a conventional InP-based device operating
at the same wavelength.

Additionally, we note that it is generally desirable
to exploit strain in QW lasers to enhance performance
via reduction of the density of states close in energy
to the VB edge (in compressively strained structures),
or via polarisation selectivity (in tensile strained struc-
tures). [14, 78] At fixed emission wavelength one usu-
ally seeks to utilise an alloy having as large a strain
|€x| — compressive or tensile — as is compatible with epi-
taxial growth. The decrease in compressive strain com-
pared to that in GaAs;_,Bi, associated with incorporat-
ing N while maintaining a fixed emission wavelength can
be expected to reduce the performance of a QW laser
structure compared to that expected for an equivalent
GaAs;_,Bi,/GaAs laser structure. [28] Therefore, the
expected degradation in the suitability of the band struc-
ture in utilising quaternary GaNyAs;_,_,Bi, in favour
of (i) a conventional InP-based (Al)In;_,GayzAs het-
erostructure to achieve 1.3 pm emission, or (ii) a ternary
GaAs; . Bi, heterostructure to achieve 1.55 pm emis-
sion suggests, contrary to recent analysis, [40, 42] that
GaNyAs_,_,Bi, alloys and heterostructures containing
N are not suitable for applications at 1.3 or 1.55 pm.

Our analysis does however confirm the potential
of GaNyAs;_,_,Bi, alloys for applications in multi-
junction solar cells, [43] since E, ~ 1 ¢V can be achieved
in alloys which can be grown lattice-matched to either
GaAs or Ge (y = 0.58z, = =~ 2.9%). While the differ-
ence B, — Ago for such alloys would not be as favourable
as in an InP-based material designed to have a sim-
ilar absorption wavelength, it is expected to be suffi-
ciently large so as not to impede performance. Further-
more, the carrier densities present in an illuminated solar
cell are significantly lower than those in an electrically
pumped semiconductor laser, making Auger recombina-
tion — which scales roughly as the cube of the injected
carrier density — less of an impediment to device oper-
ation. The modest N and Bi compositions required to
reach a band gap ~ 1 eV have been achieved in ini-
tial growth studies of GaNy,As;_,_,Bi,/GaAs epitaxial
layers. [30, 32, 33, 68, 72, 73] Analysis of prototypical
GaAs;_,Bi,/GaAs QW solar cells indicates that one po-
tential factor limiting the photovoltaic performance of
lattice-matched GaN,As;_,_,Bi, junctions may be the
large inhomogeneous spectral broadening of the band
edge optical absorption, associated with the presence of
short-range alloy disorder and crystalline defects. [79]
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However, we expect that these issues could be mitigated
to some degree via a combination of refinement of the
epitaxial growth, [80, 81] sample preparation, [82, 83]
and device design. This approach has been successfully
employed to develop multi-junction solar cells incorporat-
ing the dilute nitride alloy (In)GaN,As;_,, which have
demonstrated record-breaking efficiency. [84]

Finally, since our calculations indicate that
GaNyAs;_,_,Bi, alloys display effectively identical
enhancement of the spin-orbit coupling to that in
GaAs;_,Bi,, similarly large enhancement of the Rashba
spin-orbit interaction [85] to that in GaAs;_,Bi, can be
expected in GaNyAs;_,_,Bi,, potentially opening up
applications in spintronic devices. [86]

V. CONCLUSIONS

We have developed a multi-scale theoretical frame-
work to calculate the properties of GaN,As;_,_,Bi,
highly-mismatched alloys and heterostructures, based
on carefully derived atomistic TB and continuum k-p
Hamiltonians. We have performed a systematic in-
vestigation revealing key trends in the electronic and
optical properties of bulk GaNyAs;_,_,Bi, alloys and
GaNyAs;_,_,Bi,/GaAs QWs. Our analysis indicates
that GaNyAs;_,_,Bi, alloys provide broad scope for
band structure engineering: incorporating N (Bi) allows
to manipulate the CB (VB) structure close in energy to
band edges, offering significant control over the band
gap, VB spin-orbit splitting energy, and band offsets.
Since incorporating N (Bi) brings about tensile (com-
pressive) strain with respect to a GaAs substrate, co-
alloying N and Bi then further delivers significant control
over the strain in epitaxial layers and heterostructures,
providing further opportunities to tailor the electronic
and optical properties. The intrinsic flexibility of the
GaNyAs;_,_,Bi, alloy band structure is therefore par-
ticularly appealing for practical applications.

Through systematic analysis of large-scale atomistic
electronic structure calculations we demonstrated that
the respective impact of N and Bi incorporation on
the CB and VB structure remain effectively indepen-
dent, even in the presence of significant short-range al-
loy disorder. Comparison of atomistic and continuum
calculations highlights that a 14-band k-p Hamiltonian
is sufficient to describe the evolution of the main fea-
tures of the GaN,As;_,_,Bi, band structure, with the
predicted evolution of the band gap and VB spin-orbit
splitting energy in good agreement with experimental
measurements.  Applying the TB model to compute
the electronic and optical properties of realistically sized
GaNyAs;_,_,Bi,;/GaAs QWs demonstrates that short-
range alloy disorder produces strong carrier localisation,
ultimately leading to significant inhomogeneous spectral
broadening as well as a breakdown of the conventional se-
lection rules governing QW optical transitions. On this
basis we conclude that alloy disorder effects are likely



to play an important role in determining the proper-
ties of real GaNyAs_,_,Bi, alloys and heterostructures.
While our analysis suggests that k-p-based models in-
corporating appropriately parametrised inhomogeneous
spectral broadening are likely to be suitable when ap-
plied to type-I heterostructures, further detailed anal-
ysis of N- and Bi-containing type-II heterostructures —
e.g. GaNyAs;_,/GaAs;_;Bi, QWs — may require a the-
oretical description based upon direct atomistic calcula-
tions.

Based on our analysis of the electronic structure
we discussed implications of the unusual properties of
GaNyAs;_,_,Bi, alloys for practical applications. Con-
trary to the existing literature our analysis suggests that
GaNyAs;_,_,Bi, heterostructures are not suitable for
the development of GaAs-based semiconductor lasers op-
erating at 1.3 or 1.55 pm: the reduction in compres-
sive strain and spin-orbit splitting energy compared to
equivalent N-free GaAs;_,Bi, structures is expected to
compromise the proposed benefits of Bi incorporation
and hence place significant limitations on performance.
Overall, we conclude that the features of the electronic
structure revealed through our analysis indicate that
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GaNyAsy_,_,Bi, alloys are most promising as a suit-
able ~ 1 eV band gap material for applications in multi-
junction solar cells, where they can provide GaAs- and
Ge-compatible lattice- and current-matched junctions.
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