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COMPUTATIONAL METHODS

Geometry Parameters: The schematic diagram of the investigated GaBix As1−x /GaAs nanowire is shown
in the Figure 1(a) of the main text. In our study, the core−shell nanowires consist of a GaBix As1−x core
region with diameter DC , length L, and Bi fraction x. The shell region is made up of GaAs material with
diameter DS and length L. The largest nanowire with DS =30 nm and L=80 nm consists of about 3.5 million
atoms and the smallest nanowire with DS =10 nm and L=80 nm consists of about 0.37 million atoms. The
simulations over large structures with atomistic resolution and realistic boundary conditions allow us to
provide a highly reliable theoretical analysis of the nanowire electronic and optical properties.
In our simulations, the Bi atoms are randomly placed replacing the As atoms in the core region of the
nanowires. The random spatial distribution of the Bi atoms is dependent on a four-digit seed value input to
a random number generator that determines the nature of an anion atom (either Bi or As) at a given atomic
location inside the nanowire core region. Different seed values ensure different spatial arrangements of the
Bi atoms, resulting in statistically different numbers and types of Bi pairs and clusters in the core region.
All of the results presented in this study are based on an average over five different random distributions
of the Bi atoms.
It is critically important to simulate a large size for the GaBix As1−x supercell to properly model the alloy
disorder effects 1 . In our previous study on quantum well structures, We have probed the electron and hole
energies as well as the associated inhomogeneous broadening in the ground state transition energies when
the strained GaBix As1−x supercell size is increased from 1000 atoms to 512000 atoms2 . Our calculations
showed that the small size of supercells (< 4096 atoms) artificially modifies the electron/hole energies and
enhance the strength of the inhomogeneous broadening. By increasing the supercell size from 8000 atoms
to 512000 atoms, we found that the electron and hole energies changed by less than 1 meV and 10 meV
respectively, whereas the values of the inhomogeneous broadening for the hole energies were roughly 27 meV
in good agreement with the measured value of 31 meV1 . We therefore believe that a supercell size consisting
of 8000 atoms or more is suitable to provide a reliable estimate of the properties of the strained GaBix As1−x
alloys. In this work on nanowires, we have performed large-scale atomistic simulations consisting of up
to 3.5 million atoms in the over supercell, including the number of atoms in the GaBix As1−x core region
above 50000 in all cases.
Calculation of Strain: In order to calculate the strain induced by the lattice-mismatch between the GaAs
and GaBix As1−x materials, the GaBix As1−x /GaAs nanowires are relaxed by applying atomistic valence force
field (VFF) energy minimization scheme3–5 . The VFF parameters for the GaBi and GaAs materials are
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published in the literature5 . The values of α0 and β0 for the GaAs are taken from Lazarenkova et al.4 ,
whereas for GaBi are determined by obtaining relaxed bond lengths in accordance with Kent et al.6 .
After the VFF relaxation, the relaxed Ga-Bi bond-lengths are found to follow the trends of x-ray absorption spectroscopy measurements5 . The strain tensor components (xx , yy , zz , xy , yz , xz ) are computed
from the relaxed bond-lengths of atoms4 . The strain parameters of interest, which are directly related to
the energy shifts in the conduction and valence band edges are hydrostatic (H ) and biaxial (B ) strain
components, which are defined as follows7 :
H = xx + yy + zz

(1)

B = 2zz − xx + yy

(2)

Electronic and Optical Simulations: The electronic structure of the studied nanowires is computed
from the nearest-neighbour ten-band sp3 s∗ tight-binding (TB) theory, which explicitly include spin-orbit
coupling. The TB parameters for the GaAs and GaBi materials were published in our previous study5 ,
which accurately reproduced the bulk band structure of these two materials computed from DFT model8 .
In the published studies on both unstrained and strained GaBix As1−x alloys, the tight-binding model has
shown good agreement with a series of available experimental data sets1,5,9–14 , as well as with the DFT
calculations reported in the literature15–17 .
By solving the tight-binding Hamiltonian, we obtain ground state electron and hole energies and the
corresponding wave functions at the Γ point (k=0), which are labelled as |ψe i and |ψh i, respectively, and
are defined as:
|ψe i =

X

e
Ci,µ
|iµi

(3)

h
Cj,ν
|jνi

(4)

i,µ

|ψh i =

X
j,ν

where the label i (j) represents the atom number inside the supercell and µ (ν) denotes the orbital basis
e
h
states on an atom for the electron (hole) states. Ci,µ
and Cj,ν
are the coefficients of the electron and hole

wave functions, respectively, computed by diagonalising the TB Hamiltonian.
The overlap between the electron and hole ground states is computed as follows:
|hψh |ψe i| = |

XX

h ∗ e
(Cj,ν
) Ci,µ |

(5)

i=j µ=ν

The inter-band optical transition strength between the ground electron and hole states is computed by
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first computing the momentum matrix element as follows7 :
αβ
M−
=
→
n

XX
i,j

−
−
e
h
(Ci,µ,α
)∗ (Cj,ν,β
)hiµα|H|jνβi(→
ni−→
n j)

(6)

µ,ν

−
−
−
where α and β represent spin of states, H is the sp3 s∗ tight-binding Hamiltonian, and →
n =→
ni −→
n j is
−
−
the real space displacement vector between atoms i and j, and is equal to →
x i−→
x j . The optical transition
strengths is then calculated by using the Fermi’s Golden rule and summing the absolute values of the
momentum matrix elements over the spin degenerate states:
Optical Absorption =

X

αβ 2
|M−
|
→
x

(7)

α,β

The tight-binding model is implemented with in the framework of atomistic tool NanoElectronic Modeling (NEMO 3-D) simulator18 which has, in the past, shown an unprecedented accuracy to match experiments for the study of nano-materials1,5,19 and devices7,20 .

4

Supplementary Fig. S1. (a) The plots of strain tensor component (xx ) are shown for the GaBix As1−x /GaAs
nanowire with x=15%, ρL =4, a few selected values of ρD . The color plots show the strain profile in a 2D plane
through the center of the nanowire. The blue (red) color regions indicate the presence of compressive (tensile)
strain. (b) The same as (a) but for the strain tensor component (zz ).
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Supplementary Fig. S2. (a,b) The plots of the hydrostatic and biaxial strain components are shown for the
nanowire structure with x=15%, DS =10 nm, ρL =8, a couple of selected values of ρD . The color plots show the strain
profiles in a 2D [010]-plane through the center of the nanowires. The blue (red) color regions indicate the presence
of a compressive (tensile) strain. (c,d) The 1D plots of the hydrostatic and biaxial strain components are shown
through the center of the nanowire. The computed strain at each data point along the [100] direction represents
an average over all data points in the corresponding [100] plane and for five different random configurations of Bi
atoms. (e-h) The same as (a-d) but for the nanowire structures with x=15%, DS =30 nm, ρL =2.67, a couple of
selected values of ρD .
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Supplementary Fig. S3. (a,b) The 1D plots of the hydrostatic and biaxial strain components are shown as a
function of the Bi fraction (x) in the core region through the center of the nanowire with ρD =0.2. The computed
strain at each data point along the [100] direction represents an average over all data points in the corresponding
[100] plane and for five different random configurations of Bi atoms. (c,d) The same as (a,b) but for the nanowire
structures with ρD =1.0.
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Supplementary Fig. S4. The three dimensional visualisations of charge densities are shown for the lowest
electron (shown as red color distribution) and the highest hole (shown as cyan color distribution) states. The
green cylinders are plotted to indicate the boundaries of the core and shell regions. The nanowires are selected
with parameters as follows: DS =20 nm, x=15%, ρL =4 and the values of ρD as marked on the plots.
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Supplementary Fig. S5. The three dimensional visualisations of charge densities are shown for the lowest
electron (shown as red color distribution) and the highest hole (shown as cyan color distribution) states. The
green cylinders are plotted to indicate the boundaries of the core and shell regions. The nanowires in (a,b) are
selected with parameters as follows: DS =10 nm, x=15% and ρL =4. The nanowires in (c,d) are selected with
parameters as follows: DS =30 nm, x=15% and ρL =4. The selected values of ρD are marked on the plots.
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