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ABSTRACT 

We report on the band line-up and band offset calculations of GaAs0.978Bi0.022/GaAs single 

quantum well with spatial changes of Bi composition. The spatial Bi profile was 

experimentally determined by high-resolution X-ray diffraction (HR-XRD) measurements 

and a certain amount of the Bi composition is determined in the barrier layer. Virtual Crystal 

Approximation (VCA) and Valence Band Anti-Crossing (VBAC) models were used  

including strain effects in order to obtain conduction band edge (CBE) and valence band edge 

(VBE) shifts with Bi incorporation. Considering the spatial Bi profile in the layers, 

Photoluminescence (PL) measurements were performed at a low temperature of 8 K as a 

function of excitation intensity. The PL spectra have shown asymmetric line shapes, which 

were fitted with different Gaussian functions. Compering experimental PL results with 

calculated band edge energies, we have found that optical transition is a type I under low 

intensity excitation while the optical transition is switched from type I to type II due to the 

spatial changes in Bi amounts. We have also determined the band offsets Δ𝐸𝑐/Δ𝐸𝑣 as ~44 

meV/214 meV. 
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1. Introduction 

GaAs1-xBix has been studied intensively in recent years due to its remarkable fundamental 

physical properties, electronic band structure and its potential technological applications in 

near-infrared optoelectronic and spintronic devices. According to VBAC model, introducing 

Bi atom into GaAs causes changes in valence bands of the GaAs and results in narrowing of 

the band gap, whose magnitude depends on the amount of the Bi and interaction between 

isolated Bi atom energy level and each valence band edges [1]. After introducing VBAC, it is 

shown that Bi atom also affects the CBE of the GaAs [2–4]. Replacing a small fraction of As 

by Bi in GaAs results in a profound reduction in the band gap energy (Eg) of 60–90 

meV/Bi%, accompanied by a rapid increase in the spin-orbit-splitting energy (∆so) [5–10]. 

Compering band gap narrowing in GaAsBi with conventional III-V materials, band gap 

narrowing is at least 5 times higher [11,12]. Therefore, spatial distribution and a content of the 

Bi atom inside layer(s) of the sample have substantial importance to identify Bi effect on CBE 

and VBE or/and band gap of the alloys and optoelectronic properties of the Bi-containing 

alloys. The spatial distribution of alloy composition can be identified by using transmission 

electron microscopy, HR-XRD, and secondary ion mass spectroscopy [13–15]. 

In this work, we have calculated the band offsets and band alignment for a GaAs0.978Bi0.022 

/GaAs single QW with spatial variation of Bi concentration. Two independent theoretical 

models, which are VCA and VBAC models, were used to take into consideration of the effect 

of the strain. To identify optical transition, PL measurements as a function of excitation 

intensity at low temperatures were performed. Compering PL with calculated band line-up 



results, optical transitions are identified as type-I under low excitation intensity and type-II 

under high excitation intensity.  

 

2. Experimental details 

The sample was grown on semi-insulating GaAs (100) substrate by Molecular Beam 

Epitaxy (MBE). The growth of GaAsBi QW sample started with a 300 nm thick GaAs buffer 

layer grown at 580 °C with a high As overpressure; after which the growth temperature was 

decreased to 320 °C during the growth of an additional 70 nm of GaAs to enhance the 

incorporation of Bi in the QW. This was followed by a 10 nm thick GaAsBi QW layer and a 

50 nm GaAs cap layer grown at the same temperature. The growth rate was 0.45µm/h for all 

layers. For efficient Bi incorporation, the atomic As/Ga flux ratio for the QW and cap layer 

was kept close to the stoichiometric value. HR-XRD was carried out using a Bruker D8 

Discover diffractometer. An asymmetric 2-bounce Ge 220 channel-cut monochromator was 

used to select the Cu K1 line at =1.54056 Å and to collimate the incident x-ray beam. From 

the experimental data, the vertical Bi concentration profiles were determined by simulations 

based on dynamical scattering theory [16]. PL measurements at a temperature of 8 K were 

performed using 532 nm continuous wave laser as an excitation source with laser power 

between 0.042 and 51 mW. PL emission was dispersed using a high-resolution 

monochromator for dispersion and the dispersed light was detected using a Si-avalanche 

photodiode detector. 

 

3. Results and Discussion 

Fig. 1 shows the experimental HR-XRD intensity distribution (2θ-ω-scan) in the vicinity of 

the sharp (004) GaAs substrate Bragg reflection. The experimentally observed extended 

fringe pattern proves lattice coherence between the epitaxial layers and substrate and the 



existence of smooth interfaces. Although being quite weak, the overall intensity distribution 

shows a slight asymmetry to the low angle side of the strong substrate reflection appearing at 

about 2θ=66.05°, indicating a mean compressive in-plane strain in the epilayers. This 

compressive in-plane strain is caused by Bi incorporation. In order to evaluate the vertical Bi 

concentration profile, we have performed dynamical scattering simulations and achieved a 

very good agreement between simulation and experiment [16]. The corresponding Bi depth 

profile is simulated as a step-like inhomogeneous distribution with Bi content of about 0.7 % 

and 2.2 % for layers of 20 nm and 10 nm thickness, respectively. Hence, the 20 nm thick layer 

behaves as an epilayer, labeled here as an extended Bi layer because of its large thickness.  

Considering a spatial distribution of the Bi inside the layer, to identify band alignment of the 

GaAsBi alloy, we carried out excitation intensity dependent PL measurement at low 

temperature. Because, optical transitions such as excitonic, defect-to-defect, defect-to-band 

strongly depends on the excitation intensity [6,17,18]. It is expected that the optical transition 

under low excitation intensity is excitonic and/or defect-to-defect and/or defect-to-band and is 

band-to-band under high excitation intensity in defective materials. Fig. 2 shows the 

excitation intensity dependent PL spectra. As seen in Fig. 2 (a), the PL intensity increases 

with increasing excitation intensity. The PL spectra display two bands, which are attributed to 

GaAs (high energy peak at ~1.5 eV) and GaAsBi (low energy peak at ~1.24 eV). The sharp 

GaAs PL band shows asymmetric line shape, whereas the GaAsBi band exhibits an 

asymmetric line shape. As seen in Fig. 2 (b), the PL peak energy substantially depends on the 

excitation intensity. 



 

Fig. 1 Measured (black symbols) and simulated (red line) HR-XRD intensity distribution (2θ-

ω-scan) in the vicinity of the (004) GaAs Bragg reflection. The in-set shows the depth profile 

of Bi composition used in the simulation.  

 

 

The excitation intensity dependent PL peak energy behavior can be separated into three 

regions. (i) below 5 mW excitation intensity; the PL peak energy sharply increases with 

excitation intensity and the net energy shift is a 16 meV; (ii) between 5-10 mW, the PL peak 

energy starts to saturate and shifts significantly to higher energy by 13 meV and; (iii) from 10 

mW up to ~51  mW excitation intensity, the PL peak energy closes to saturated characteristic 

behavior and slightly blue shifts by 13 meV with increasing laser power.  



The Full Width at Half Maximum (FWHM) of the low energy PL peak originated from 

GaAsBi layer exhibits the similar intensity dependent change with the PL peak energy. It is 

worth pointing out that the FWHM are 81 and 96 meV for 0.042 and 51mW excitation 

intensities, respectively, which are very large compared to recent studies on GaAsBi alloys 

[19–21].  Considering the large FWHM of the PL spectra and the dependence of the PL peak 

energy with the excitation intensity and spatial Bi distribution in Fig. 1, we inspected the 

presence of any other contribution to the PL spectra using a fit procedure with Gaussian 

function. Fig. 3 shows the PL spectra for 0.042 mW and 51 mW excitation intensity together 

with the Gaussian fittings. Even we can obtain a satisfactory fit for peak position by using 

single Gaussian (Fig. 3 (a)) but we miss lower and higher energy regions of the PL spectrum; 

two Gaussian curves give a better match with a correlation factor of R = 99%. (Fig. 3(b)). 

 

 



Fig. 2 (a - c) Excitation intensity dependent a) PL spectra, b) PL peak energy and c) FWHM 

of low energy PL signal at 8K. The solid line was used as a guide for an eye to making clear 

the change in FWHM. 1, 2, and 3 represent the changes in FWHM with different slopes.     

It is worth noting that using the current PL measurement system; we could not detect the 

PL signal lower than 0.042 mW excitation intensity with a reasonable signal/noise ratio. As it 

can realize from the FWHM of the PL spectra shown as line-1 in Fig. 2 (c), an abrupt increase 

occurs with increasing excitation intensity, indicating that the PL measurement could have 

been carried out with an excitation intensity lower than 0.042 mW. The Gaussian fitting 

procedures for 0.042 mW excitations give a single and two transition energies of 1.209 eV, 

1.233 eV, and 1.265 eV, respectively. Also, we fallow a similar method for 51 mW excitation 

and we obtain a better match to PL results with two Gaussian curves. We noted that the 

different excitation intensity dependent results have the same characteristic behavior; 

therefore, we do not give here. 

 

 



Fig. 3 (a - d) Experimental PL spectra (black lines) for low and high laser excitation power; (a) 

and (c) single Gaussian fitting for 0.042 mW and 51mW excitation, respectively; (b) and (d) 

two Gaussians fitting for 0.042 mW and 51 mW excitation, respectively.     

 

To understand the origin of these transitions, a band alignment of the GaAs and GaAsBi 

should be calculated. The band line-up of GaAs0.978Bi0.022/GaAs SQW structure was 

calculated by taking into account (i) virtual crystal effect on band edges given by Eq. 1–3, (ii) 

strain effect on the band edges given by Eq. 4–6 and (iii) effect of VBAC on VBE [22–24]. 

Virtual crystal approximation and strain effects on each band edge energy are given 

numerically below,   

 

�̌�𝐶𝐵 = 𝐸𝐶𝐵(𝐺𝑎𝐴𝑠) − 𝛼𝑥 − 𝛿𝐸𝐶                                                                             (1) 

�̌�𝐻𝐻 = 𝐸𝐻𝐻 𝑜𝑟 𝐿𝐻(𝐺𝑎𝐴𝑠) + 𝜅 𝑥 + 𝛿𝐸𝐻𝐻                                                                (2) 

�̌�𝐿𝐻 = 𝐸𝐻𝐻 𝑜𝑟 𝐿𝐻(𝐺𝑎𝐴𝑠) + 𝜅 𝑥 + 𝛿𝐸𝐿𝐻                                                                  (3) 

where, 

   𝛿𝐸𝐶 = 𝑎𝑐(휀𝑥𝑥 + 휀𝑦𝑦 + 휀𝑧𝑧)                                                                                (4) 

  𝛿𝐸𝐻𝐻 = 𝑎𝑣(휀𝑥𝑥 + 휀𝑦𝑦 + 휀𝑧𝑧) −
𝑏

2
(휀𝑥𝑥 + 휀𝑦𝑦 − 2휀𝑧𝑧)                                        (5) 

𝛿𝐸𝐿𝐻 = 𝑎𝑣(휀𝑥𝑥 + 휀𝑦𝑦 + 휀𝑧𝑧) +
𝑏

2
(휀𝑥𝑥 + 휀𝑦𝑦 − 2휀𝑧𝑧)                                         (6) 

 

where ac and av are hydrostatic deformation potentials for conduction band (CB) and valence 

band (VB), b is the axial deformation potential and 휀𝑖𝑖(𝑖 = 𝑥, 𝑦, 𝑧) are the diagonal 

components of the elastic strain tensor in GaAsBi layer. Strain effects on CB, heavy hole 

(HH) and light hole (LH) bands are taken into account for the determination of 𝛿𝐸𝐶 , 𝛿𝐸𝐻𝐻  



and 𝛿𝐸𝐿𝐻, respectively. 𝛼 and 𝜅 parameters represent virtual crystal contribution effect on the 

band edges. ECB (GaAs) was taken from our PL measurement results as 1.494 eV and EHH/ LH 

(GaAs) is taken as 0 eV.  

According to VBAC model, the incorporation of Bi atoms into GaAs lattice leads to a 

strong interaction between VB states and a level generated by the Bi states. This interaction 

induces a splitting of the valence band into two non-parabolic branches [1,3,25]. According to 

the VBAC model, the change in VBE is given as [1,26]   

 

𝐸(𝐻𝐻 𝑜𝑟 𝐿𝐻)∓ =
𝐸𝐻𝐻/𝐿𝐻(𝐺𝑎𝐴𝑠)+𝐸𝐵𝑖

2
∓ √(𝐸𝐻𝐻/𝐿𝐻(𝐺𝑎𝐴𝑠) + 𝐸𝐵𝑖 )

2
/4 + 𝐶𝐵𝑖𝑀

2 𝑥                     

(7) 

 

where 𝑥 is the molar Bi concentration in GaAsBi, 𝐸𝐻𝐻/𝐿𝐻(𝐺𝑎𝐴𝑠) is VBE of GaAs taken as 0 

eV, 𝐸𝐵𝑖 is isolated Bi atomic energy level located below VB of GaAs as –0.183eV [22] and 

𝐶𝐵𝑖𝑀 represents interaction between Bi level and VBE of GaAs. 𝐶𝐵𝑖𝑀 was used as a free 

fitting parameter to match experimental and calculated transition energy results. 

The optical transition energies were calculated using Eq. (1)–(7), and relevant GaAs and GaBi 

materials parameters were taken from Refs. [11,27]. The Bi compositions were taken from 

HR-XRD results given in Fig 1. The corresponding GaAsBi parameters are obtained by linear 

interpolation of the parameters belong to the GaAs and GaBi (Vegard’s law). All parameters 

used in the calculations are summarized in Table 1. Following the determination of the band 

alignment of GaAsBi, optical transition energies were determined using finite QW 

approximation. The calculated band alignment of the GaAsBi alloy is given in Fig 4. 

 



Table 1. The parameters used in the band line-up calculation. The units are given in the 

parenthesis. GaAs and GaAsBi parameters were taken from Ref. [11] and [27], respectively. 

Parameter (Unit) GaAs1-xBix Parameter (Unit) GaAs1-xBix 

a    (Å) 5.653+0.671x ac (eV) -7.17 

EG (eV) 1.519 (x=0) av (eV) -1.16 

C11  

(1011dyn/cm2) 

12.21-4.91x b (eV) -2.0 

C12 (1011dyn/cm2) 5.66-2.39x me (m0) 0.067 

𝛼 (eV) 2.82 (x=0) mhh(m0) 0.35 

𝜅 (eV) 1.01 (x=0) mlh(m0) 0.082 

 

 

It is worth mentioning that we only calculated the band edge of the GaAsBi sample, that is, 

we cannot calculate any other transitions such as excitonic, defect to defect, defect-to-band. 

However, it is well known that low temperature growth of GaAsBi alloys results in localized 

levels below the CBE and above the VBE. Their origin was assigned to alloy 

disorder/fluctuation and/or Bi-related defects [7,19,20,28,29]. Alloy disorder is related to 

inhomogeneity in the distribution of Bi in the GaAsBi layers due to the low growth 

temperature of the alloys. The alloy disorder/fluctuation phenomena affect both CBE and 

VBE, which appears as localization in the band gap [10,28,29]. However, Bi-related defects 

such as Bi-pair or Bi-cluster only appear close to the top of VBE [28,30,31].  Considering 

these facts, we add localized state below CBE and above CBE without calculation and it is 

represented as dashed-line in Fig 4. 



 

Fig. 4  Band line-up and all possible optical transitions in the sample. E1 and EHH are 

quantized energy levels with energies of 17.7meV and 8.3meV in CBE and VBE, 

respectively. The numbered blue lines show the types of the optical transitions. Transitions 

(2), (4) and (6) occur between QW, epilayer and GaAs band edges, respectively, whereas 

transitions (1) and (3) correspond to transitions between localized states.  Transition (T2) is 

between band edge of epilayer and EHH of QW. 

Combining calculation and experimental results, the optical transition ascribed as (1) in Fig 

4 is between localized states inside the QW layer under low excitation intensity, where the 

optical transition energy and FWHM linearly increase. The difference between the two peak 

energies is approximately 30 meV in Fig. 3b, which can be related to Bi-related localized 

energy states. Its value agrees with literature [19, 28–30]. Therefore, we can conclude that 

there are additional transitions to the one between the band edges. When the excitation 

intensity is increased shown as ∆𝐸2 region in Fig. 2b, the possible optical transition 

represented as (2) in Fig. 4 occurs between quantized energy levels in the QW. The best fit 

between experimental and calculated values for the optical transition energy (2) in Fig. 4 is 

obtained by 𝐶𝐵𝑖𝑀 as 2.05 eV as a fitting parameter. The calculated optical transition energy 

between E1 and EHH1 is 1.235 eV, which matches to experimental results. The 𝐶𝐵𝑖𝑀 as 2.05 eV 

is also used to determine optical transition energy of the epilayer. Because, the 𝐶𝐵𝑖𝑀 

parameter is independent of the Bi composition [1,26]. Further increase of the excitation 

intensity given as ∆𝐸3 region in Fig. 2b causes the optical transition energy and FWHM of PL 



spectrum slightly increase. According to our theoretical calculation, the energies of the optical 

transitions between E1-EHH1 and band edges are 1.235 eV and 1.391 eV, which are 

enumerated as (2) and (4) in Fig. 4 for QW and epilayer, respectively. A calculated 1.235 eV 

transition energy well matches to observed PL energy as 1.233 eV. However, a calculated 

1.391 eV transition energy does not match any observed direct transition between CBE and 

VBE. Quantized energy levels, E1 and EHH1, are 17.7 meV and 8.3 meV in QW’s CBE and 

VBE, respectively. Given that the energy difference between E1 and epilayer band edge is 

18.2 meV, so the carriers may transfer from E1 to epilayer band edge under high intensity 

excitation. By adding E1-EHH1 transition to 18.2 meV, the resulting transition energy of 1.253 

eV, which is close to a 1.265 eV optical transition energy, may correlate with the transition 

between CBE of the epilayer and EHH1 of the QW shown as T2 in the Fig. 4, which means that 

this optical transitions are shown as (3) and T2 in Fig. 4 could be associated to an indirect 

transition under higher excitation. 

 

4. Conclusions 

Spatial distribution of Bi atom dependence of optical transition energy is calculated with 

VBAC and VCA mode, including strain-induced effects. The spatial distribution of the Bi 

atom in the alloy is determined with HR-XRD results. PL spectra under low and high 

excitation intensity have asymmetric behavior and optical transition energy FWHM are 

getting larger when the excitation energy is increased. Therefore, PL spectra are fitted with 

two Gaussian functions. Comparing fitted PL results with calculated optical transition 

energies, the optical transitions may occur between; (i) defect/localized state-to-

defect/localized state under low excitation, (ii) band-to-band under moderate excitation, and 

(iii) band edge of the epilayer-to-quantized energy level in VB under high excitation. The 

result (iii), indicates that the optical transition type is type-II. The optical transition type 



switches from type-I to type-II when the excitation intensity is increased due to the spatial 

distribution of the Bi atom. 
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