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GaAs1−xBix/GaNyAs1−y type-II 
quantum wells: novel strain-
balanced heterostructures for 
GaAs-based near- and mid-infrared 
photonics
Christopher A. Broderick1,†, Shirong Jin2, Igor P. Marko2, Konstanze Hild2, Peter Ludewig3, 
Zoe L. Bushell2, Wolfgang Stolz3, Judy M. Rorison1, Eoin P. O’Reilly4,5, Kerstin Volz3 & 
Stephen J. Sweeney2

The potential to extend the emission wavelength of photonic devices further into the near- and mid-
infrared via pseudomorphic growth on conventional GaAs substrates is appealing for a number of 
communications and sensing applications. We present a new class of GaAs-based quantum well (QW) 
heterostructure that exploits the unusual impact of Bi and N on the GaAs band structure to produce 
type-II QWs having long emission wavelengths with little or no net strain relative to GaAs, while also 
providing control over important laser loss processes. We theoretically and experimentally demonstrate 
the potential of GaAs1−xBix/GaNyAs1−y type-II QWs on GaAs and show that this approach offers optical 
emission and absorption at wavelengths up to ~3 µm utilising strain-balanced structures, a first for 
GaAs-based QWs. Experimental measurements on a prototype GaAs0.967Bi0.033/GaN0.062As0.938 structure, 
grown via metal-organic vapour phase epitaxy, indicate good structural quality and exhibit both 
photoluminescence and absorption at room temperature. The measured photoluminescence peak 
wavelength of 1.72 µm is in good agreement with theoretical calculations and is one of the longest 
emission wavelengths achieved on GaAs to date using a pseudomorphically grown heterostructure. 
These results demonstrate the significant potential of this new class of III-V heterostructure for long-
wavelength applications.

The performance of near- and mid-infrared light-emitting devices is limited by intrinsic issues, such as Auger 
recombination, carrier leakage and optical losses, associated with the conventional InP and GaSb (or InAs) mate-
rial platforms upon which they are based. As a result, there has been a proliferation of approaches to developing 
long-wavelength light-emitting devices on GaAs over the past two decades, including quantum dots1 (QDs) and 
type-II2–5, metamorphic6,7 and dilute nitride8–12 (containing nitrogen, N) quantum wells (QWs). This has been 
motivated by the superior properties of GaAs, as well as the potential to exploit vertical-cavity architectures. 
While these approaches have enjoyed some success, their associated limitations have prevented widespread adop-
tion for practical applications: the development of QD devices has been constrained by the difficulty to grow uni-
form, high density QDs, while metamorphic and dilute nitride devices suffer from defect-related recombination 
and are largely limited to wavelengths ≲ 1.55 μm13,14.

More recently, dilute bismide alloys (containing bismuth, Bi) have emerged as a new route to achieving 
long-wavelength light-emitting and -absorbing devices on GaAs substrates15–17. Incorporation of Bi in GaAs to form 
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GaAs1−xBix results in a large reduction Δ Eg of the band gap Eg
18–21 – similar to that in the dilute nitride alloy GaNyAs1−y –  

and additionally to a large increase in the valence band (VB) spin-orbit-splitting energy Δ SO
21,22. It has been 

demonstrated that Δ SO >  Eg for x >  10% with Eg ≈  1.55 μm21,23, making GaAs1−xBix alloys of significant interest for 
GaAs-based telecom-wavelength lasers in which Auger recombination is strongly suppressed15,17,24,25. While electri-
cally pumped lasing at wavelengths up to 1.06 μm has been demonstrated in GaAs1−xBix QW devices (x ≈  6%)25–29, 
extension to longer wavelengths is challenging due to the difficulties associated with the growth of high quality 
strained GaAs1−xBix layers having x ≳  10%24,30.

Here, we demonstrate a new class of GaAs-based III-V heterostructures: type-II QWs based on the dilute 
bismide and nitride alloys GaAs1−xBix and GaNyAs1−y. These structures offer key advantages over existing 
approaches, including the ability to engineer the band structure to achieve long, tunable emission/absorption 
wavelengths and strong carrier confinement, and to do so at lower Bi and N compositions than are required 
separately to reach long wavelengths in more conventional type-I dilute bismide or nitride structures. This also 
simplifies epitaxial growth compared to quaternary GaNyAs1−x−yBix alloys, since co-alloying of Bi and N in GaAs 
is not required31–34. Furthermore, since Bi (N) is significantly larger (smaller) than As, its incorporation in GaAs 
to form GaAs1−xBix (GaNyAs1−y) introduces compressive (tensile) strain when the alloy is grown pseudomorph-
ically on GaAs. This then allows for the growth of strain-balanced type-II QWs on GaAs, in which the holes and 
electrons are respectively confined in compressively strained GaAs1−xBix and tensile strained GaNyAs1−y layers. 
Despite recent progress on GaAs-based type-II structures, strain-balancing of type-II QWs on GaAs has not been 
possible using the (In)Ga(N)As1−xSbx/InyGa1−yAs or GaAs1−xBix/InyGa1−yAs structures investigated to date, since 
all of the alloys employed in these existing structures are compressively strained when grown pseudomorphically 
on GaAs2–5,35,36.

In addition to the scope for heterostructure design made available by strain engineering, the ability to simul-
taneously and independently exploit the unusual band structures of dilute bismide and nitride alloys presents a 
number of additional possibilities to optimise device properties and performance. The strong impact of Bi (N) 
incorporation on the GaAs band structure is known to significantly increase (decrease) the valence (conduction) 
band edge energy, leading to a large type-I band offset for holes (electrons) in GaAs1−xBix/GaAs (GaNyAs1−y/
GaAs) structures11,24,37,38. These effects can, for example, be used to engineer the VB and conduction band (CB) 
offsets across wide ranges in GaAs1−xBix/GaNyAs1−y type-II QWs, presenting the opportunity not only to optimise 
the carrier confinement in a given device structure, but also to mitigate the deleterious effects of non-radiative 
Auger recombination39 and carrier leakage which impede the high temperature performance of conventional 
devices.

Taking these general properties into account, we propose and demonstrate here that GaAs1−xBix/GaNyAs1−y 
type-II structures offer a large, rich design space for band structure engineering and have significant potential for 
applications in GaAs-based near- and mid-infrared photonic devices, complementing their noted potential for 
applications (at shorter wavelengths) in photovoltaics40.

Theoretical Modelling
To quantify the potential of GaAs1−xBix/GaNyAs1−y type-II QWs for long-wavelength emission and absorption, 
we begin by analysing the impact of Bi and N incorporation on the band gap and band offsets (relative to GaAs) in 
pseudomorphically strained layers. The results of these calculations – undertaken using the models and parame-
ters described in Refs 11 and 37 – are summarised in Table 1 for two cases: (i) when x =  y =  1%, and (ii) when the 
magnitude of the in-plane strain |ε||| =  1%. Examining case (i) we note a number of important trends. Firstly, the 
calculated band gap reduction Δ Eg =  159 meV in GaN0.01As0.99 is significantly larger than the 84 meV calculated 
for GaAs0.99Bi0.01. Secondly, while Δ Eg in GaNyAs1−y results almost entirely from the N-induced reduction in the 
CB edge energy (150 meV, 94% of Δ Eg), in GaAs1−xBix Δ Eg has appreciable contributions from the Bi-induced 
increase of the heavy-hole (HH) VB edge energy (65 meV, 77% of Δ Eg) and a decrease of the CB edge energy 
(19 meV, 23% of Δ Eg). The calculated CB and HH offsets Δ ECB and Δ EHH for compressively strained GaAs0.99Bi0.01 
indicate that GaAs1−xBix QWs can confine both electrons and holes24,37, while tensile strained GaNyAs1−y QWs – 
having type-II Δ EHH and small type-I light-hole (LH) band offsets Δ ELH – strongly confine electrons but provide 
only extremely weak confinement of holes41.

1% composition 1% strain

GaAsBi GaNAs GaAsBi GaNAs

Δ Eg (meV) 84 (90) 159 (139) 494 495

Δ ECB (meV) 19 (28) 150 (139) 160 448

Δ ELH (meV) 57 (62) 9 (0) 271 47

Δ EHH (meV) 65 (62) − 4 (0) 334 − 19

Table 1.  Calculated band gap reduction (ΔEg), CB offset (ΔECB), and LH and HH VB offsets (ΔELH and 
ΔEHH) in strained GaAs1−xBix and GaNyAs1−y grown pseudomorphically on GaAs: (i) in GaAs0.99Bi0.01 
and GaN0.01As0.99 (incorporation of 1% Bi or N), and (ii) in GaAs0.915Bi0.085 and GaN0.048As0.952 (under 1% 
compressive or tensile in-plane strain). All values are given relative to unstrained GaAs at room temperature. 
Negative values of Δ EHH indicate a type-II band alignment for HH-like VB states in tensile strained GaNyAs1−y/
GaAs QWs. Values in parentheses are those calculated for unstrained GaAs0.99Bi0.01 and GaN0.01As0.99 
alloys11,37,41.
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Turning to case (ii), we note that while incorporation of 8.5% Bi is required to bring about 1% compressive 
strain in GaAs1−xBix (ε||(x) =  − 0.118x), only 4.8% N is required to bring about 1% tensile strain in GaNyAs1−y 
(ε||(y) =  0.208y). This is a result of the fact that the difference in size between an N and an As atom is larger than 
that between a Bi and an As atom, so that |ε||| in a GaNyAs1−y layer is larger than that in a GaAs1−xBix layer when 
x =  y. We also note from Table 1 that the calculated variation of the band gap Eg as a function of |ε||| is very similar 
in both alloys: an in-plane strain of 1% corresponds in each case to a band gap reduction of approximately 0.5 eV.  
Based on these results it is clear that GaAs1−xBix/GaNyAs1−y structures are well suited to the development of 
type-II QWs: incorporation of Bi or N leads to a large reduction Δ Eg of the band gap, while incorporation of 
Bi (N) generates compressive (tensile) strain and an increase (decrease) of the VB (CB) edge energy, providing 
strong confinement of holes (electrons). This unique combination of properties then allows for the realisation of 
strain-balanced structures offering long-wavelength emission and absorption on GaAs substrates.

The nature and ranges of the band alignment, band offsets and emission wavelengths achievable using 
GaAs1−xBix/GaNyAs1−y structures on GaAs are summarised in Fig. 1(a). The solid (dashed) red line denotes Bi 
and N compositions x and y for which the CB offset Δ ECB (VB offset Δ EVB) is equal in GaAs1−xBix and GaNyAs1−y. 
Above (below) the solid red line Δ ECB is larger (smaller) in GaNyAs1−y than in GaAs1−xBix, while to the right 
(left) of the dashed red line Δ EVB is larger (smaller) in GaAs1−xBix than in GaNyAs1−y. This divides the compo-
sition space into three distinct regions, A, B and C, indicated in Fig. 1(a). Regions A and C correspond to type-I 
band alignment, with electrons and holes confined within either the GaNyAs1−y (region A) or GaAs1−xBix (region 
C) layers. Region B corresponds to type-II band alignment, with holes (electrons) confined in the GaAs1−xBix 
(GaNyAs1−y) layers. In this manner, the solid and dashed red lines in Fig. 1(a) delineate regions in the compo-
sition space corresponding to either type-I or type-II band alignment. Closed red circles denote increases of 
50 meV in the respective band offsets, beginning from zero at x =  y =  0 (GaAs), demonstrating that large band 
offsets can be readily achieved in these structures at modest Bi and N compositions x and y. Solid blue lines in 
region B denote alloy compositions for which Eg in a pseudomorphically strained, bulk-like type-II structure – 
between the GaNyAs1−y CB and GaAs1−xBix VB – is constant. Dashed blues lines denote the same for QW struc-
tures, reflecting the slight changes in the bulk band gaps of the materials forming the QW required to compensate 
for quantum confinement effects (we have assumed a constant confinement energy of 50 meV here, for illustrative 
purposes). These calculations demonstrate that GaAs1−xBix/GaNyAs1−y type-II QWs grown on GaAs can cover an 
extremely broad spectral range, providing emission and absorption at wavelengths through the near-infrared to 
mid-infrared wavelengths > 3 μm.

A key consideration for device design and fabrication is that the strain-thickness limits associated with each of 
the materials forming the device structure are not exceeded during epitaxial growth. To quantify these limits and 
provide criteria for the growth of high quality strained layers and QWs, we have calculated the critical thickness tc 
associated with GaAs1−xBix and GaNyAs1−y alloys grown pseudomorphically on GaAs. The critical thickness of a 
strained layer, beyond which the layer becomes metastable and gives way to plastic relaxation, can be determined 
as the root of the nonlinear equation42–44

Figure 1. (a) Composition space map showing regions of type-I (A and C) and type-II (B) band alignment, as 
well as the emission wavelengths accessible using GaAs1−xBix/GaNyAs1−y type-II QWs grown on GaAs. Details 
are provided in the text. (b) Variation of the critical thickness tc as a function of Bi and N composition, 
calculated for strained GaAs1−xBix (solid red line) and GaNyAs1−y (solid blue line) epitaxial layers grown on a 
GaAs substrate. The GaAs1−xBix and GaNyAs1−y layers are respectively under compressive (ε|| <  0) and tensile 
(ε|| >  0) strain. (c) Calculated variation of the ratio t

t
2

1
 of the thicknesses t1 and t2 of strained GaAs1−xBix and 

GaNyAs1−y epitaxial layers as a function of the ratio y
x
 of the N and Bi compositions, required to achieve a strain-

balanced GaAs1−xBix/GaNyAs1−y structure on GaAs (solid blue line). The closed green circle describes the 
GaAs0.967Bi0.033/GaN0.062As0.938 type-II structure upon which our experimental measurements were performed.
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Our analysis of tc is summarised in Fig. 1(b), which shows the calculated variation of tc with Bi and N com-

position (x and y) for GaAs1−xBix (solid red line) and GaNyAs1−y (solid blue line) layers grown pseudomorph-
ically on GaAs. In both cases tc decreases rapidly with increasing composition, as |ε||| increases. We note that tc 
at fixed composition (x =  y) is lower in GaNyAs1−y than in GaAs1−xBix, reaching values <  10 nm in GaNyAs1−y 
(GaAs1−xBix) for y >  9% (x >  15%). These trends are primarily related to the variation of |ε||| with composition, 
since σ is largely unchanged by Bi or N incorporation. As such, the calculated trends in tc can be understood 
on the basis that |ε||| is larger in GaNyAs1−y than in GaAs1−xBix when x =  y, leading in general to lower tc in 
GaNyAs1−y. Using Eq. (1) we estimate a strain-thickness limit ~23 nm % for GaAs1−xBix and GaNyAs1−y layers on 
GaAs. This estimate is similar to the known strain-thickness limit for InxGa1−xAs layers grown on GaAs, a finding 
which is consistent with recent structural analysis of GaAs1−xBix epitaxial layers45. We note that the compositions 
at which tc becomes sufficiently low to prohibit the growth of QWs (<10 nm) are significantly higher than those 
required to achieve long-wavelength emission (cf. Fig. 1(b)). This indicates that GaAs1−xBix/GaNyAs1−y type-II 
QWs can be grown well within strain-thickness limits by ensuring that moderate compositions x and y are incor-
porated in the respective layers, instead of relying solely on either large x or y to achieve long-wavelength emission 
in a type-I structure. Compared to more commonly used approaches – e.g. that of People and Bean46 – we note 
that Eq. (1) tends to predict values of tc that are generally lower, but which are nonetheless in good agreement 
with experimental measurements performed on III-V semiconductors42,43. As such, the values of tc described 
here should be considered conservative estimates intended to guide the growth of high quality strained layers, 
as opposed to hard limits denoting the onset of plastic relaxation. Indeed, structural investigations have revealed 
relatively high material quality in GaAs1−xBix and (In)GaNyAs1−y epitaxial layers and multi-QW structures grown 
beyond estimated tc values45,47, suggesting that the growth of high quality GaAs1−xBix/GaNyAs1−y structures is 
unlikely to be impaired by strain-thickness limitations.

Having described the band alignment, band offsets, emission/absorption wavelengths and strain-thickness 
limitations associated with GaAs1−xBix/GaNyAs1−y QWs, we now turn our attention to strain-balanced structures. 
Two epitaxially strained layers – having thicknesses t1 and t2 – are strain-balanced when their average in-plane 
stress vanishes, in which case it can be shown that48
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Given, for example, a GaAs1−xBix layer of specified composition x and thickness t1, Eq. (2) can be used to 

determine the thickness t2 and composition y of a GaNyAs1−y layer required to achieve a strain-balanced struc-
ture. We can therefore obtain a simple relationship between the layer thicknesses and compositions required to 
grow strain-balanced GaAs1−xBix/GaNyAs1−y QWs on GaAs. To do so we begin by noting from Eq. (2) that, for a 
strain-balanced structure, (i) t2 depends linearly on t1, and (ii) the dependence of t2 on x is determined by εA

al

1 ,1
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, 

which varies approximately linearly with x37. The variation of the ratio of the layer thicknesses t
t
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1
 as a function the 

ratio of their compositions y
x
 is then approximately independent of t1 and x, provided that any bowing of the alloy 

lattice and elastic constants is small. As such, all strain-balanced structures lie on or close to the t
t
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1
 vs. y

x
 curve 

calculated for any choice of t1 and x. The variation of t
t
2

1
 as a function of y

x
 calculated via Eq. (2) in this manner is 

depicted by the solid blue line in Fig. 1(c). This provides strict criteria for the growth of strain-balanced struc-
tures: the layer thicknesses t1 and t2 and compositions x and y for a given structure must be related in such a way 
that they lie on or close to this curve in the ‐y

x
t
t
2

1
 plane, in order to minimise the average in-plane stress.

Figure 1(c) describes that strain-balanced structures are those in which the compressive strain in a GaAs1−xBix 
layer is compensated by the tensile strain in a GaNyAs1−y layer which is typically thinner (t1 >  t2) or has lower N 
composition (x >  y). For example, given layers of equal thickness (t1 =  t2) it is required that x >  y to achieve a 
strain-balanced structure. Similarly, given layers having equal Bi and N compositions (x =  y) it is required that 
t1 >  t2 to achieve a strain-balanced structure. These two cases are depicted respectively by the closed red and black 
circles in Fig. 1(c), which indicate that a structure having t1 =  t2 (x =  y) requires y ≈  0.56x (t2 ≈  0.54t1) to be 
strain-balanced. Structures lying, for example, above the t

t
2

1
 vs. y

x
 curve in Fig. 1(c) are those in which the compres-

sive strain in the GaAs1−xBix layer is insufficient to compensate the tensile strain in the GaNyAs1−y layer, indicating 
the presence of net tensile in-plane stress in the structure.

Sample Growth and Characterisation
A prototype GaAs1−xBix/GaNyAs1−y type-II multi-QW structure was grown on a semi-insulating (001) GaAs 
substrate by metal-organic vapour phase epitaxy (MOVPE)49,50. Growth took place at a temperature of 400 °C in 
an AIX 200-GFR reactor, using Pd-purified H2 as the carrier gas at a reactor pressure of 50 mbar. Triethylgallium 
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(TEGa), tertiarybutylarsine (TBAs), trimethylbismuth (TMBi) and unsymmetrical dimethylhydrazine (UDMHy) 
were used as precursors for Ga, As, Bi and N respectively, since these decompose at the low growth temperatures 
required for Bi and N incorporation30. A schematic of the grown structure is provided in Fig. 2(a). The layer thick-
nesses and compositions were confirmed by a dynamical modelling fit to measured high-resolution x-ray diffrac-
tion (XRD) ω −  2θ scans, taken about the GaAs (004) reflection. The measured and simulated XRD patterns are 
shown in Fig. 2(b) using solid blue and red lines, respectively. The presence of sharp fringes in the measured XRD 
pattern indicates high structural quality, while precise agreement with the simulated pattern indicates conformity 
to the expected layer ordering, compositions and strains. This prototype structure is represented by the closed 
green circle in Fig. 1(c): our theoretical calculations indicate that the GaAs0.967Bi0.033/GaN0.062As0.938 QWs in this 
structure have type-II band alignment (cf. Fig. 1(a)) but that the overall structure, while strain-compensated, is 
not strain-balanced, since the thick GaN0.062As0.938 layer(s) result in a net tensile in-plane stress in the type-II QW.

Experimental Measurements
The measured room temperature photoluminescence (PL) and optical absorption spectra for the MOVPE-grown 
structure depicted in Fig. 2(a) are shown in Fig. 2(c) using solid blue and red lines, respectively. The PL was gener-
ated using a continuous wave diode-pumped solid-state laser (λ =  532 nm, P =  500 mW, beam diameter ~2 mm). 
The PL was collected using a Spex 1000 M spectrometer and liquid nitrogen cooled InGaAs detector connected 
to a lock-in amplifier. The absorption spectrum was obtained via transmission measurements, using an Agilent 
Cary 5000 characterisation system. The calculated e1-hh1 transition energy of 0.74 eV (1.68 μm) for this structure 
– computed using a reciprocal space plane wave implementation24,41 of a 14-band k · p Hamiltonian that treats 
the localised states associated with Bi and N on par with the VB and CB edge states of the GaAs host matrix ,  
and which has been parametrised directly using atomistic electronic structure calculations24,34 – in close agree-
ment with the measured PL peak at 0.72 eV (1.72 μm). The calculated VB and CB offsets for this structure are Δ 
EVB =  199 meV and Δ ECB =  531 meV (in the GaAs1−xBix and GaNyAs1−y layers, respectively), indicating strong 
carrier confinement. We note that the observed linear increase in (αt)2 between 1.6 and 1.8 μm is consistent with 
the band-to-band transition identified by the PL measurements.

These measurements suggest that the optical efficiency of the structure is relatively low. This is in line with our 
theoretical analysis of the optical transition strengths (to be discussed below), and is confirmed by the high pump 
power required to obtain a measurable PL signal, as well as the generally weak optical absorption. The noise in the 
measured absorption spectrum is likely related to (i) absorption by air and/or water vapour (at wavelengths close 
to 1.9 μm), and (ii) the relatively low thickness of the sample (an optimised structure would include many more 
type-II QW repeats). The observed low optical efficiency is linked to the material quality (which has not yet been 
optimised), and to the low electron-hole spatial overlap, which results in relatively low optical transition strengths 
in a type-II structure. Indeed, as is generally the case for dilute bismide and nitride materials, the epitaxial growth 
is relatively immature in comparison to more conventional semiconductor alloys and, hence, optimisation of the 
growth is required to improve the material quality and optical efficiency. In particular, the presence of short-range 
alloy disorder, associated with Bi and N clustering, has important consequences for the optical properties, giv-
ing rise, for example, to extended Urbach (low-energy) tails in measured PL spectra for GaAs1−xBix and (In)
GaNyAs1−y alloys and heterostructures51–53. The overall character of the measured PL spectrum, which lacks a 
pronounced high-energy tail as might be expected for a QW heterostructure, is attributed to contributions to the 
measured PL from localised states lying below the fundamental (e1-hh1) band-to-band transition in energy54,55. 
Finally, we note that the observed strong inhomogeneous spectral broadening of the measured PL and absorption 

Figure 2. (a) Schematic illustration of the MOVPE-grown prototype structure. The active region consists of five 
type-II GaAs0.967Bi0.033/GaN0.062As0.938 QWs, having respective GaAs1−xBix and GaNyAs1−y layer thicknesses of 
10.5 and 9.2 nm – depicted by the closed green circle in Fig. 1(c) – separated by 18.6 nm thick GaAs barriers. (b) 
High-resolution XRD patterns for the structure described by (a), measured (solid blue line) and simulated (solid 
red line) about the GaAs (004) reflection. (c) Measured room temperature PL (500 mW pump power; solid 
blue line) and squared product (αt)2 of the optical absorption α and propagation length t (from transmission 
measurements; solid red line), for the structure described in (a).
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edge is consistent with previous experimental and theoretical analyses of the impact of Bi- and N-related alloy 
disorder on the electronic and optical properties of GaAs1−xBix and GaNyAs1−y alloys38,54,55.

Despite these issues, we emphasise that the optical efficiency is sufficient to enable the generation of observable 
room temperature PL: this is encouraging as an initial demonstration of the potential of GaAs1−xBix/GaNyAs1−y 
type-II QWs for the development of long-wavelength emitters and absorbers. We further note that the PL peak 
wavelength of 1.72 μm is one of the longest emission wavelengths achieved to date using a pseudomorphically 
grown GaAs-based QW heterostructure, confirming the strong potential of this new class of III-V heterostruc-
ture as a platform to develop GaAs-based light-emitting and -absorbing devices operating in the near- and 
mid-infrared.

Routes to Optimised Devices
Given the large and flexible design space suggested by our theoretical calculations (cf. Fig. 1), as well as the 
promising initial experimental results described above for an unoptimised prototype structure, we now con-
sider the potential to engineer and optimise the properties and performance of GaAs1−xBix/GaNyAs1−y type-II 
structures. Based on the understanding of type-II QWs that has emerged from the development of devices such 
as mid-infrared diode and cascade lasers, it is clear that this optimisation will consist of careful heterostruc-
ture design which (i) increases the electron-hole spatial overlap to enhance the optical transition strengths, (ii) 
engineers the VB and CB offsets to provide good carrier confinement, (iii) exploits strain-balancing to facilitate 
growth of a large number of QWs, and (iv) implements strategies to mitigate key loss mechanisms such as Auger 
recombination and thermal carrier leakage. Structures optimised in a manner that accounts for these issues can 
be expected to possess a combination of high overall efficiency and temperature stability which, when combined 
with their ability to form strain-balanced superlattices on GaAs, makes them highly attractive for a range of 
applications. We address each of these issues in turn, describing how GaAs1−xBix/GaNyAs1−y QWs offer broad 
potential to address each, thereby offering the ability to significantly expand the spectral reach and capabilities of 
the GaAs material platform.

The low electron-hole spatial overlap in type-II QWs gives rise to low optical transition strengths and is hence 
an important factor determining the performance of GaAs1−xBix/GaNyAs1−y structures as emitters or absorbers 
of light. To design structures suitable for practical applications careful consideration must therefore be given to 
optimising the carrier confinement, in order to maximise the optical transition strengths. While a detailed the-
oretical optimisation is beyond the scope of the current work, we demonstrate here the potential to enhance the 
optical efficiency of GaAs1−xBix/GaNyAs1−y type-II QWs by considering the optical transition strengths associated 
with the fundamental (TE-polarised) e1-hh1 transition in selected structures. Our calculations, which are based 
on the aforementioned extended basis set 14-band k · p Hamiltonian34, use the Bi- and N-hybridised QW eigen-
states explicitly to achieve a quantitative description of the optical transition strengths for a given structure24,25, 
following the general formalism of Ref. 56. For consistency with our previous analyses11,24, the optical transition 
strengths are described here in units of energy.

Considering a single QW repeat of the (unoptimised) prototype structure (cf. Fig. 2(a)), we compute an opti-
cal transition strength ~10−2 eV, reflecting the low electron-hole spatial overlap. Routes to increasing the optical 
transition strength of this QW include (i) forming “W-type” QWs57, and (ii) reducing the layer thicknesses. 
Firstly, to quantify the impact of (i) we consider a W-type structure formed by sandwiching the GaAs0.967Bi0.033 
layer of the prototype structure between two GaN0.062As0.938 layers of thickness = .4 6t

2
2  nm (so that the  

total thickness t2 of the GaNyAs1−y layers is equal to that of the prototype structure). The calculated strength of the 
e1-hh1 optical transition in this structure is approximately 0.3 eV, an order of magnitude increase for layers hav-
ing the same composition and strain as in the prototype structure, reflecting the fact that a W-type QW – a struc-
ture commonly employed in high-performance mid-infrared interband cascade lasers58 – markedly increases the 
electron-hole spatial overlap by enabling penetration of the e1 envelope function from the dilute nitride layers 
into the central (hole-confining) dilute bismide layer. Secondly, we quantify the impact of (ii) by beginning with 
the aforementioned W-type structure and reducing the thickness of the central GaAs0.967Bi0.033 layer by a factor of 
two ( → = .t 5 25t

1 2
1  nm). This increases the calculated optical transition strength to approximately 1.1 eV, a fur-

ther significant increase reflecting the increased electron-hole spatial overlap due to penetration of the hh1 enve-
lope function into the surrounding (electron-confining) dilute nitride layers. We note that, in addition to the 
significant improvements that can be brought about by optimising the carrier confinement in this manner, further 
enhancement of the optical efficiency can be expected in electrically pumped QWs where high carrier densities 
will give rise to electrostatic attraction between electrons and holes in adjacent layers, thereby increasing their 
spatial overlap41,59,60.

Turning our attention to Auger recombination, we recall that for (In)GaAs1−xBix alloys and type-I QWs grown 
on GaAs and InP substrates it has been proposed to use Bi incorporation to obtain a band structure in which  
Δ SO >  Eg, thereby exploiting conservation of energy to eliminate the dominant Auger recombination process 
involving the spin-split-off VB15–17,61,62. Due to the aforementioned reduction in the Bi and N compositions 
required to obtain long-wavelength emission in GaAs1−xBix/GaNyAs1−y type-II QWs, a band structure having 
Δ SO >  Eg is not generally present. Nonetheless, the spatially separated carrier confinement in type-II structures 
fundamentally changes the nature of the Auger recombination compared to that in bulk materials or in type-I 
QWs, providing alternative pathways to suppression: detailed theoretical analysis39 has demonstrated that the 
interplay of hot-electron and -hole producing Auger processes, as well as the ability to manipulate the rates of 
these processes via engineering of the band offsets, provides significant scope for optimisation of the properties 
and performance of type-II structures. Recalling that incorporation of Bi and N respectively gives significant con-
trol over the inherently large VB and CB offsets, the presence of strongly tunable band offsets and energy gaps in 
GaAs1−xBix/GaNyAs1−y type-II QWs then introduces significant possibilities to simultaneously promote radiative 
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recombination of carriers and mitigate Auger recombination, thereby enhancing the overall efficiency. Thus, 
when combined with the potential to bring about strong carrier confinement and reduced carrier leakage at high 
temperatures through engineering of the band offsets, our analysis indicates that the properties of GaAs1−xBix/
GaNyAs1−y structures can be engineered to mitigate the impact of key temperature-dependent loss mechanisms 
and hence realise highly efficient, temperature stable photonic devices.

While we have experimentally demonstrated that long-wavelength emission and absorption can readily be 
obtained from GaAs1−xBix/GaNyAs1−y type-II QWs, further work is required to optimise the growth of these 
structures in order to demonstrate practical operation of a long-wavelength device. Similar efforts for GaAs1−xBix 
and (In)GaNyAs1−y(Sb) heterostructures have led to electrically pumped lasers with good characteristics25,63. 
Based on the initial results presented here, we propose that this is an achievable goal for GaAs1−xBix/GaNyAs1−y 
type-II QWs: improvements in material quality can be expected in line with (i) ongoing developments in the epi-
taxial growth of dilute bismide and nitride heterostructures, and (ii) the possibility to grow strain-balanced struc-
tures. In practice, a combination of approaches – W-type QWs, optimised layer thicknesses, carefully engineered 
band offsets, and strain-balancing to enable growth of a large number of QWs – will likely be required to real-
ise optimised long-wavelength photodetectors and electrically pumped lasers based on GaAs1−xBix/GaNyAs1−y 
type-II structures. Overall, our results suggest that the properties and performance of GaAs1−xBix/GaNyAs1−y 
type-II QWs are highly engineerable, and that the large design space afforded by the inherently flexible band 
structure of this class of heterostructures provides a number of routes to achieve optimised device structures for 
applications in near- and mid-infrared photonic devices.

Conclusion
In conclusion, we have presented a theoretical and experimental study of GaAs-based type-II QWs incorpo-
rating the highly-mismatched III-V semiconductor alloys GaAs1−xBix and GaNyAs1−y. We have used theoret-
ical calculations to elucidate the potential to flexibly design GaAs1−xBix/GaNyAs1−y type-II QWs in terms of 
(i) the ranges of strain and emission wavelength accessible via pseudomorphic growth on GaAs substrates, (ii) 
the intrinsic strain-thickness limitations of GaAs1−xBix and GaNyAs1−y alloys, and (iii) criteria for achieving 
type-II band alignment and strain-balanced structures. We have demonstrated MOVPE growth of a prototypi-
cal GaAs0.967Bi0.033/GaN0.062As0.938 type-II QW, the high structural quality of which has been confirmed by XRD 
measurements. Spectroscopic measurements have demonstrated the presence of long-wavelength room temper-
ature PL and optical absorption at 1.72 μm, which is one of the longest emission wavelengths achieved to date 
using a pseudomorphic heterostructure grown on GaAs. Through our combined theoretical and experimental 
analysis we have highlighted the extremely rich design space offered by GaAs1−xBix/GaNyAs1−y type-II QWs, 
and have described that careful heterostructure design can enable significant enhancements in optical efficiency, 
particularly in W-type structures. The ability to readily engineer the properties of these structures is also expected 
to provide an effective route to mitigate limitations in performance associated with Auger recombination and 
carrier leakage which, when combined with the ability to grow strain-balanced QWs and superlattices, suggests 
that this material concept is highly suited to the development of efficient and temperature stable light-emitting 
and -absorbing devices. We conclude that this new and highly versatile class of III-V heterostructures displays 
significant promise for applications in GaAs-based near- and mid-infrared photonic devices.

References
1. Crowley, M. T., Naderi, N. A., Su, H., Grillot, F. & Lester, L. F. GaAs based quantum dot lasers. Semicond. and Semimet. 86, 371 

(2012).
2. Klem, J. F., Blum, O., Kurtz, S. R., Fritz, I. J. & Choquette, K. D. GaAsSb/InGaAs type-II quantum wells for long-wavelength lasers 

on GaAs substrates. J. Vac. Sci. Technol. B 18, 1605 (2000).
3. Yeh, J.-Y. et al. Long wavelength emission of InGaAsN/GaAsSb type II “W” quantum wells. Appl. Phys. Lett. 88, 051115 (2006).
4. Berger, C. et al. Novel type-II material system for laser applications in the near-infrared regime. AIP Advances 5, 047105 (2015).
5. Fuchs, C. et al. Electrical injection type-II (GaIn)As/Ga(AsSb)/(GaIn)As single ‘W’-quantum well laser at 1.2 μm. Electron. Lett. 52, 

1875 (2016).
6. Kurakake, H., Uchida, T., Higashi, T., Ogita, S. & Kobayashi, M. 1.3 μm high T0 strained MQW laser with AlInGaAs SCH layers on 

a hetero-epitaxial InGaAs buffer layer. Proceedings of the 15th IEEE International Semiconductor Laser Conference, 71 (1996).
7. Arai, M., Kobayashi, W. & Kohtoku, M. 1.3-μm-range metamorphic InGaAs laser with high characteristic temperature for low 

power consumption operation. IEEE J. Sel. Top. Quantum Electron. 19, 1502207 (2013).
8. Kondow, M. et al. GaInNAs: a novel material for long-wavelength semiconductor lasers. IEEE J. Sel. Top. Quantum Electron. 3, 719 

(1997).
9. Livshits, D. A., Egorov, A. Y. & Riechert, H. 8 W continuous wave operation of InGaAsN lasers at 1.3 μm. Electron. Lett. 36, 1381 

(2000).
10. Steinle, G., Riechert, H. & Egorov, A. Y. Monolithic VCSEL with InGaAsN active region emitting at 1.28 μm and CW output power 

exceeding 500 μW at room temperature. Electron. Lett. 37, 632 (2001).
11. Tomić, S. et al. Theoretical and experimental analysis of 1.3-μm InGaNAs/GaAs lasers. IEEE. J. Sel. Top. Quantum Electron. 9, 1228 

(2003).
12. Bank, S. R. et al. Room-temperature continuous-wave 1.55 μm GaInNAsSb laser on GaAs. Electron. Lett. 42, 156 (2006).
13. Fehse, R. et al. A quantitative study of radiative, Auger, and defect related recombination processes in 1.3-μm GaInNAs-based 

quantum-well lasers. IEEE J. Sel. Top. Quantum Electron. 8, 801 (2002).
14. Bogusevschi, S., Broderick, C. A. & O’Reilly, E. P. Theory and optimization of 1.3 μm metamorphic quantum well lasers. IEEE J. 

Quantum Electron. 52, 2500111 (2016).
15. Sweeney, S. J. Bismide-alloys for higher efficiency infrared semiconductor lasers. Proceedings of the 22nd IEEE International 

Semiconductor Laser Conference 111 (2010).
16. Sweeney, S. J. Light emitting semiconductor device. Patent no. WO2010149978 A1 (filed: June 25, 2010, issued: December 29, 2010).
17. Broderick, C. A., Usman, M., Sweeney, S. J. & O’Reilly, E. P. Band engineering in dilute nitride and bismide semiconductor lasers. 

Semicond. Sci. Technol. 27, 094011 (2012).
18. Francoeur, S. et al. Band gap of GaAs1−xBix, 0 <  × <  3.6%. Appl. Phys. Lett. 82, 3874 (2003).
19. Tixier, S. et al. Molecular beam epitaxy growth of GaAs1−xBix. Appl. Phys. Lett. 82, 2245 (2003).



www.nature.com/scientificreports/

8Scientific RepoRts | 7:46371 | DOI: 10.1038/srep46371

20. Alberi, K. et al. Valence-band anticrossing in mismatched III-V semiconductor alloys. Phys. Rev. B 75, 045203 (2007).
21. Batool, Z. et al. The electronic band structure of GaBiAs/GaAs layers: Influence of strain and band anti-crossing. J. Appl. Phys. 111, 

113108 (2012).
22. Fluegel, B. et al. Giant spin-orbit bowing in GaAs1−xBix. Phys. Rev. Lett. 97, 067205 (2006).
23. Usman, M., Broderick, C. A., Lindsay, A. & O’Reilly, E. P. Tight-binding analysis of the electronic structure of dilute bismide alloys 

of GaP and GaAs. Phys. Rev. B 84, 245202 (2011).
24. Broderick, C. A., Harnedy, P. E. & O’Reilly, E. P. Theory of the electronic and optical properties of dilute bismide quantum well 

lasers. IEEE J. Sel. Top. Quant. Electron. 21, 1503313 (2015).
25. Marko, I. P. et al. Optical gain in GaAsBi/GaAs quantum well diode lasers. Sci. Rep. 6, 28863 (2016).
26. Ludewig, P. et al. Electrical injection Ga(AsBi)/(AlGa)As single quantum well laser. Appl. Phys. Lett. 102, 242115 (2013).
27. Marko, I. P. et al. Physical properties and optimization of GaBiAs/(Al)GaAs based near-infrared laser diodes grown by MOVPE with 

up to 4.4% Bi. J. Phys. D: Appl. Phys. 47, 345103 (2014).
28. Fuyuki, T., Yoshida, K., Yoshioka, R. & Yoshimoto, M. Electrically pumped room-temperature operation of GaAs1−xBix laser diodes 

with low-temperature dependence of oscillation wavelength. Appl. Phys. Express 7, 082101 (2014).
29. Butkutė, R. et al. Multi-quantum well Ga(AsBi)/GaAs laser diodes with more than 6% of bismuth. Electron. Lett. 50, 1155 (2014).
30. Beyer, A., Stolz, W. & Volz, K. Metastable cubic zinc-blende III/V semiconductors: growth and structural characteristics. Prog. Cryst. 

Growth Charact. Mater. 61, 46 (2015).
31. Yoshimoto, M., Huang, W., Feng, G., Tanaka, Y. & Oe, K. Molecular-beam epitaxy of GaNAsBi layer for temperature-insensitive 

wavelength emission. J. Cryst. Growth 301–302, 975 (2007).
32. Bushell, Z. L. et al. Growth and characterisation of Ga(AsNBi) alloy by metal-organic vapour phase epitaxy. J. Cryst. Growth 396, 79 

(2014).
33. Sweeney, S. J. & Jin, S. R. Bismide-nitride alloys: Promising for efficient light emitting devices in the near- and mid-infrared. J. Appl. 

Phys. 113, 043110 (2013).
34. Broderick, C. A., Usman, M. & O’Reilly, E. P. Derivation of 12 and 14-band k·p Hamiltonians for dilute bismide and bismide-nitride 

alloys. Semicond. Sci. Technol. 28, 125025 (2013).
35. Pan, W. et al. Optical properties and band bending of InGaAs/GaAsBi/InGaAs type-II quantum well grown by gas source molecular 

beam epitaxy. J. Appl. Phys. 120, 105702 (2016).
36. Lammers, C. et al. Gain spectroscopy of a type-II VECSEL chip. Appl. Phys. Lett. 109, 232107 (2016).
37. Broderick, C. A. et al. Determination of type-I band offsets in GaBixAs1−x quantum wells using polarisation-resolved photovoltage 

spectroscopy and 12-band k·p calculations. Semicond. Sci. Technol. 30, 094009 (2015).
38. O’Reilly, E. P., Lindsay, A., Klar, P. J., Polimeni, A. & Capizza, M. Trends in the electronic structure of dilute nitride alloys. Semicond. 

Sci. Technol. 24, 033001 (2009).
39. Zegrya, G. G. & Andreev, A. D. Mechanism of suppression of Auger recombination processes in type-II heterostructures. Appl. Phys. 

Lett. 67, 2681 (1995).
40. Hwang, J. & Phillips, J. D. Band structure of strain-balanced GaAsBi/GaAsN superlattices on GaAs. Phys. Rev. B 83, 195327 (2011).
41. Healy, S. B. & O’Reilly, E. P. Influence of electrostatic confinement on optical gain in GaInNAs quantum-well lasers. IEEE J. Quant. 

Electron. 42, 608 (2006).
42. Voisin, P. Heterostructures of lattice mismatched semiconductors: fundamental aspects and device perspectives. Proc. SPIE 861, 88 

(1988).
43. O’Reilly, E. P. Valence band engineering in strained-layer structures. Semicond. Sci. Technol. 4, 121 (1989).
44. Tomić, S. & O’Reilly, E. P. Optimization of material parameters in 1.3-μm InGaAsN-GaAs lasers. IEEE Photon. Tech. Lett. 15, 6 

(2003).
45. Richards, R. D. et al. MBE grown GaAsBi/GaAs multiple quantum well structures: structural and optical characertization. J. Cryst. 

Growth 425, 237 (2015).
46. People, R. & Bean, J. C. Calculation of critical layer thickness verses lattice mismatch for GexSi1−x/Si strained-layer heterostructures. 

Appl. Phys. Lett. 47, 322 (1985).
47. Ha, W. et al. Multiple-quantum-well GaInNAs-GaNAs ridge-waveguide laser diodes operating out to 1.4 μm. IEEE Photon. Tech. 

Lett. 14, 591 (2002).
48. Ekins-Daukes, N. J., Kawaguchi, K. & Zhang, J. Strain-balanced criteria for multiple quantum well structures and its signature in 

x-ray rocking curves. Cryst. Growth Des. 2, 287 (2002).
49. Ludewig, P., Knaub, N., Stolz, W. & Volz, K. MOVPE growth of Ga(AsBi)/GaAs multi quantum well structures. J. Cryst. Growth 370, 

186 (2013).
50. Ludewig, P. et al. Growth of Ga(AsBi) on GaAs by continuous flow MOVPE. J. Cryst. Growth 396, 95 (2014).
51. Gogineni, C., Riordan, N. A., Johnson, S. R., Lu, X. & Tiedje, T. Disorder and the Urbach edge in dilute bismide GaAsBi. Appl. Phys. 

Lett. 103, 041110 (2013).
52. Buyanova, I. A., Chen, W. M., Monemar, B., Xin, H. P. & Tu, C. W. Effect of growth temperature on photoluminescence of GaNAs/

GaAs quantum well structures. Appl. Phys. Lett. 75, 3781 (1999).
53. Tan, S. L. et al. Improved optoelectronic properties of rapid thermally annealed dilute nitride GaInNAs photodetectors. J. Electron. 

Mater. 41, 3393 (2012).
54. Imhof, S. et al. Clustering effects in Ga(AsBi). Appl. Phys. Lett. 96, 13115 (2010).
55. Usman, M. et al. Impact of alloy disorder on the band structure of compressively strained GaBixAs1−x. Phys. Rev. B 87, 115104 

(2013).
56. Szmulowicz, F. Derivation of a general expression for the momentum matrix elements within the envelope-function approximation. 

Phys. Rev. B 51, 1613 (1995).
57. Meyer, J. R., Hoffman, C. A. & Bartoli, F. J. Type-II quantum well lasers for the mid-wavelength infrared. Appl. Phys. Lett. 67, 757 

(1995).
58. Vurgaftman, I. et al. Mid-IR type-II interband cascade lasers. IEEE J. Sel. Top. Quantum Electron. 17, 1435 (2011).
59. Liu, G. & Chuang, S.-L. Modeling of Sb-based type-II quantum cascade lasers. Phys. Rev. B 65, 165220 (2002).
60. Zhao, H., Arif, R. A. & Tansu, N. Self-consistent gain analysis of type-II ‘W’ InGaN-GaNAs quantum well lasers. J. Appl. Phys. 104, 

043104 (2008).
61. Jin, S. R. & Sweeney, S. J. InGaAsBi alloys on InP for efficient near- and mid-infrared light emitting devices. J. Appl. Phys. 114, 

213103 (2013).
62. Broderick, C. A., Xiong, W. & Rorison, J. M. Theory of InGaBiAs dilute bismide alloys for highly efficient InP-based mid-infrared 

semiconductor lasers. Proceedings of the 16th International Conference on Numerical Simulation of Optoelectronic Devices (2016).
63. Bank, S. R. et al. Recent progress on 1.55-μm dilute-nitride lasers. IEEE J. Quantum Electron. 43, 773 (2007).

Acknowledgements
This work was supported by the Engineering and Physical Sciences Research Council, U.K. (EPSRC; project nos 
EP/K029665/1, EP/H005587/1, and EP/H050787/1), Science Foundation Ireland (SFI; project no. 15/IA/3082), 
the Technology Strategy Board, U.K. (TSB; project no. TP-341 AF045L), the German Science Foundation (DFG; 



www.nature.com/scientificreports/

9Scientific RepoRts | 7:46371 | DOI: 10.1038/srep46371

project no. GRK 1782, “Functionalization of Semiconductors”), and the European Commission (project no. 
FP7-257974, “BIANCHO”). The data associated with this work are accessible via the online repositories of the 
Universities of Bristol and Surrey (http://data.bris.ac.uk, http://epubs.surrey.ac.uk/813792).

Author Contributions
C.A.B. led the theoretical analysis and the writing of the manuscript. S.J. contributed to the theoretical analysis 
and writing of the draft manuscript. I.P.M. and K.H. performed the optical characterisation experiments and 
analysed the experimental data. P.L. and Z.L.B. performed the epitaxial growth of the prototype structure and 
the structural characterisation experiments, and analysed the experimental data. W.S. and K.V. secured funding 
to support this work, and oversaw and contributed to the epitaxial growth and structural characterisation 
experiments. J.M.R. and E.P.O’R. secured funding to support this work, and oversaw and contributed to the 
theoretical analysis. S.J.S. secured funding to support this work, drove forward the design concepts, and oversaw 
and contributed to the experimental analysis. All authors contributed to the writing of the manuscript, and 
reviewed the manuscript prior to submission.

Additional Information
Competing Interests: The authors declare no competing financial interests.
How to cite this article: Broderick, C. A. et al. GaAs1−xBix/GaNyAs1−y type-II quantum wells: novelstrain-
balanced heterostructures for GaAs-based near- and mid-infrared photonics. Sci. Rep. 7, 46371; doi: 10.1038/
srep46371 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://data.bris.ac.uk
http://epubs.surrey.ac.uk/813792
http://creativecommons.org/licenses/by/4.0/

	GaAs1−xBix/GaNyAs1−y type-II quantum wells: novel strain-balanced heterostructures for GaAs-based near- and mid-infrared ph ...
	Theoretical Modelling
	Sample Growth and Characterisation
	Experimental Measurements
	Routes to Optimised Devices
	Conclusion
	Acknowledgements
	Author Contributions
	Figure 1.  (a) Composition space map showing regions of type-I (A and C) and type-II (B) band alignment, as well as the emission wavelengths accessible using GaAs1−xBix/GaNyAs1−y type-II QWs grown on GaAs.
	Figure 2.  (a) Schematic illustration of the MOVPE-grown prototype structure.
	Table 1.   Calculated band gap reduction (ΔEg), CB offset (ΔECB), and LH and HH VB offsets (ΔELH and ΔEHH) in strained GaAs1−xBix and GaNyAs1−y grown pseudomorphically on GaAs: (i) in GaAs0.



 
    
       
          application/pdf
          
             
                GaAs1−xBix/GaNyAs1−y type-II quantum wells: novel strain-balanced heterostructures for GaAs-based near- and mid-infrared photonics
            
         
          
             
                srep ,  (2017). doi:10.1038/srep46371
            
         
          
             
                Christopher A. Broderick
                Shirong Jin
                Igor P. Marko
                Konstanze Hild
                Peter Ludewig
                Zoe L. Bushell
                Wolfgang Stolz
                Judy M. Rorison
                Eoin P. O’Reilly
                Kerstin Volz
                Stephen J. Sweeney
            
         
          doi:10.1038/srep46371
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep46371
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep46371
            
         
      
       
          
          
          
             
                doi:10.1038/srep46371
            
         
          
             
                srep ,  (2017). doi:10.1038/srep46371
            
         
          
          
      
       
       
          True
      
   




