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Abstract—The group-III nitride alloy, (Al,Ga)N, has attracted
significant interest for optoelectronic devices operating in the
ultraviolet (UV) spectral range. Nevertheless, efficiencies of these
emitters are generally low, especially in the deep UV. This is
related to defect formation due to large strains in the system,
strong electric polarization fields, and light extraction issues
originating from the valence band ordering. To mitigate these
issues, the incorporation of wurtzite BN has been targeted.
However, understanding of electronic and optical properties of
boron containing (Al,Ga)N quantum wells is sparse. In this
work, using a modified continuum-based modeling approach, we
study the impact of the alloy microstructure on the electronic
structure of (B,Al,Ga)N/(Al,Ga)N quantum wells. We focus on
experimentally studied B0.01Al0.05Ga0.94N wells, and show that
BN clustering can lead to strong carrier localization effects.

Index Terms—Light emitting diodes, gallium nitride, alu-
minum gallium nitride, boron nitride

I. INTRODUCTION

Aluminum gallium nitride ((Al,Ga)N) heterostructures have
gained attention for their tunable band gap, which, in principle,
enables efficient and environmentally friendly ultraviolet (UV)
light emission, including into deep-UV spectrum. This makes
them a promising platform for next-generation UV optoelec-
tronic devices [1], [2]. However, (Al,Ga)N deep-UV emitters
still suffer from very low efficiencies, mainly due to high
defect densities, inefficient carrier recombination and injection,
and limited light extraction at short wavelengths. Continued
improvements in materials and device architecture are actively
being pursued to close this performance gap [1].

An emerging strategy is the incorporation of WZ boron
nitride (BN) into III-nitride systems, e.g. GaN or AlN, to
control the electronic and optical properties of related het-
erostructures such as quantum wells (QWs) [3]–[5]. Since WZ
BN has a significantly smaller lattice constant than AlN and
GaN (in-plane lattice constant ≈18% smaller than AlN), its
incorporation offers a potential route for strain and electric
polarization engineering in (B,Al,Ga)N QWs. Moreover, the
large positive crystal field splitting energy of wurtzite BN [3]
may also allow to push the optical polarization switching to
shorter wavelengths in (Al,Ga)N QWs, one of the key factors
for efficient light extraction of deep UV LEDs [1].

The recent experimental studies by O’Connor et al. have
targeted Bx(Al0.05Ga0.95)1−xN QWs with Al0.15Ga0.85N bar-
riers, with B compositions of 0%, 0.3%, 1% and 3% [6]. Tem-
perature dependent photoluminescence spectroscopy revealed
strong deviations from the ’usual’ Varshni-like behavior for all
samples, in particular with increasing B content, which is often
attributed to carrier localization effects. Previous theoretical
density functional theory studies on bulk (B,Ga)N systems
have shown that local alloy fluctuations such as B atom
clustering can lead to strong carrier localization effects [7].
However, theoretical studies of B-III-N QWs are sparse and
rely on the virtual crystal approximation, thereby neglecting
the impact of local fluctuations in alloy content and any
consequent carrier localization effects.

In this work, 3D supercell calculations, using a mod-
ified continuum-based k · p model, are performed to
study the electronic structure of experimentally relevant
Bx(Al0.05Ga0.95)1−xN QWs. We focus on 1% B in the well,
guided by the experimental studies [6] and compare with
calculations of the same wells but in the absence of BN. For
the B containing wells, attention is also paid to the impact of
the alloy microstructure on the results, as experimental studies
indicate deviations from a random alloy (RA), such as B
atom clustering effects [8]. Moreover, we account for interface
inhomogeneities, such as well width fluctuations (WWFs), to
gain insight into their impact on the electronic structure.

II. ELECTRONIC STRUCTURE MODEL

All of our calculations are performed using a 3D modified
continuum-based k ·p electronic structure model. We employ
a 6-band Hamiltonian for the valence band and a 2-band
Hamiltonian for the conduction band, accounting for strain
and built-in polarization fields.

III. RESULTS

For conventional c-plane nitride QWs, such as (Al,Ga)N,
cation species are typically randomly distributed, as observed
experimentally and assumed theoretically. Fig. 1(a) shows
the electron and hole ground state charge densities for a
boron-free Al0.05Ga0.95N/Al0.15Ga0.85N QW structure. For



(a) (Al,Ga)N QW (Random Alloy) (b) (B,Al,Ga)N QW (Random Alloy) (c) (B,Al,Ga)N QW (Clustering)

Fig. 1. Single particle state calculations of (B0.01)Al0.05Ga0.95(0.94)N/Al0.15Ga0.85N quantum wells (QWs) including a well width fluctuation (WWF)
(WWF: 0.5 nm height, 2.5 nm radius). Isosurface plots show the electron (red) and hole (blue) ground state charge densities for (a) a random alloy without
BN, (b) a random alloy with BN and (c) with BN clustering in the QW. The light (dark) surface corresponds to 30% (70%) of the maximum value. The
dashed lines indicate the well/barrier interface, including the WWF. Supercell grid points with BN content >25% are highlighted in green.

the alloy microstructure a RA assumption has been made. The
figure reveals that RA fluctuations are already sufficient to
localize hole wavefunction. For the electron wavefunction, the
RA disorder is of secondary importance. These findings are
consistent with atomistic tight-binding studies [9], supporting
that the modified continuum-based model captures the general
impact of alloy fluctuations on the electronic structure when
assuming a RA. When including WWFs, we find also that
these can act as additional localization centers for electrons.
The alloy and WWF configuration shown in Fig. 1(a) indicates
this already, although this behavior is not seen in all systems
studied, highlighting that structural inhomogeneities can also
play a significant role for the electronic and optical properties
of (Al,Ga)N QWs.

Moving to the electronic structure of the boron containing
wells, we consider the same RA configuration as for (Al,Ga)N
discussed above, with 1% of GaN regions randomly replaced
by BN. Comparing charge densities qualitatively, Fig. 1(b)
reveals a charge distributions very similar to Fig. 1(a). Turning
to band gap energies, we find changes <1% when introducing
1% BN into the well. However, the experimental studies [6] al-
ready indicate that 1% BN significantly changes the electronic
structure of the considered wells.

By introducing B clustering in the simulation but keeping
the BN content fixed at 1%, we find that the situation greatly
changes. In this case, both electron and hole wave functions
are localized by BN clusters, as shown in Fig. 1(c). Our
calculations also reveal that the band gap energy changes
more dramatically when compared to the RA case. More
specifically, we find that introducing BN clustering can cause
a band gap reduction, even though wurtzite BN has a larger
band gap than both GaN and AlN. This reduction is in
agreement with previous DFT studies on (B,Ga)N [7], where
the local strain and polarization fields caused by BN clustering
contributed to localization in the valence band.

IV. CONCLUSION

We have investigated the electronic properties of
B0.01Al0.05Ga0.94N QW structures using a modified
continuum-based modeling approach, and contrasted results

with calculations of the same wells in the absence of BN. In
summary, while RA fluctuation in BN content alone have a
limited impact on the electronic structure of (B,Al,Ga)N QWs
at low boron content, BN clustering can lead to pronounced
carrier localization effects and often band gap reduction.
Our results demonstrate that the alloy microstructure of
boron-containing (Al,Ga)N QWs is a key factor governing
the electronic properties of these systems. These features will
be important in describing the optical properties observed
experimentally and, more generally, the properties of next-
generation III-nitride optoelectronic devices that utilize boron
containing heterostructures.
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