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Structural and electronic properties of quaternary alloys of indium and rare earth element (Sc, Y)
nitrides have been studied by ab initio calculations. Equilibrium structures were obtained within the
generalized gradient approximation, whereas fully relativistic band structures were calculated with the
use of the modified Becke–Johnson potential. The introduction of rare earth ions into the InN host
material leads to an increase of a unit cell volume. The codoping with Sc and Y is expected to minimize
the lattice mismatch in the quaternary systems. A relatively wide range of band gaps provided by
In1−x−yScxYyN, from 0.7 up to 2.4 eV, may be desired in some optoelectronic devices. The rapid
increase of the band gap in such quaternary nitrides is related to the strong chemical pressure caused
by big ionic radii of scandium and yttrium.
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1. Introduction

Indium nitride is a semiconductor with a narrow
band gap (Eg) of 0.69 eV [1, 2] that can be used
in optoelectronic devices operating in the infrared
region. However, the range of Eg available in group
III nitride materials is exceptionally wide [3]. The
most common applications of In-based nitrides are
based on ternary In1−xGaxN and In1−xAlxN alloys,
widely used in light emitting diodes. Solid solutions
of InN, GaN and AlN exhibit a strong band gap
bowing [4].

Further engineering of the band gap in group
III nitride materials can be achieved with the rare
earth (RE) element doping. Experimental stud-
ies for Ga1−xScxN [4–6], Al1−xScxN [7–9], and
Al1−xYxN [10] alloys showed a rather linear de-
crease in Eg with an increasing RE content, and
high quality wurtzite thin films of such materials
were obtained for compositions with x < 0.5. Fur-
thermore, the local crystal structures of the systems
are strongly affected by the presence of rare earth
ions, i.e., a flattening of hexagonal atomic layers
was reported for Ga1−xScxN [5]. This phenomenon
is related to the metastable BN type phase in rare
earth nitride (REN) systems [11, 12] and was exten-
sively investigated in recent DFT-based studies for
ternary alloys of group III and RE nitrides [13, 14].

In spite of the small lattice mismatch between
InN and REN materials there are no experimental
reports on RE-doped InN up to now. The intro-
duction of RE ions in InN is expected to increase
unit cell volume and widen Eg [14]. However, the

relatively large ionic radius of yttrium may lead to
undesirable changes in the crystal structure (a rapid
decrease of the c/a ratio). This effect is less pro-
nounced in Sc-doped InN systems [14].

In this work, the structural and electronic prop-
erties of quaternary alloys of InN, ScN, and YN
are investigated from the first principles in order
to predict novel nitride materials for applications
in optoelectronics. The equilibrium structures were
found within the generalized gradient approxima-
tion (GGA). The band structures were obtained
with the fully relativistic MBJGGA calculations.
The effects of co-doping with Sc and Y ions on
the electronic structure of InN are examined and
discussed.

2. Computational details

The VASP package was used in the calcula-
tions [15, 16] with the plane augmented wave ap-
proach (PAW [17]). The GGA and MBJGGA pa-
rameterizations of the exchange–correlation were
selected [18, 19]. The MBJGGA approach is the
Tran–Blaha modified Becke–Johnson potential for
insulators and semiconductors combined with the
GGA correlation term. The plane-wave energy cut-
off of 500 eV, 6 × 6 × 6 k-point mesh, and spin–
orbit coupling were employed. The geometry of
2 × 2 × 2 wurtzite supercells was fully relaxed due
to forces and stress. As homogeneous models of
solid solutions as possible were selected, as depicted
in Fig. 1 for In0.875Sc0.0625Y0.0625N. The alloy com-
positions considered in this work are consistent
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Fig. 1. The wurtzite supercell of the ternary alloy
In0.875Sc0.0625Y0.0625N. The In, Sc, Y, and N ions
are marked with red, green, blue, and gray color,
respectively.

with the conclusions of previous DFT-based stud-
ies [13, 14] which showed that ternary wurtzite-type
materials are expected to be stable for RE contents
less than 0.5.

3. Results and discussion

The GGA-derived lattice parameter, a = 3.578 Å,
and the c/a ration of 1.619, obtained for the parent
InN material are slightly overestimated with respect
to the experimental data 3.544 Å and 1.613, respec-
tively [20]. Similar results were reported in previous
GGA studies [14, 21]. The doping with RE ions re-
sults in a strong increase of the in-plane lattice pa-
rameters of the alloys, as presented in Fig. 2. This
effect is clearly related to the increasing yttrium
content in the materials. The introduction of Sc ions
leads to an opposite evolution of the unit cell, i.e,
the lattice parameters a of systems with high x are
reduced. The lattice mismatch with respect to InN,
which is caused by yttrium, can therefore be bal-
anced with the addition of scandium in quaternary
systems.

The design of quaternary alloys proposed in this
work is also favourable for the stabilization of the
c/a ratio in mixed group III and RE nitrides.
Namely, as depicted in Fig. 3, the decrease of c/a is
balanced with increasing Sc contents. The flatten-
ing of the wurtzite structure is clearly pronounced
in the ternary In1−yYyN systems (the wurtzite
In0.5Y0.5N is expected to be unstable), whereas the
structure of quaternary materials can be affected in
less extent.

The MBJGGA-derived band gap of InN,
Eg = 0.70 eV, is in excellent agreement with the ex-
perimental data [1], whereas the previous MBJLDA
calculations resulted in an overestimated Eg for
this compound [22, 23]. It is worth recalling that
the HSE approach yields slightly underestimated
band gaps of group III nitrides (Eg = 0.63 eV
for InN [21]), which can be tuned with the in-
creased amount of exact exchange in the exchange-
correlation functional. The MBJGGA approach

Fig. 2. The lattice parameters a calculated with
GGA for wurtzite In1−x−yScxYyN materials.

Fig. 3. The ratio of c/a (GGA) of wurtzite
In1−x−yScxYyN alloys.

seems to be the most suitable one for investi-
gations of the electronic structure of InN-based
materials.

The band gaps predicted for systems studied in
this work are depicted in Fig. 4. It is expected
that the ternary In1−yYyN alloys exhibit a rapid
increase of Eg as a function of yttrium content,
which has been discussed in a recent study [14].
As seen in Fig. 4, the dependence is linear with
a slope modification at y ≈ 0.31. Interestingly, the
influence of Y ions on Eg in InN is much stronger
than the analogous effect of Ga in the well-known
In1−xGaxN systems [2, 21]. The introduction of Sc
ions in the In1−yYyN materials leads to a further
widening of Eg, e.g., the In0.750Sc0.125Y0.125N sys-
tem may exhibit Eg = 1.69 eV. Although the ranges
of reasonable x and y in In1−x−yScxYyN alloys are
limited due to the robustness of the rock salt phase
in systems with In content less than 0.5, one may
consider many wurtzite materials with band gaps
from 0.7 up to 2.4 eV.

It is worth highlighting that the codoping with
Sc and Y in InN is suitable not only for tuning of
the lattice mismatch but also leads to the strong
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Fig. 4. The band gaps (MBJGGA) of quaternary
In1−x−yScxYyN systems.

Fig. 5. The density of states (DOS) plots
calculated (MBJLDA) for InN (a) and
In0.875Sc0.0625Y0.0625N (b). Note that the RE
d-type contributions are magnified by 10.

widening of Eg, which could not be obtained in
any ternary alloys from the set of ions considered
here [14]. The origin of this phenomenon could be
connected with some characteristic electronic fea-
tures of the materials, which are usually discussed
on the basis of the density of states (DOS). As seen
in Fig. 5a, the total DOS in the valence region of
InN is dominated by the N 2p states with a minor
In 5p contributions. The maximums of additional
d-electron peaks of the RE ions in the quaternary
alloys, depicted in Fig. 5b, are centered at about 1.1

and 0.8 eV below VBM for Sc and Y, respectively.
The tail-like shape of the conduction band region
is characteristic of nitride compounds. The contri-
butions of unoccupied d-type states coming from
RE ions are located well above the conduction band
minimums (CBM) of ternary and quaternary mate-
rials.

Considering the relatively small amplitudes of
these dopant states and their location with respect
to VBM and CBM of a host InN system, the rapid
increase of Eg in quaternary alloys of InN and REN
semiconductors is related to certain chemical pres-
sure present in these materials. Namely, the In-
based nitrides exhibit positive dEg/dP [24]. The
local stress caused by significantly bigger RE ions
than indium is expected to be the main cause of the
rapid increase of Eg in the quaternary alloys studied
in this work.

4. Conclusions

The structural properties of quaternary
In1−x−yScxYyN nitrides predicted in this work
based on the DFT calculations suggest that the
codoping with Sc and Y may be a reasonable ap-
proach to minimize lattice mismatch in RE-doped
InN systems. In this case, the decrease of c/a ratio,
which is undesired in wurtzite materials, is also
diminished. The quaternary In1−x−yScxYyN alloys
are expected to exhibit wider band gaps than
those of ternary solid solutions of ScN, YN and
InN. The wide range of available Eg (from 0.7 up
to 2.2 eV) calculated with the MBJGGA approach
for the systems studied here indicates potential
applications of such materials in optoelectronic
devices. The findings presented in this work should
encourage further experimental investigations
of electronic structures of RE doped group III
nitrides.

Acknowledgments

This work was supported by the National
Science Centre (Poland) under research Grant
no. 2017/26/D/ST3/00447. Calculations were per-
formed in Wroclaw Center for Networking and Su-
percomputing (Project no. 158).

References

[1] J. Wu, W. Walukiewicz, W. Shan,
K.M. Yu, J.W. Ager, S.X. Li, E.E. Haller,
H. Lu, W.J. Schaff, J. Appl. Phys. 94, 4457
(2003).

[2] I. Vurgaftman, J.R. Meyer, J. Appl. Phys.
89, 5815 (2001).

[3] I. Gorczyca, S.P. Łepkowski, T. Suski,
N.E. Christensen, A. Svane, Phys. Rev. B
80, 075202 (2009).

[4] M.E. Little, M.E. Kordesch, Appl. Phys.
Lett. 78, 2891 (2001).

465

http://dx.doi.org/10.1063/1.1605815
http://dx.doi.org/10.1063/1.1605815
http://dx.doi.org/10.1063/1.1600519
http://dx.doi.org/10.1063/1.1600519
http://dx.doi.org/10.1103/PhysRevB.80.075202
http://dx.doi.org/10.1103/PhysRevB.80.075202
http://dx.doi.org/10.1063/1.1370548
http://dx.doi.org/10.1063/1.1370548


M.J. Winiarski

[5] C. Constantin, H. Al-Brithen,
M.B. Haider, D. Ingram, A.R. Smith,
Phys. Rev. B 70, 193309 (2004).

[6] H.C.L. Tsui, L.E. Goff, S.K. Rhode,
S. Pereira, H.E. Beere, I. Farrer,
C.A. Nicoll, D.A. Ritchie, M.A. Moram,
Appl. Phys. Lett. 106, 132103 (2015).

[7] C. Hoglund, J. Birch, B. Alling, J. Bareno,
Z. Czigany, P.O.A. Persson, G. Wingqvist,
A. Zukauskaite, L. Hultman, J. Appl. Phys.
107, 123515 (2010).

[8] R. Deng, S.R. Evans, D. Gall, Appl. Phys.
Lett. 102, 112103 (2013).

[9] M. Baeumler, Y. Lu, N. Kurz, L. Kirste,
M. Prescher, T. Christoph, J. Wagner,
A. Žukauskaité, O. Ambacher, J. Appl.
Phys. 126, 045715 (2019).

[10] A. Zukauskaite, C. Tholander, J. Pali-
saitis, P.O.A. Persson, V.N. Darakchieva,
B. Sedrine, F. Tasnadi, B. Alling, J. Birch,
L. Hultman, J. Phys. D Appl. Phys. 45,
422001 (2012).

[11] N. Farrer, L. Bellaiche, Phys. Rev. B 66,
201203(R) (2002).

[12] M.J. Winiarski, D.A. Kowalska, Mater.
Res. Express. 6, 095910 (2019).

[13] M.J. Winiarski, D.A. Kowalska, Sci. Rep.
10, 16414 (2020).

[14] M.J. Winiarski, Materials 14, 4115 (2021).
[15] G. Kresse, J. Hafner, Phys. Rev. B 47, 558

(1993).
[16] G. Kresse, J. Furthmuller, Comput. Mater.

Sci. 6, 15 (1996).
[17] G. Kresse, D. Joubert, Phys. Rev. B 59,

1758 (1999).
[18] J.P. Perdew, K. Burke, M. Ernzerhof, Phys.

Rev. Lett. 77, 3865 (1996).
[19] F. Tran, P. Blaha, Phys. Rev. Lett. 102,

226401 (2009).
[20] K. Osamura, S. Naka, Y. Murakami,

J. Appl. Phys. 46, 3432 (1975).
[21] P.G. Moses, M. Miao, Q. Yan, C.G. Van de

Walle, J. Chem. Phys. 134, 084703 (2011).
[22] R.B. Araujo, J.S. de Almeida, A. Fer-

reira da Silva, J. Appl. Phys. 114, 183702
(2013).

[23] M.J. Winiarski, Mater. Chem. Phys. 198,
209 (2017).

[24] I. Gorczyca, A. Kamińska, G. Staszczak
et al., Phys. Rev. B 81, 235206 (2010).

466

http://dx.doi.org/10.1103/PhysRevB.70.193309
http://dx.doi.org/10.1063/1.49166791
http://dx.doi.org/10.1063/1.3448235
http://dx.doi.org/10.1063/1.3448235
http://dx.doi.org/10.1063/1.4795784
http://dx.doi.org/10.1063/1.4795784
http://dx.doi.org/10.1063/1.5101043
http://dx.doi.org/10.1063/1.5101043
http://dx.doi.org/10.1088/0022-3727/45/42/422001
http://dx.doi.org/10.1088/0022-3727/45/42/422001
http://dx.doi.org/10.1103/PhysRevB.66.201203
http://dx.doi.org/10.1103/PhysRevB.66.201203
http://dx.doi.org/10.1088/2053-1591/ab31c2
http://dx.doi.org/10.1088/2053-1591/ab31c2
http://dx.doi.org/10.1038/s41598-020-73405-5
http://dx.doi.org/10.1038/s41598-020-73405-5
http://dx.doi.org/10.3390/ma14154115
http://dx.doi.org/10.1103/PhysRevB.47.558
http://dx.doi.org/10.1103/PhysRevB.47.558
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.102.226401
http://dx.doi.org/10.1103/PhysRevLett.102.226401
http://dx.doi.org/10.1063/1.322064
http://dx.doi.org/10.1063/1.3548872
http://dx.doi.org/10.1063/1.4829674
http://dx.doi.org/10.1063/1.4829674
http://dx.doi.org/10.1016/j.matchemphys.2017.06.005
http://dx.doi.org/10.1016/j.matchemphys.2017.06.005
http://dx.doi.org/10.1103/PhysRevB.81.235206

