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Crystal structure of rare earth
and group lll nitride alloys
by ab initio calculations

Maciej J. Winiarski™ & Dorota A. Kowalska

The ground state phases of ternary alloys of rare earth and group Il nitride semiconductors have
been investigated within the density functional theory. The most energetically favorable crystal
phases among possible cubic and hexagonal structures, i.e., the rock salt, zinc blende, wurtzite, and
hexagonal BN, were determined. The type of a unit cell and the lattice parameters of the materials
are presented as a function of their composition. Furthermore, effects of strain on ground states of
group lll and rare earth nitride materials are discussed. The findings presented in this work discloses
the wurtzite type materials as being stable with relatively low contents of rare earth elements. It is
expected that the wurtzite phase will be very persistent only in the La-based systems. Nevertheless,
the two-dimensional hexagonal atomic layers are revealed as being a metastable phase for all alloys
studied. This finding supports the conclusion of previous experimental reports for Sc-doped GaN
systems that the presence of rare earth ions in group Ill nitride materials leads to flattening of the
wurtzite type layers.

Band gap (E,) engineering in group III nitrides was recently achieved via alloying with ScN and YN. The wurtzite
(WZ) Al;_ScxN, Gaj—,ScyN, and Al;_, YN materials were experimentally obtained'”’. Such alloys exhibit a
linear dependence of E; on composition, which differentiates them from group III nitride alloys®. The density
functional theory (DFT) based investigations of electronic structures of Sc- and Y-doped AIN and GaN consid-
ered the WZ and zinc blende (ZB) type systems as candidate materials for applications in optoelectronics®°.

Solid solutions of rare earth (RE) and group III nitrides are expected to adopt a hexagonal ground state for
relatively high RE contents. It is because of a hypothetical metastable phase of the hexagonal BN-type, which
existence was experimentally indicated, i.e., the WZ layers of Ga;_Sc,N are flattened in a vicinity of Sc atoms?.
The recent studies showed that in Al;_,ScN thin films, deposited by magnetron sputter epitaxy on sapphire,
WZ-structure is favored up to x = 0.41°. The rock salt (RS) phase is preferred in systems with high Sc contents,
prepared on cubic MgOY.

The DFT-based investigations of strain effects on structural properties of ScN, YN, LaN, and LuN suggest
a possibility of hexagonal BN phase in (Sc,Y,Lu)N systems with unit cells having strongly increased volumes's.
This finding is supported by the previous considerations of the metastable hexagonal phase in ScN'. Interest-
ingly, the WZ phase collapses to the BN structure in the Sc-,Y-, and Lu-bearing systems, whereas it is the most
energetically favorable in strained LaN. Because the ZB phase in REN materials is unfavorable in general, one
may expect that solid solutions of these systems with group III nitrides may adopt one of the WZ, BN, and RS
ground state structures.

In this work, the structural properties of solid solutions of REN and group III nitride semiconductors are
investigated with the DFT-based methods. The ground state phases are obtained via analysis of the total energy
of various possible phases of these systems (WZ, BN, ZB, and RS). The effects of hydrostatic and biaxial strain on
total energy of the materials are further considered. The theoretical findings presented in this work are discussed
with respect to the available experimental data for Sc- and Y-doped AIN and GaN materials.

Results and discussion

Structural properties of hexagonal phases of ternary solid solutions of group III and RE nitrides are depicted in
Fig. 1a. Except In;_xSc,N alloys, the lattice parameters of materials studied here increase with increasing con-
tent of RE ions, which reflects their generally bigger ionic radii when compared with those of group III ions®.
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Figure 1. Lattice parameters a of (a) wurtzite and hexagonal, and (b) rock salt and zinc blende phases of
ternary alloys of group III and rare earth nitrides.

In turn, the strong difference in the hexagonal lattice parameters a of WZ- and BN-type materials is connected
with the ¢/a ratios of these structures, i.e., the 2D structure of BN exhibits smaller distances between the atomic
layers with respect to those present in the 3D WZ phase. The latter one is transformed into the BN-type structure
with flat atomic layers during the process of full structural relaxation for materials with xgg higher than 0.5.
On one hand, a transition between the WZ and BN phases could lead to a step-like change in a and ¢/a in such
systems. On the other hand, the WZ-like atomic layers in samples of Ga;_.ScxN are strongly flattened in the
vicinity of Sc ions in general®. Conditions promoting the growth of 2D hexagonal REN materials require further
experimental investigations.

Some deviations from the linear Vegard’s law dependence of a on xgg are found for the BN-type systems with
strong variations of the ionic radii of components. This effect is related to the flat shape of the 2D hexagonal
layers, which prevents a full relaxation of atomic positions in alloys. One may expect a relatively small lattice
mismatch in the WZ-type In-based materials deposited on InN, whereas Ga- and Al- based thin films may be
feasible to obtain on ZnO substrate.

According to Fig. 1b, the dependences of cubic lattice parameters a on RE contents reveal a linear character.
Although the stability of La-containing systems is questionable due to the strong lattice mismatch between group
III nitrides and LaN, a small lattice mismatch between the mixed group III/RE materials and cubic REN sub-
strates seems feasible to obtain. They may also be grown on the ZB group III nitrides, which exhibit significantly
bigger lattice parameters a then their hypothetical RS counterparts.

The total energies of WZ-, BN-, and ZB-type unit cells of (Al;Ga;In);_xScxN semiconductors, relative to the
RS ground state of ScN, are presented in Fig. 2. According to these results, the WZ phase is energetically favorable
for Sc contents below 0.2, 0.5, and 0.4 for Al-, Ga-, and In-based alloys, respectively. Systems with higher x are
expected to exhibit the RS ground state. The WZ layers are completely flattened in the materials with x above
0.5, i.e., they are transformed into the BN-type ones. The energies of the BN-type systems are close to those of
the WZ ones for x in the WZ-RS transition region. The total energy of the hexagonal BN-type phase of alloys
indicate this phase as metastable in materials with x above 0.5, for which the WZ phase is not present and the
ZB phase is strongly unfavorable. Regarding the existence of the ZB phase, which is almost degenerate with the
WZ ground state in the parent AIN, GaN, and InN compounds, it becomes less favorable with increasing Sc
content in the solid solutions. Despite the similarity in dependencies of total energy on the unit cell content for
all materials, it is noticeable that the GaN-based systems with low Sc contents reveal the highest energy differ-
ences between particular phases. In addition, the WZ phase is the most persistent with increasing Sc content.

It is worth recalling that the recent experimental studies reported high quality Al;_,Sc,N materials with x
up to 0.41°, whereas the samples of Gaj_,Sc,N were obtained for x lower than 0.3'7. The results presented in
this work are generally consistent with the experimental findings mentioned above. Any possible discrepancies
may be attributed to the fact that the process of sample growth is a complex issue, i.e, various materials may
be obtained depending on growing conditions. According to the total energy dependence on Sc content in
alloys, depicted in Fig. 2a, the Al-based systems may adopt the metastable WZ phase for x up to 0.5. This phase
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Figure 2. Total energy of wurtzite, hexagonal, and zinc blende phases with respect to the rock salt equilibrium
phase of ScN, calculated for (a) Al;—xSckN, (b) Gaj—xScxN, and (c) In;—ScyN alloys.

should also be feasible to obtain in Ga-based alloys for similar x, as inferred from Fig. 1b. However, the optimal
growing conditions for particular compositions of alloys and possible effects related to strain are unknown.
The correspondence between the LDA-derived results presented in this work and the mixing enthalpies within
the general gradient approximation (GGA) reported for Al;_,Sc,N® may be further considered. Namely, the
differences in total energy of hexagonal and cubic phases in the Al-rich regime, obtained in our calculations,
are slightly smaller with respect to the GGA-derived results. This observation suggests a lower x required for
transition between the WZ and RS phases.

The dependences of total energies of the cubic and hexagonal phases calculated for Y, La, and Lu-bearing
alloys based on group III nitride materials (not shown here) are very similar to those discussed above for Sc-
doped systems. The contents of RE ions required for a transition between WZ and RS phases in all alloys consid-
ered here are summarized in Fig. 3. It can be noticed that the Ga-bearing systems may form WZ-type alloys for
higher xpg than Al- and In-based materials. Interestingly, the solid solutions of LaN with group III nitrides may
adopt the WZ phase for almost all compositions. The RS phase is only expected to be a ground state in materials
with very high contents of La. A tendency to form the WZ-type structure in La-based nitrides was also suggested
in the previous theoretical investigations for the LaN parent compound'®.

The WZ phase in alloys with high RE content is surprisingly robust. The relationship between a tendency to
form flat hexagonal layers by REN, which was confirmed in experimental studies? and the WZ type structure
of group III nitrides is puzzling. As depicted in the energy-volume curves in Fig. 4, this phase is expected to be
completely unstable in REN systems in hydrostatic conditions. However, the strong biaxial strain may stabilize
the metastable WZ structure in these materials. The energies of the BN and WZ phases are comparable in such
a case. It is worth noting that the metastable WZ phase in LaN is energetically preferable with respect to the
BN one in all conditions considered here. These finding supports the results presented in Fig. 3, i.e., a very wide
range of xgg in systems with the WZ-type structure.

The influence of hydrostatic as well as biaxial strain on structural properties of Sc-bearing alloys close to
the RS-WZ transition may be inferred from Fig. 5. The total energies of WZ and RS phases of these systems
are comparable. One may expect both structures to exist as metastable phases in RE-doped group III nitrides.
In such WZ systems, compressive strain may cause flattening of the hexagonal atomic layers, which eventually
leads to their transition into the 2D graphene-like layers. The energy-volume curves depicted in Fig. 5 reflect
the energy differences between the phases, as discussed for the data in Fig. 2. The existence of ZB phase in the
materials studied is impossible because the WZ one is energetically favorable in the particular ranges of unit
cell volumes. The effect of biaxial strain on structural properties of the materials is expected to be strong. The
transition between the hexagonal phases considered may be induced by nonhydrostatic strain connected with a
relatively small change in the unit cell volume.
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Figure 3. The compositions required for the wurtzite to rock salt phase transition in ternary alloys of group III

and rare earth nitride semiconductors.
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Figure 5. Energy-volume curves of rock salt, hexagonal, wurtzite, and zinc blende phases under hydrostatic

(solid lines) and biaxial strain (dashed lines) calculated for (a) Aly75Sco.25N, (b) Gag5ScosN, (¢) Ing g255¢0.375N.
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Figure 6. The cubic and hexagonal supercells of M;_,RE,N material, where M = {Al; Ga; In} and RE = {Sc; Y}
La; Lu} ions occupy the same position and here x = 0.125, employed in this work.

Similar findings were obtained for ternary alloys of group III nitrides with other REN (not shown in this
work). Namely, the presence of RE ions in such solid solutions causes three general effects. The first one is
diminishing of the ZB phase with simultaneous tendency to form the BN type flat atomic layers. The second
one is a possibility of the RS phase formation which is infeasible in pure group III nitride materials. The third
one is eventual use of strain as a tool for the intentional design of structural properties of solid solutions of REN
and group III nitrides.

Conclusions

The results of DFT-based calculations suggest a tendency to form the RS phase for relatively low contents of RE
ions in solid solutions of REN and group III nitrides. The La-bearing systems are exceptions, in which the WZ
phase is expected to be robust. However, the local structure of hexagonal group III nitrides doped with RE ions
is rather flattened with respect to the ideal WZ one due to the fact that REN materials tend to adopt the BN-like
phase. Only strong nonhydrostatic strain may stabilize the WZ-type phase in these systems. In general, some
nonequilibrium conditions may be employed for stabilization of hexagonal phases in RE-doped group III nitrides
being close to the WZ-RS transition. Nevertheless, the RS ground state in REN materials doped with group III
elements is undoubted. The findings presented in this work should encourage further experimental research on
electronic and structural properties of mixed RE and group III nitrides.

Methods

The DFT-based calculations have been performed with the use of the Abinit package*>**. The plane augmented
wave (PAW) atomic datasets were taken from the JTH table**. The Perdew-Wang parameterization of an
exchange-correlation functional within the local density approximation (LDA) was employed™®. The solid solu-
tions were modeled with 2 x 2 x 2 supercells of hexagonal (WZ, BN) and cubic (RS, ZB) unit cells, containing
16 and 32 atoms, respectively. The supercells used in this work are depicted in Fig. 6. The lattice parameters and
positions of all atoms in the supercells were fully relaxed via stress/forces optimization. The volume-enegy curves
were fitted to a Murnaghan-type equation of state’.

Data availability

The datasets analysed during the current study are available from the corresponding author on reasonable request.

Received: 1 July 2020; Accepted: 9 September 2020
Published online: 02 October 2020

References

1. Little, M. E. & Kordesch, M. E. Band-gap engineering in sputter-deposited Sc x Ga 1—x N. Appl. Phys. Lett. 78, 2891 (2001).

2. Constantin, C. et al. ScGaN alloy growth by molecular beam epitaxy: evidence for a metastable layered hexagonal phase. Phys.
Rev. B 70, 193309 (2004).

3. Hoglund, C. et al. Wurtzite structure Sc ;_x Al y N solid solution films grown by reactive magnetron sputter epitaxy: structural
characterization and first-principles calculations. J. Appl. Phys. 107, 123515 (2010).

4. Zukauskaite, A. et al.Y x Al 1_x N thin films. J. Phys. D Appl. Phys. 45, 422001 (2012).

5. Deng, R, Evans, S. R. & Gall, D. Bandgap in Al ;. Sc x N. Appl. Phys. Lett. 102, 112103 (2013).

6. Baeumler, M. et al. Optical constants and band gap of wurtzite Al ;_y Sc x N/Al ; O 3 prepared by magnetron sputter epitaxy for
scandium concentrations up to x = 0.41. J. Appl. Phys. 126, 045715 (2019).

7. Tsui, H. C. L. et al. Band gaps of wurtzite Sc x Ga 1—x N alloys. Appl. Phys. Lett. 106, 132103 (2015).

8. Gorczyca, I. et al. Anomalous composition dependence of the band gap pressure coefficients in In-containing nitride semiconduc-
tors. Phys. Rev. B 81, 235206 (2010).

9. Moreno-Armenta, M. G., Mancera, L. & Takeuchi, N. First principles total energy calculations of the structural and electronic
properties of Sc y Ga 1—x N. Phys. Stat. Sol. (b) 238, 127 (2003).

SCIENTIFIC REPORTS |

(2020) 10:16414 | https://doi.org/10.1038/s41598-020-73405-5



www.nature.com/scientificreports/

10. Zerroug, S., Sahraoui, F. A. & Bouarissa, N. Ab initio calculations of structural properties of Sc x Ga j_x N. J. Appl. Phys. 103,
063510 (2008).

11. Tasnadi, E. et al. Origin of the anomalous piezoelectric response in Wurtzite Sc x Al |, N alloys. Phys. Rev. Lett. 104, 137601
(2010).

12. Zhang, S., Fu, W. Y., Holec, D., Humphreys, C. ]. & Moram, M. A. Elastic constants and critical thicknesses of ScGaN and ScAIN.
J. Appl. Phys. 114, 243516 (2013).

13. Ramirez-Montes, L., Lopez-Perez, W., Gonzalez-Garcia, A. & Gonzalez-Hernandez, R. Structural, optoelectronic, and thermody-
namic properties of Y x Al ;_ N semiconducting alloys. J. Mater. Sci. 51, 2817 (2016).

14. Cherchab, Y., Azzouz, M., Gonzalez-Hernandez, R. & Talbi, K. First-principles prediction of the structural and electronic proper-
ties of Ga x Y 1—x N compounds. Comput. Mater. Sci. 95, 509 (2014).

15. Zhang, S., Holec, D., Fu, W. Y., Humphreys, C. J. & Moram, M. A. Tunable optoelectronic and ferroelectric properties in Sc-based
III-nitrides. J. Appl. Phys. 114, 133510 (2013).

16. Ul Hagq, B. et al. First principles study of scandium nitride and yttrium nitride alloy system: prospective material for optoelectron-
ics. Superlatt. Microstruct. 85, 24 (2015).

17. Deng, R., Zheng, P. Y. & Gall, D. Optical and electron transport properties of rock-salt Sc 1 Al x N. J. Appl. Phys. 118, 015706
(2015).

18. Winiarski, M. J. & Kowalska, D. Electronic structure of REN (RE = Sc, Y, La, and Lu) semiconductors by MBJLDA calculations.
Mater. Res. Express. 6,095910 (2019).

19. Farrer, N. & Bellaiche, L. Properties of hexagonal ScN versus wurtzite GaN and InN. Phys. Rev. B 66, 201203(R) (2002).

20. Shannon, R. D. Revised effective ionic radii and systematic studies of interatomie distances in halides and chaleogenides. Acta
Cryst. A 32,751 (1976).

21. Gall, D. et al. Electronic structure of ScN determined using optical spectroscopy, photoemission, and ab initio calculations. Phys.
Rev. B 63, 125119 (2001).

22. Qteish, A., Rinke, P, Scheffler, M. & Neugebauer, J. Exact-exchange-based quasiparticle energy calculations for the band gap,
effective masses, and deformation potentials of SCN. Phys. Rev. B 74, 245208 (2006).

23. Takeuchi, N. First-principles calculations of the ground-state properties and stability of SCN. Phys. Rev. B 65, 045204 (2002).

24. Peng-Fei, G., Chong-Yu, W. & Tao, Y. Electronic structure and physical properties of ScN in pressure: density-functional theory
calculations. Chinese Phys. B 17, 3040 (2008).

25. Mohammad, R. & Katircioglu, S. A comparative study for structural and electronic properties of single-crystal ScN. Condens.
Matt. Phys. 14, 23701 (2011).

26. Brik, M. G. & Ma, C. G. First-principles studies of the electronic and elastic properties of metal nitrides XN (X = Sc, Ti, V, Cr, Zr,
Nb). Comput. Mater. Sci. 51, 380 (2012).

27. Ciftci, Y. O., Colakoglu, O., Deligoz, E. & Ozisik, H. The first-principles study on the LaN. Mater. Chem. Phys. 108, 120 (2008).

28. Gupta, S. D., Gupta, S. K. & Jha, P. K. First-principles lattice dynamical study of lanthanum nitride under pseudopotential approxi-
mation. Comput. Mater. Sci. 49, 910 (2010).

29. Singh, S. K. & Verma, U. P. Investigation of high pressure phase transition and electronic properties of Lutetium Nitride. J. Phys:
Conf. Ser. 640, 012029 (2015).

30. Larson, P. & Lambrecht, W. R. L. Electronic structure of rare-earth nitrides using the LSDA+U approach: Importance of allowing
4f orbitals to break the cubic crystal symmetry. Phys. Rev. B 75, 045114 (2007).

31. Winiarski, M. J. & Kowalska, D. A. Band gap bowings of ternary REN (RE= Sc, Y, La, and Lu) alloys. J. Alloys Compd. 824, 153961
(2020).

32. Gonze, X. et al. First-principles computation of material properties: the ABINIT software project. Comput. Mater. Sci. 25, 478
(2002).

33. Gonze, X. et al. ABINIT: first-principles approach to material and nanosystem properties. Comput. Phys. Commun. 180, 2582
(2009).

34. Jollet, E, Torrent, M. & Holzwarth, N. Generation of projector augmented-wave atomic data: a 71 element validated table in the
XML format. Comput. Phys. Commun. 185, 1246 (2014).

35. Perdew, J. P. & Wang, Y. Accurate and simple analytic representation of the electron-gas correlation energy. Phys. Rev. B 45, 13244
(1992).

36. Fu, C. L. & Ho, K. M. First-principles calculation of the equilibrium ground-state properties of transition metals: applications to
Nb and Mo. Phys. Rev. B 28, 5480 (1983).

Acknowledgements

This work was supported by the National Science Centre (Poland) under research Grant no. 2017/26/D/
ST3/00447. Calculations were performed in Wroclaw Center for Networking and Supercomputing (Project
nos. 158 and 175).

Author contributions
M.]J.W. designed the research project and analyzed the results, D.A.K. conducted the calculations. Both authors
discussed the results and wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.J.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS |

(2020) 10:16414 | https://doi.org/10.1038/s41598-020-73405-5


www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |  (2020) 10:16414 | https://doi.org/10.1038/s41598-020-73405-5


http://creativecommons.org/licenses/by/4.0/

	Crystal structure of rare earth and group III nitride alloys by ab initio calculations
	Results and discussion
	Conclusions
	Methods
	References
	Acknowledgements


