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Abstract

Al;_,Gd.N is one of a series of novel heterostructural alloys involving rare earth
cations with potentially interesting properties for (opto)electronic, magnetic and neu-
tron detector applications. Using alloy models in conjunction with density functional
theory, we explored the full composition range for Al;_,Gd,N and found that wurtzite
is the ground state structure up to a critical composition of x = 0.82. The calcu-
lated temperature-composition phase diagram reveals a large miscibility gap induc-
ing spinodal decomposition at equilibrium conditions, with higher Gd substitution
(meta)stabilized at higher temperatures. By depositing combinatorial thin films at
high effective temperatures using radio frequency co-sputtering, we have achieved the
highest Gd®" incorporation into the wurtzite phase reported to date, with single-phase
compositions at least up to x ~ 0.25 confirmed by high resolution synchrotron grazing

incidence wide angle X-ray scattering. High resolution transmission electron microscopy
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on material with z = 0.13 confirmed a uniform composition polycrystalline film with
uniform columnar grains having the wurtzite structure. Expanding our calculations
to other rare earth cations (Pr and Tb) reveals similar thermodynamic stability and
solubility behavior to Gd. From this and previous studies on Al;_,Sc,N, we elucidate
that both smaller ionic radius and higher bond ionicity promote increased incorporation
of group IIIB cations into wurtzite AIN. This work furthers the development of design

rules for new alloys in this materials family.



1 Introduction

Recent joint advances in computational and experimental methods for synthesizing nitride
materials have led to a rapid increase in the number of known ternary nitride phases.!
Unlike ordered and stoichiometric compounds, alloys represent a continuous compositional
space. Isostructural alloys — solid solutions of two or more materials with the same un-
derlying crystal structure — are the most common types of functional alloys. Iso-structural
alloys as electronic materials have applications in photovoltaics (e.g., II-VI materials such as
CdSe,Te;_,* and I1I-V-based multijunction technologies®), energy storage (e.g., LigPSs_,Se,(CLI),
Li;Y, ,In,Cl;%®), and thermoelectrics (e.g., PbSe,Te; . ?), etc. Heterostructural alloys, in
contrast, form between materials with different structures, such as alloys between wurtzite
AIN and rocksalt ScN, % wurtzite ZnO and rocksalt MnO, ! and orthorhombic SnS and rock-
salt CaS.!? Beyond their functional properties, they also exhibit interesting thermodynamics
of mixing not observed in their isostructural counterparts. %14

Due to their exceptional optoelectronic, charge transport, and electromechanical proper-
ties, a large class of polar wurtzite AIN-based alloys is already enabling light emitting diodes
(isostructural Al;_,Ga, N'5!6) and electromechanical resonators (heterostructural Al; _,Sc,N).7!8
Scandium-substituted AIN has been the subject of intense interest as a promising new tetra-
hedral ferroelectric material; %922 however, the much smaller size of AI*" (~0.39 A) com-
pared to Sc** (~0.75 A) presents significant issues for achieving and controlling high Sc
incorporation. After significant effort, Sc®>" has been substituted into the wurtzite AIN crys-
tal structure at compositions of up to x = 0.43 (i.e., Al 5,Sc, 43N) before phase separation to
the rocksalt ScN end-member crystal structure occurs. %7232 Recent work has shown that
the solubility of Sc®>" depends both on ionic size and on ionicity, with Sc-N bonds more ionic
than Al-N bonds;?* however, this ionicity effect is difficult to deconvolute from other effects.
Other transition metal cations such as Cr, Zr, Hf, Y, Ta, and Ni have also been investigated

as alloys with AIN, and their properties have been studied.?673% While it seems unlikely from

an ionic radius perspective that any rare earth cations would be able to incorporate into



wurtzite AIN, recent work has showed that Er*" and Yb®*", much larger cations than Sc*",
were substituted successfully at z = 0.015 and up to = ~ 0.15, respectively.?'? In GaN,
Yb*" can incorporate up to x ~ 0.3, consistent with the larger radius of Ga®" (~0.47 A).33

Incorporating small amounts of Gd*" (~0.94 A) into wurtzite AIN and GaN has been
investigated primarily for optoelectronic applications such as cathodoluminescence and field-
emission devices,?* given the sharp ultraviolet emission of Gd*" at approximately 320 nm
and the AIN host lattice as an established optoelectronic material.?*3% While most studies
utilized ion implantation, direct Gd®>" substitution has been attempted with radio-frequency
(RF) magnetron sputtering and molecular beam epitaxy (MBE) growth, yielding phase-

pure substitution up to z ~ 0.06 by sputtering3®:37

and reported incorporation at x ~ 0.13
by MBE,?*3 although it is unclear if a phase-pure wurtzite structure is maintained up to
z ~ 0.13. In addition to the intriguing optical properties, there are indications that Gd*"-
substituted AIN may display interesting and possibly functional magnetic properties.®*4° In
addition to the limited synthesis space, the solubility, stability, and other properties of this
alloy material — such as its electrical properties — have been relatively understudied. While
ionic size effects are relatively straightforward, other variables that may affect solubility of
large cations in AIN — such as bond ionicity — are underexplored. Given the recent interest
in other AIN alloys for electrical and piezoelectric applications, as well as unique properties
of Gd (such as possessing the largest known neutron capture cross section), Gd*"-substituted
wurtzite AIN is an appealing material to study for possible functional applications.

We describe here the first synthesis of Al, ,Gd,N with Gd-cation fraction (x) at least
up to ~0.24 in a confirmed wurtzite structure. We present the results of our joint com-
putational and experimental investigation into the solubility and stability of Gd*" in the
AIN wurtzite structure. First-principles calculations of the mixing enthalpy reveal a high
critical composition at which the ground state transitions from wurtzite to rocksalt. How-

ever, the calculated temperature-composition phase diagram indicates that high (effective)

temperatures are needed to incorporate a large amount of Gd*" in a metastabilized wurtzite



alloy with AIN. We confirm this experimentally by depositing combinatorial thin films of
Al ,Gd, N with radio-frequency magnetron co-sputtering and performing structural and
compositional characterization. Expanding our computational analysis to Pr*" and Th*"
allows us to elucidate the effects that govern the solubility of large 3+ cations in wurtzite

AIN.

2 Methods

2.1 Computational Alloy Modeling

Structure Relaxation: First-principles calculations were performed with density functional
theory (DFT) using the Vienna Ab Initio Simulation Package (VASP) version 5.4.4.1" The
generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) was used as

1.2 The wavefunctions were expanded as plane waves and

the exchange correlation functiona
the following projector-augmented wave (PAW) potentials?® were used to describe the core
electrons for Al, ,Gd,N and related alloys: Al 04Jan2001, N s 07Sep2000, Gd 23Dec2003,
Gd 3 06Sep2000, Tb 3 06Sep2000, and Pr 3 07Sep2000. The Gd 3, Tb 3, and Pr 3
pseudopotentials have the 4f electrons frozen in the core i.e., not as valence electrons.

The choice of Gd 3 was motivated by X-ray photoelectron spectroscopy (XPS) studies
that have shown that the Gd 4f states in GAN are 7-8 eV below the Fermi level** and
as such, can be treated as core electrons. To replicate this experimental observation with
the Gd pseudopotential (4f electrons treated as valence electrons), an appropriately large
on-site Hubbard U correction of +8.0 eV must be applied to the 4 f states to avoid artificial
hybridization between Gd 4f and N 2p states at the top of the valence band.*® Figure S2(a)
and S2(b) respectively show the band structures of GAN computed with Gd pseudpotential
without and with application of U (8.0 eV). Here, the ferromagnetic ordering of Gd magnetic
moments was assumed consistent with the experimental ground-state structure.***> There-

fore, the Gd 3 pseudopotential, which treats the 4f electrons as core electrons, is expected



to provide reasonable results. Furthermore, we found that the polymorph energy difference
between the ground-state rocksalt and hypothetical wurtzite phase of GAN with Gd 3 and
Gd pseudopotentials (U = 8.0 eV, ferromagnetic) are similar (72 vs. 70 meV/atom). For
completeness, we compared the alloy mixing enthalpy calculated with Gd 3 and Gd (Fig-
ure S1) pseudopotentials and found them to have similar alloy interaction parameters and

critical composition (z.) where the wurtzite-rocksalt phase transition occurs.

SQS Supercells: Alloys were modeled using special quasirandom structures (SQS).%% The
concept of SQS was developed to mimic completely random alloys without using large su-
percells or many atomic configurations. A SQS is built through a stochastic search over many
possible configurations of local environments within a given supercell to best reproduce the
pairwise correlation of a completely random alloy. An optimal SQS is one that minimizes the
root-mean-square deviation from the random pairwise correlation. The SQS supercells were
constructed using the Alloy Theoretic Automated Toolkit (ATAT).4” We created 108-atom
SQS supercells to model the wurtzite phase alloys and 96-atom supercells to model the al-
loys in rocksalt phase. For each pseudo-binary alloy, we sampled 8-9 different compositions
(x) in addition to the end members to compute the alloy mixing enthalpy. The volumes,
cell shapes, and atomic coordinates of the structures were fully relaxed with DFT until the
residual forces on each atom were below 0.01 eV /A.

Alloy Thermodynamics: The mixing free energy (AF,,) is calculated as AF,, = AH,, —
TAS,,, where AS,, is the configurational entropy in the solid solution model and given
by AS,, = —kg [zin(z) + (1 — z)In(1 — x)]. Vibrational contributions to AS are neglected,
which are typically small compared to the configurational contribution, especially at higher

temperatures. AH,,;, is calculated as:

A]{mix = Halloy - szHz (1)



where Hjoys is the enthalpy of the alloy, and z; and H; are the composition fraction and
enthalpy of each alloy end member in its ground-state structure i.e., wurtzite AIN and rock-
salt GAN, TbN, and PrN. The temperature-composition 7'(x) phase diagrams are calculated
from AF,,. The unstable region, which is bounded by the spinodal decomposition line, is

computed from the condition 9*AF},/d0*xr = 0.

2.2 Thin film growth and characterization

Combinatorial thin films of Al, ,Gd, N were deposited using radio-frequency (RF) co-sputtering
from elemental targets on 3” magnetrons in a vacuum sputtering chamber with a base pres-
sure of approximately 5 x10~7 Torr. The PO, was < 2 x 10~® Torr, and the PH,O was
< 3x1077 Torr at 873 K. The powers used were 340 W (Al, 99.999%) and 120 W (Gd, 99.5%)
in a stational substrate geometry, yielding a compositional gradient of 0.12 < x < 0.25. De-
position occurred at a total chamber pressure of 2 mTorr under 5 sccm of Ar and 15 scem of
N, (99.999%) gases, and the substrate was heated to 873 K. The targets were presputtered
for 60 minutes with the substrate shutter closed, followed by a 60 min deposition. Films
were grown on 50.8 x 50.8 mm pSi(100) substrates with a native oxide layer (~3 nm). Ad-
ditional homogeneous films were grown at specific compositions by rotating the substrate
during deposition.

Experimental combinatorial data for this study have been analyzed using the COMBIgor
software package*® and are publicly available in the National Renewable Energy Labora-
tory (NREL) high-throughput experimental materials database at https://htem.nrel.gov. %%
Cation composition was measured with electron probe microanalysis (EPMA) measuring the
Al Ka, N Ka, O Ka, Si Ka, and Gd M« X-ray signals. Extra steps were taken for quanti-
tative analysis of light elements: the sample was fluoresced at different depths using several
beam energies (5, 10, and 15 keV), and k-ratios were determined at each. The k-ratios were

used to solve iteratively for the film’s thickness-density as a function of beam energy until a

self-consistent composition was obtained for each element. At most points, analytical total



compositions summed to slightly less than 1, likely due to impurities from sputter targets.
Cation composition was confirmed with X-ray fluorescence (XRF') using a Bruker M4 Tor-
nado under vacuum (~15 Torr). Thicknesses were extracted from the XRF data following
calibration of the model with transmission electron microscopy (TEM).

Laboratory X-ray diffraction (XRD) patterns around the wurtzite (0 0 2) peak were
collected with Cu K, radiation on a Rigaku Smartlab equipped with parallel beam optics
and a Ge(220) monochromator. Additional laboratory XRD data were collected using a
Bruker D8 Discover with Cu K, radiation equipped with a 2D detector. High resolution
synchrotron grazing incidence wide angle X-ray scattering (GIWAXS) measurements were
performed at beamline 11-3 at the Stanford Synchrotron Radiation Lightsource (SSRL),
SLAC National Accelerator Laboratory. The data were collected with a Rayonix 225 area
detector at room temperature using a wavelength of A = 0.9744 A, a 1° incident angle, a
150 mm sample-to-detector distance, and a spot size of 50 um x 150 pm. The diffraction
images were integrated and processed with GSAS-II, PyFAI, and pygix.®! 53

Cross-section samples for TEM and scanning transmission electron microscopy (STEM)
were prepared using a standard lift out technique in a FEI Nova NanoLab 200 dual beam
focused ion beam (FIB) workstation. A Pt protective layer was deposited first to protect the
sample surface during subsequent FIB sample preparation. 30 kV Ga™ ions were used for
most of the preparation and the samples were finished off using < 5kV Ga™ ions. The FIB
damage was subsequently removed in a Fischione NanoMill using < 1 kV Ar" ions with the
sample cooled using a liquid nitrogen cold stage. The samples were then examined in a FEI
Tecnai F20 UltraTwin field emitting gun (FEG) STEM operated at 200 kV and a FEI Tecnai
ST30 TEM operated at 300 kV. Energy-dispersive X-ray spectroscopy (EDS) elemental maps
were obtained in the F20 STEM using an EDAX Octane T Optima windowless Si drift
detector (SDD) EDS system and processed using EDAX TEAM software.

A rapid thermal annealing (RTA) study was performed on a homogeneous film with

x = 0.16 grown at a deposition temperature of 673 K. Sequential annealing under 8 slpm



flowing N, was performed in a ULVAC MILA-3000 RTA furnace at 873 K, 973 K, 1073
K, 1173 K, and 1273 K. The RTA procedure consisted of a three minute hold at 373 K, a
one minute ramp to the set temperature, and a hold at the set temperature for 3 minutes,

followed by rapid cooling to room temperature. Each anneal was followed by laboratory

XRD analysis at the (0 0 2) peak as described above.

3 Results and Discussion

3.1 Thermodynamics of Al,_,Gd,N Alloys

We calculated the thermodynamics of Al;_,Gd,N heterostructural alloys using density func-
tional theory (DFT) in conjunction with alloy models (see Methods for details). Wurtzite
is the ground-state structure for AIN, while GdN is stable in the rocksalt structure. Other
lanthanide nitrides such as YbN, LaN, and CeN are also stable in rocksalt ground-state
structures. The computed mixing enthalpy (AH,,) for Al;_,Gd,N alloys are shown in Fig-
ure 1(a). The AH,, curves are obtained by fitting second-order polynomials to a set of data
points computed at discrete x values. We find that wurtzite is the ground-state structure of
Aly_,Gd,N alloys up to a critical composition of z. = 0.82, beyond which the ground-state
structure is rocksalt. We also considered a layered hexagonal-BN like structure of the al-
loys, but we find it to be energetically unfavorable as compared to the wurtzite and rocksalt
structures over the full compositional range (Figure S1).

The mixing free energies (AF),) for the wurtzite and rocksalt structures calculated for
a range of temperatures (2000 — 5000 K) are shown in Figure 1(b). The temperature-
composition 7'(z) phase diagram shown in Figure 1(c) is calculated from AF,,. The un-
stable region (gray, shaded) bounded by the spinodal decomposition line is computed from
the condition 9?AF,,/0*r = 0. The shaded region represents the miscibility gap; within
this region, single-phase alloys are thermodynamically unstable towards decomposition into

AIN and GdN and towards composition fluctuations, i.e., spinodal decomposition. The dis-
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Figure 1: Calculated thermodynamics of heterostructural Al;_,Gd,N alloys. (a) Mixing
enthalpy (AH,,) curves of Al;_,Gd,N alloys in the wurtzite and rocksalt phases. Wurtzite
is the ground-state structure of AIN and Al;_,Gd,.N alloys up to the critical composition
of z. =0.82, above which the rocksalt structure is more stable. (b) Free energy (AF,)
calculated for a range of temperatures 7" = 2000 — 5000 K. (c¢) Temperature (7")-composition
phase diagram showing the miscibility gap bounded by the spinodal lines for the wurtzite
(z. < 0.82) and rocksalt (z. > 0.82) alloys. A region of metastability exists immediately
beyond the unstable region.
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continuity in the spinodal line at x. is due to the incommensurate lattices of wurtzite and
rocksalt, requiring a reconstructive phase transition. Beyond the unstable region is a region
where single-phase alloys are metastable. The metastable region extends up to the binodal
line, which can be obtained through the common tangent construction to AF,, curves (not
shown in Figure 1c). Above the binodal line, single-phase alloys are miscible and thermody-
namically stable. We restrict our discussion to the unstable and metastable regions because
accessible experimental conditions most likely fall within these regions.

The large miscibility gap in the 7'(x) phase diagram at low temperatures (7' < 1000 K)
suggests that only small amounts of Gd can be alloyed with AIN under equilibrium conditions.
Therefore, the key to synthesizing Gd-rich wurtzite Al;_,Gd,N alloys is by accessing high
(effective) temperatures under non-equilibrium conditions. Materials growth techniques in-
volving highly energetic species such as sputtering, plasma-assisted growth, etc., can create
non-equilibrium conditions with extremely high local effective temperatures.®® Such non-
equilibrium growth techniques have been previously demonstrated, resulting in the synthesis
of isostructural and heterostructural alloys at compositions deep inside the miscibility gap.
Successful synthesis of Mn;_,7Zn,O, Sn;_,Ca,S,*? and Al;_,Sc,N'? suggest that the effec-
tive temperatures in non-equilibrium growth are much higher than suggested by equilibrium
conditions. In case of Al;_,Gd,N, we find that effective temperatures of 3000 K and 4000
K can stabilize alloy compositions with x > 0.2 and x > 0.3, respectively, in a metastable

state (see Figure 1c).

3.2 Thin Film Growth, Composition, and Structure

Using RF co-sputtering of metallic targets in a mixed N, /Ar gas environment, we have grown
thin film combinatorial samples of Al; ,Gd, N, with a 1-dimensional compositional gradient
on pSi(100) substrates. The films grown and characterized here are ~185 — 200 nm thick (see
Figure 4a). The cation (Al:Gd) ratio was characterized with electron probe microanalysis

(EPMA), yielding a compositional gradient of 0.12 < x < 0.25 across a 50.8 mm combinato-

11



rial sample. Consistency checks were performed with X-ray fluorescence (XRF), Rutherford
backscattering spectrometry, and Auger electron spectroscopy. EPMA also probes the an-
ion content, revealing a low amount of oxygen incorporation. The average N:O ratio across
the combinatorial film is 96:4 atomic % (i.e., Alj 57Gdy13N.9600.04 10 Aly 76Gdg 24N0.0500.05)
consistent with the higher oxophilicity of Gd compared to Al. This level of oxygen incorpo-

ration is typical for a new nitride material grown by sputtering, #°5-°¢

and while it may affect
optoelectronic properties it should not affect the crystal structure.

Using high resolution synchrotron grazing incidence wide angle X-ray scattering (GI-
WAXS) data collected at SSRL beamline 11-3 (Figure 2a,b), we observe that a wurtzite
structure is maintained up to a substitution value of x ~ 0.24. No peaks arising from metal-
lic Gd or rocksalt-structure GdN are observed. The 2D detector images display texturing
consistent with a semi-oriented sample, and the texturing grows less pronounced at higher
x values (see Figure 2a,b). The successful substitution of Gd is confirmed by the ¢ lattice
parameter extracted from Pseudo-Voigt fits of laboratory X-ray diffraction (XRD) data col-
lected at the (0 0 2) peak (Figure 2¢). ¢ as a function of x is shown in Figure 2(d), and
the trend is close to Vegard’s law, implying a continuous solid solution in this substitution
region. The full-width half maximum of the peak in 260 increases with increasing Gd z,
suggesting that the film becomes increasingly nanocrystalline.

The thermal stability of Al, ,Gd,N was investigated via a sequential rapid thermal an-
nealing study performed in flowing N, on a film with x ~ 0.16 grown at 400°C (see Figure S6
in the Supporting Information). No decomposition, for example to metallic Gd or rocksalt
GdN, was observed via laboratory XRD as a result of sequential 3 minute anneals every 100
K from 600 K up to 1273 K. There is no significant change in the unit cell volume across the
temperature range, as shown in Figure S6(c), so we attribute small shifts in the (0 0 2) peak
position to strain effects from mismatch in the coefficients of thermal expansion between

Al,_,Gd, N and the Si substrate.

The phase-pure substitution level attained here by RF sputtering (z & 0.25) is signif-
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Figure 2: Synchrotron GIWAXS 2D detector images of spots along the compositional gra-
dient of an Al, ,Gd,N film for (a) x = 0.14 and (b) = 0.22. (c) Laboratory XRD at the
wurtzite (0 0 2) peak across the compositional gradient. (d) Lattice parameter ¢ and 26
FWHM of the peak as a function of z; quantification errors in both x and ¢ are smaller than
the data symbols. The XRD data for the samples with x < 0.13 are in Figure S3 in the
Supporting Information.

icantly higher than that achieved previously either by RF sputtering (z ~~ 0.06)3%°7 or
molecular beam epitaxy (z = 0.13).%%3 Kita et al. observed phase separation to metallic
Gd and AIN above z ~ 0.1 grown at 500°C by RF sputtering,® which we do not observe
in Figure 2 or Figure S3. We attribute the higher substitution level at which we observe
phase-pure wurtzite compared to previous reports to different deposition conditions. We have
previously extensively optimized for non-equilibrium growth conditions (i.e., deposition tem-
perature, process pressure, gas ratios) based on our past experience with related Al, .M N
alloys. 101972124 We expect that additional optimization of growth parameters may be able
to further increase the amount of Gd*" that can be incorporated into AIN.

STEM energy-dispersive X-ray spectroscopy (EDS) elemental mapping using the Al, N,
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Figure 3: Energy-dispersive X-ray spectroscopy (EDS) elemental mapping of a film region
with = 0.13, as measured by EPMA. (a) STEM high-angle annular dark field image, with
(b) an atomic % line profile extracted from the EDS maps; the values for the Al ,Gd, N
film have been calibrated with the chemical formula measured via EPMA, and Pt and C are
not shown. EDS elemental mapping (weight %) at the (c¢) Al K-peak, (d) Gd L-peak, (e) N
K-peak, and (f) O K-peak. Additional elemental maps are shown in Figure S4.

and O K-peaks and the Gd L-peak with approximately 1 nm spatial resolution for a region of
film with x = 0.13 is shown in Figure 3, with additional elemental maps using the Si and C K-
peaks and the Pt M-peak in Figure S4. The EDS maps indicate homogeneous incorporation
of Al, Gd, and N within the film region. Consistent with the EPMA results, there is a low
amount of oxygen throughout the film, with thin surface oxide layers visible between the
film and the Si substrate (due to the native oxide on the substrate) as well as at the top
of the film layer. An atomic % line profile extracted from the EDS maps, overlaid on the
STEM high-angle annular dark field image, confirms the compositional homogeneity through
the film and the low amount of oxygen present in the bulk of the film. The homogeneous
distribution confirms the successful growth of a single-phase film of Al, ,Gd, N with z at least

up to 0.24. After comparing with the calculated temperature-composition phase diagram
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(Figure 1c), this suggests that our sputtering deposition is likely operating in an effective

temperature regime of 7"~ 3000 — 4000 K.

E-beam Pt

A|0.87Gd0.13N

=

Figure 4: TEM on a Al, ,Gd,N film region with x = 0.13. a) BF TEM image taken along a
< 110 > Si direction, b) HRTEM taken along a < 2110 > Al, ,Gd,N direction, and (c) the
fast Fourier transform (FFT) of the boxed area in b) showing periodicities corresponding

to the < 2110 > zone axis of the wurtzite crystal structure of Al, ,Gd, N, calculated in
CrystalMaker(®).*®

A region of the sample with x ~ 0.13 was further investigated with TEM, shown in Figures
4 and S5. A bright field (BF) TEM image through the thickness of the film (Figure 4a)
displays a polycrystalline film of Al, ,Gd, N with columnar grains, typical for sputtered films
and consistent with the semi-oriented nature of the GIWAXS patterns. High resolution TEM
(HRTEM) imaging of a region with z & 0.13 is consistent with a wurtzite structure based on a

fast fourier transform (FFT) analysis (Figure 4b,c). The FFT is labelled according to a single
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crystal electron diffraction pattern calculated for the < 2110 > zone of the wurtzite crystal
structure; such a pattern would not be observed for a cubic crystal structure. No indications
of cubic rocksalt or zincblende structures were found. Additionally, the transmission electron
diffraction (TED) pattern shown in Figure S5 indicates that the film is textured, consistent
with the GIWAXS and XRD data. Using the Si pattern as a reference, the d-spacing of
the labeled {0 0 2} Al,  Gd,N reflection is calculated to be ~2.51 A, indicating ¢ ~ 5.02 A,

which is consistent with the GIWAXS and XRD results (see Figure 2c, inset).

3.3 Thermodynamics of Other Al,_,M N Alloys

Given the widespread interest in Aly_, M, N-based (M: group-3 transition metal or rare-
earths) alloys, and motivated by our success in realizing Gd-rich Al;_,Gd,N, we computa-
tionally investigated the formation thermodynamics of related alloys. The goal here is to:
(1) assess whether M-rich heterostructural Al;_,M,N alloys can be (meta)stabilized using
similar non-equilibrium thin-film growth used for Al;_,Gd,N, and (2) derive trends across
the series of Al;_,M,N alloys and formulate design principles. Figure 5 shows the calculated
formation thermodynamics of Al;_,Tb,N and Al,_,Pr,N alloys. For consistency, the same
DFT methodology as used for Al;_,Gd,N alloy calculations is adopted for the Tb and Pr
analogues. Here, Tb is chosen because of its similar ionic size and electronegativity to Gd
and Pr because it lies in the lanthanoid series between La (no f electrons) and Gd.

The critical compositions (z.) for wurtzite—rocksalt phase transition in the three Al;_, M, N
alloy systems studied here are 0.82 (M = Gd), 0.84 (M = Tb), and 0.87 (M = Pr). Previous
computational studies have predicted z. for other AIN alloys with group-3 binary nitrides,
shown in Table 1. We observe a non-monotonic change in x. as we move down group 3
and across the lanthanide series, with z. first increasing from Sc — La and then decreasing
through to Yb. The trend is counter-intuitive if one considers only the changes in the ionic
size. The M?3* cation sizes in octahedral coordination, which is the native coordination in

the ground-state M N rocksalt phase, are tabulated in Table 1. Here, the systematic decrease

16



Table 1: Ionic radius (in A), electronegativity (y, Pauling scale), and calculated critical
composition (z.) for several group-3 cations investigated for incorporation into wurtzite AIN
in this work and previous studies. The radii are from Shannon in octahedral coordination,
which is the native coordination in the ground-state MN rocksalt phase.®

Cation Ionic Radius  x T Ref.
St 0.75 1.36  0.55-0.64 10,29
Y3+ 0.90 1.22 0.75 20
La®" 1.03 1.10 0.95 60
Pr3t 0.99 1.13 0.87 This work
Gd3** 0.94 1.20 0.82 This work
Th3* 0.92 1.10 0.84 This work
Yh3t 0.87 1.10 0.75 33
AT 0.39 1.61 - -

in the ionic radii beyond La is due to the well-known “lanthanide contraction.” La has the
the largest ionic size mismatch with Al and therefore, we would expect the transition to the
rocksalt phase to happen at the smallest z.. However, this is not the case (z. = 0.95),%
which indicates that the ionic size mismatch is not the primary factor.

The non-monotonic change in x. is likely driven by the ionicity of M-N bonds. Sc is the
most electronegative (1.36 on Pauling scale) and La is the least (1.10). The electronegativity
of rare-earth elements increase from La — Yb. AIl-N bonds have a strong polar-covalent
character owing to the high electronegativity (1.61) of Al. M—-N bonds are relatively more
ionic, with La—N bonds expected to be the most ionic based on electronegativities. As
discussed in the context of Al;_,Sc,N alloys,?* the polar-covalent Al-N bonds composed of
sp3 hybridized orbitals are highly directional. In comparison, more ionic M ~N bonds tend to
be spherically symmetric and non-directional, which may allow easier incorporation in the
Al-N matrix. As such, a large z, is predicted for Al;_,La,N alloys.%

We have demonstrated in this work that Gd-rich Al;_,Gd,N compositions can be metasta-

bilized with highly non-equilibrium thin-film growth techniques. From Figure 1(c), we find
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Figure 5: (a, c¢) Calculated mixing enthalpy (AH,,) curves of Al;_,Tb,N and Al;_,Pr,N
alloys in the wurtzite and rocksalt phases. The critical compositions above which the rocksalt
structure is more stable are x. = 0.84 (Tb) and z. = 0.87 (Pr). (c) Temperature (7')-
composition phase diagram showing the miscibility gap bounded by the spinodal lines for
the wurtzite and rocksalt alloys.

that effective temperatures of 3000-4000 K are needed to metastabilize Al;_,Gd,N com-
positions with x > 0.3. Such high effective temperatures can be achieved only with non-
equilibrium growth e.g., by bombardment of highly energetic atoms/ions (sputtering). Since
the solubility of group-3 element M in wurtzite AIN phase is temperature-dependent, we use
4000 K as the reference T' to compare the predictions between different alloys. Like Gd, we

find that Th and Pr exhibit relatively high solubilities in wurtzite AIN, with x = 0.42 and
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x = 0.28 achieved at T = 4000 K, respectively (Figures 5b, 5d). In comparison, other studies
have computationally predicted x = 0.25 for Al;_,Sc,N'® and z = 0.1 - 0.15 for Al;_, Yb,N®!
at T' = 4000 K. It is not clear why Yb solubility is significantly lower compared to other
group-3 elements. > From a DFT calculation perspective, Yb is a particularly challenging
f-electron element that exhibits mixed valence (Yb?", Yb3"); Yb 3 pseudopotential is not
available with VASP distribution, and Yb_ 2 is a valid choice only when Yb exists predom-
inantly as Yb?*, which is not the case in Al;_,Yb,N. The use of the Yb pseudopotential,
where the 4f electrons are treated as valence electrons, requires careful consideration of the
magnetic ordering. We can conclude that a large family of M-rich wurtzite Al;_, M,N het-
erostructural alloys can be realized at effective T that can be accessed with non-equilibrium

growth techniques such as sputtering.

4 Conclusion

Heterostructural alloys of wurtzite AIN and rocksalt M N are promising materials for a host
of applications, including optoelectronic, ferroelectric, and neutron detection, among others.
A fundamental understanding of the thermodynamics of alloy stability, phase transition, and
solubility of M cations is, therefore, central to designing and optimizing Al; _, M, N alloys. We
have performed a joint computational and experimental study on the incorporation of Gd*"
into AIN, creating a heterostructural alloy Al;_,Gd,N between rocksalt GAN and wurtzite
AIN. First-principles calculations using density functional theory in conjunction with SQS
supercells reveal that the critical composition for a wurtzite to rocksalt phase transition is
x. = 0.82. The calculated mixing free energy indicates that at equilibrium conditions and
at temperatures below 1000 K, there is a large miscibility gap and only a few percent of
Gd can be incorporated in AIN. Higher (effective) temperatures that can be accessed with

non-equilibrium growth methods will enable higher Gd incorporation. By exploiting these

non-equilibrium growth conditions experimentally via combinatorial RF co-sputtering, we
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have achieved significantly higher Gd concentrations in the wurtzite phase (z & 0.25) than
in previous thin film syntheses and therefore significantly expanded the range of alloys in
this new materials system. Future growth optimization may be able to further increase the
range of Gd that can be incorporated into AIN. Expanding our computational analysis to
Pr®" and Tb*", which show similar behavior to Gd*", and comparing ionic size effects with
electronegativity for all the cations that have been considered for substitution into AIN allows
us to develop design rules for Al;_,M_,N alloys. We find that increased ionicity of the M—N
bond aids in the substitution of larger M cations into wurtzite AIN, in which the AI-N bond
is highly polar and covalent. The combination of higher bond ionicity and experimental
access of non-equilibrium growth conditions provides a path forward for designing other

heterostructural alloys within this family.
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