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ABSTRACT

Epitaxial multilayer heterostructures of ScxAl;_xN/GaN with Sc contents x = 0.11-0.45 are found to exhibit significant differences in structural
quality, chemical impurity levels, and electronic properties depending on the starting Sc source impurity levels. A higher purity source leads
to a 2-3 orders of magnitude reduction in the carbon, oxygen, and fluorine unintentional doping densities in MBE-grown ScxAl;_yN/GaN
multilayers. Electrical measurements of ScxAli_«N/n* GaN single heterostructure barriers show a 5-7 orders of magnitude reduction in the
electrical leakage for films grown with a higher purity Sc source at most Sc contents. The measured chemical and electrical properties of
epitaxial ScxAl;_xN highlight the importance of the starting Sc source material purity for epitaxial device applications that need these highly

piezoelectric and/or ferroelectric transition-metal nitride alloys.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0054522

Alloying of aluminum nitride (AIN) with the transition element
scandium (Sc) has garnered significant research interest due to a sig-
nificant increase in the piezoelectric and pyroelectric response, and
even ferroelectric behavior.!” This is due to the unique predicted
ability of Sc and other early transition metal atoms (e.g., yttrium)
to have a large solubility in the wurtzite crystal structure, in addi-
tion to isoelectronic alloying from a natural +3 oxidation state.®"!!
Combined with the merit Al(Ga)N layers already found in numerous
applications in photonic devices, such as LEDs and lasers, solid-state
lighting, telecommunications, piezoelectric devices, and high power
and high frequency electronics,'”!° ScxAl;_«N is a rapidly emerging
technologically relevant material.

Epitaxial growth of highly crystalline ScxAl;_xN thin films
presents several challenges stemming from the fundamental

mismatch in the stable crystal structures of the components: SCN
adopts a rock salt crystal structure, whereas AIN is wurtzite. Rock
salt ScN is non-piezoelectric and non-pyroelectric, whereas AIN
boasts both piezoelectric and spontaneous polarization. Wurtzite
ScN is a metastable phase that has never been realized exper-
imentally.'” " Accordingly, thermodynamic phase separation in
ScxAli_«N is predicted beyond a certain atomic percentage of Sc:
kinetic factors during deposition can potentially reduce this transi-
tion threshold. Any phase separation into cubic ScN or cubic Sc-rich
Sc1-xAlkN regions is expected to be deleterious to piezoelectric and
ferroelectric properties. Additionally, Sc has a large thermodynamic
driving force to bond with oxygen.””?! This is fundamentally due
to the large electronegativity difference between Sc and oxygen, the
small effective nuclear charge of Sc 3d orbitals, and the high energy
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of the Sc 3d orbitals.””"** These all contribute to a large negative
Gibbs free energy in the formation of the Sc-O bond relative to
metallic Sc. When combined, these challenges manifest themselves
in the form of chemical inhomogeneities, excess impurity incor-
poration, and microstructural instabilities in as-grown ScxAl;_xN
films.”>** As ScxAli_«N gains interest for applications in epitaxial
heterostructures for photonics and electronics,”~*’ where perfor-
mance is extremely sensitive to impurity concentrations and chemi-
cal doping, these issues need to be addressed at this time since studies
of the epitaxial material are at an early stage.

As ScxAli_«N increases in technological relevance, the purifica-
tion of Sc is starting to acquire increased relevance. Sc, along with
other rare earth metals, is difficult to purify, in part due to the chem-
ical trends mentioned above. This results in commercially available
Sc sources being of lower purity than other metals used in the III-
nitride family (e.g., Ga, In, and Al, which can be purified to 6-7N
purity levels in their elemental form). Fortunately, effort has been
dedicated to the improvement of Sc metal purity. Notably, a process
has been developed at the Ames Laboratory, which uses anhydrous
fluorination to convert Sc;O3 to ScFs, which is subsequently con-
verted to relatively pure Sc by calcium reduction.”” This process does
not represent the fundamental limits of Sc purification, as additional
steps such as electrotransport” can be utilized to purify Sc even
further.

In this work, we report the differences in the structural and
chemical properties of epitaxial, single-crystalline ScxAl;_xN/GaN
multilayer heterostructures, where the Sc content is varied between
x = 0.11 and 0.45 mole fraction, when grown with two Sc sources
of different chemical purity levels. The multilayer heterostructures
have 120 nm thick periods and are grown by plasma-assisted MBE
on semi-insulating GaN/ALO; template substrates. GaN/Al,O;
template substrates were chosen due to their commercial availabil-
ity, insulating nature, and in-plane lattice matching to ScyAl; xN at
~18% Sc (x = 0.18). Combined, this heterostructure is well suited to
study the chemical behavior of ScyAl;_xN and epitaxially stabilize
wurtzite ScxAli_xN. In situ reflection high-energy electron diffrac-
tion (RHEED) images of ScxAl;_«N indicate epitaxial growth for all
layers and suggest that GaN maintains a wurtzite crystal structure
when grown on top of ScxAl;_«N at all Sc compositions studied. Sec-
ondary ion mass spectrometry (SIMS) measurements, calibrated by
Rutherford backscattering spectrometry (RBS) data, are then used
to uncover a 2-3 orders of magnitude reduction in the carbon, oxy-
gen, and fluorine impurity levels in the film grown with a higher
purity Sc source. High-angle annular dark field scanning transmis-
sion electron microscopy (HAADF-STEM) images corroborate the
RHEED indications. Separate ScxAl; «xN films of ~100 nm thickness
grown on n*GaN bulk substrates were then used to assess electri-
cal conductivity. ScxAli_xN films grown with the higher purity Sc
source demonstrated 5-7 orders of magnitude reduction in the leak-
age current density. Lowering leakage is critical for accessing high
voltages in RF transistors, and large coercive fields are needed to
study ferroelectric and enhanced piezoelectric behavior.

The ScxAl;_xN/GaN heterostructures of this work were grown
by MBE in a Veeco® GenXplor system with a base pres-
sure of 107 Torr on Xiamen® 10 x 10 mm? semi-insulating
GaN/AL O3 substrates for SIMS measurements, and separately on
Suzhou Nanowin® 7 x 7 mm? conductive n-type bulk GaN sub-
strates for electrical measurements. Two Sc metal sources, one of
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nominally 99.9% purity (including C and O impurities) from Ames
Laboratory and another of 99.99% purity (on a rare earth element
basis) from a commercial vendor, were used for the comparative
study. They were evaporated from separate W crucibles using a
Telemark® electron beam evaporation system integrated with the
MBE equipment. Flux feedback was achieved with an Inficon® elec-
tron impact emission spectroscopy (EIES) system by directly mea-
suring the Sc atomic optical emission spectra. Aluminum (99.9999%
purity), gallium (99.999 99% purity), and silicon (99.9999% purity)
were supplied using Knudsen effusion cells. Nitrogen (99.999 95%)
active species were supplied using a Veeco RF UNI-Bulb plasma
source, with a growth pressure of ~107° Torr. The reported growth
temperature is the substrate heater temperature measured by a
thermocouple. In situ monitoring of film growth was performed
using a KSA Instruments reflection high energy electron diffraction
(RHEED) apparatus with a Staib electron gun operating at 15 kV
and 1.5 A. Post-growth X-Ray Diffraction (XRD) was performed on
a Panalytical Empyrean® diffractometer at 45 kV, 40 mA with Cu
Kal radiation (1.54057 A). Post growth AFM measurements were
performed using an Asylum Research Cypher ES system. Cross-
sectional STEM samples were prepared via the focused ion beam
(FIB) lift-out method using a Thermo Fisher Helios G4 UX FIB. Pro-
tective layers of carbon, Pt, and AuPd were sputtered prior to the FIB
to prevent surface damage. High-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) was performed
using a convergence angle of 21 mrad in an aberration-corrected FEI
Themis Titan microscope operating at 300 keV. SIMS and RBS mea-
surements were performed at Evans Analytical Group (EAG). An
AIN reference sample was utilized as ion implant standards do not
currently exist for ScxAl;_xN. Quasi-static electrical current-voltage
(I-V) measurements were performed on a Cascade Microtech 11000
probe station in an N, ambient condition at room temperature on
40 ym diameter circular Ti/Au electrodes patterned lithographically
on separate ScyAl;_xN/GaN heterostructure samples.

All ScxAli_xN/GaN heterostructures for this study were epitax-
ially grown in a reactive nitrogen environment in the MBE chamber
at 200 W RF nitrogen plasma power and 1.95 SCCM flow rate. Scand
Al atomic percentages in the film were adjusted by the ratio of the
respective fluxes from the effusion cell for Al and E-Beam for Sc. The
beam equivalent pressures (BEPs) measured from a beam flux mon-
itor (BEM) right below the substrate surface ranged from Fy = 1.3
x 1077 to 2 x 1077 Torr for Aland Fs. = 3.0 x 10 % to 1 x 10~ Torr
for Sc. The ScxAlixN layers were grown under nitrogen rich condi-
tions with III/V ratio ~0.85 at a substrate temperature of ~600 °C,
with a growth rate of ~6 nm/min. Sc and Al were co deposited
continuously during the growth. These conditions were utilized to
prevent excess metal accumulation on the surface, which in turn pre-
vents the formation of undesired yet thermodynamically favorable
Sc-Al containing intermetallic compounds that form in metal-rich
growth conditions. A more detailed study of the growth conditions
and calibration of the active nitrogen flux used to establish the effec-
tive ITI/V ratio is described elsewhere.”” It is noted that there are sev-
eral growth methods and characterizations that can be used to cali-
brate the active nitrogen flux (N*), and accordingly, the III/V ratio.
The GaN layers were grown under metal rich conditions with III/V
ratio >1 at 700 °C substrate temperature to promote smooth sur-
faces. Any excess Ga was consumed by keeping the nitrogen plasma
shutter open and monitoring the RHEED specular intensity. This
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TABLE |. Summary of Sc contents measured by RBS on the two ScxAl_4N-GaN
heterostructures further analyzed via XRD and SIMS, and STEM in this report.

Sc atomic percentages with
lower purity Sc source

Sc atomic percentages with
higher purity Sc source

11 16
17 19
32 27
45 34

interrupt, as well as a growth interrupt when changing the substrate
temperature, was performed for all the growths. This mode of
growth was utilized to prevent chemical intermixing between
the ScxAli_xN and GaN layers. For SIMS studies, 4X repeats of
ScxAl1xN/GaN layers of ~60 nm/60 nm thicknesses were grown on
a ~270 nm GaN buffer layer on a semi-insulating GaN-Al,O3 sub-
strate. One multilayer heterostructure consisting of four ScxAl;_xN
layers was grown for each Sc source, resulting in two samples for
comparative SIMS studies. For electrical measurements, ~100 nm
thick ScxAl;_xN layers were grown on a ~200 nm epitaxial n"GaN
layer of Si doping Np ~ 10" cm™. The Sc content was varied across
four samples with each Sc source, giving a total of eight samples for
vertical electrical conductivity studies.

Table I summarizes the Sc contents obtained via RBS measure-
ments between the two 4x period ScxAli_xN-GaN heterostructures.
The surface crystalline structure during the growth was tracked by
in situ RHEED. Figure 1 shows the evolution of RHEED images
during the growth of the 4-period ScxAl,_xN/GaN multilayer

ScAIN (x=0.16)

GaN ScAIN (x=0.19)

ScAIN (x=0.27) GaN ScAIN (x=0.34)

ScAIN (x=0.11) GaN ScAIN (x=0.17)

ScAIN (x=0.32) GaN ScAIN (x=0.45)

\
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heterostructures. The RHEED images viewed along the (1120)
azimuth suggest that all layers are single-crystalline and epitaxial.
Bisecting Kikuchi lines are seen for the x = 0.16 ScxAlixN layer
indicating high crystal quality and coherence. This is expected since
Sco.16Alp.84N is close to the nominally lattice-matched Sc composi-
tion (x = 0.18) with GaN. As the Sc content is increased or as the
Sc content deviates significantly from ~18%, spots develop on the
primary 1 x 1 streak patterns, and the streaks become more dif-
fuse. This is indicative of decreasing crystalline quality and agrees
with an increased in-plane lattice mismatch with GaN. Despite this
trend, all the subsequently grown GaN layers retained their primary
streak patterns. This suggests that GaN maintained a wurtzite crystal
structure, and the underlying ScxAl;_xN is predominantly wurtzite.
Any underlying defects do not disturb the epitaxy enough to pre-
vent the formation of the thermodynamically stable wurtzite phase
in GaN. AFM images (not shown) acquired after growth of both
samples showed small hillocks on the surface with an rms roughness
of ~2 nm related to the characteristic of the dislocation-mediated
surface morphology of MBE-grown GaN. No significant difference
was observed for the two samples in the AFM images.

Figure 2 shows, in a comparative fashion, the x-ray diffrac-
tion patterns measured for the two ScxAl;_xN/GaN heterostructures
grown with the two Sc sources. The substrate sapphire and the thick
GaN peaks are at the same angle. The symmetric geometry 26-w
scans showed crystalline behavior in both samples, with ScxAl;_xN
0002 peaks appearing near 36° 20 for the lowest Sc content layer
and increasing to higher angles (smaller c-axis lattice parameter)
for the layers with higher Sc contents. The Sc contents in these
two samples were measured by RBS. The sample grown with the

GaN

FIG. 1. Evolution of the RHEED pat-
tern along the (110) zone axis for
both 4x period ScyAli_yN/GaN multi-
layer heterostructures with an increas-
ing Sc composition in respective layers
during the growth with x = 0.16-0.34
and x = 0.11-0.45 for the higher and
lower purity Sc sources, respectively.
The arrows indicate the time sequence
after the growth of each layer. Al diffrac-
tion images suggest that the layers are
epitaxial and single-crystalline except
for the x = 0.45 layer. The structural
degradation of the highest Sc content
ScxAli_«N layer is indicated by the
spotty pattern: Nevertheless, the diffrac-
tion pattern suggests it to be crystalline.
The GaN layers recover their 1 x 1
streaks overall and maintain their hexag-
onal crystal structure.

GaN

GaN

GaN
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higher purity Sc source has respective layer Sc contents of 16, 19,
27, and 34 at. %, respectively (x = 0.16, 0.19, 0.27, and 0.34). These
Sc contents correspond to the out of plane lattice parameters of
5.01, 4.98, 4.91, and 4.85 A, respectively. The sample grown with
the lower purity Sc source has XRD peaks for 11 and 17 at. % Sc
(x = 0.11 and 0.17). These correspond to the out of plane lattice
parameters of 5.03 and 4.99 A, respectively This is in agreement
with a trend of a slight increase in the out of plane lattice param-
eter relative to AIN and then a decrease in the out of plane lattice
parameter, as the Sc content is increased past ~17% (x = 0.17). This
non-monotonic change and deviation from Vegard’s law has been
predicted by recent theoretical calculations. This likely originates
from a competition between increasing average bond length and
increased tetrahedral structural distortion, which tilts the tetrahe-
dral bonds away from the c-axis.”>** It is noted that the measured
out of plane lattice parameters for MBE grown ScyAl;xN can vary
depending on the relative growth conditions (e.g., III/V ratio and
substrate temperature).

A difference is found in the XRD of Fig. 2 for the two sam-
ples with different Sc purity sources. The XRD peaks indicated by
downward arrows in the higher purity Sc source sample that corre-
spond to the two highest Sc contents (x = 0.27 and 0.34) are absent
in the lower Sc purity sample. Despite the Sc contents being different
between the two samples overall, an XRD peak for the x = 0.32 layer
in the lower purity Sc sample would still be expected as a peak is seen
for the x = 0.34 layer in the higher purity Sc sample. In addition,
the interference fringes to the left of the main GaN 0002 peak are
more prominent in the higher-purity Sc source sample, indicating
superior ScxAl;—xN-GaN interfaces. The peak near 32.6° 26 found
in the higher purity Sc source sample likely corresponds to the 1010
orientation of hexagonal ScxAl;_xN, though its origin is currently
unclear.

In general, the comparison of the x-ray spectra indicates a supe-
rior crystalline quality for high Sc compositions (near x = 0.34)
for the sample grown with the higher purity Sc source. Chemical
differences between sources are not expected to cause significant
structural differences. The exact reason for this structural differ-
ence is currently unclear and may result from a difference in Sc
contents. It is noted that the Sc contents are different between sam-
ples due to deviations in the Sc flux from the electron beam evap-
oration between two samples. One possibility relating structural
differences between samples to chemical differences is that the

High-purity Sc
ik N s

Low-purity Sc

| Il

40 42

I i

— FIG. 2. Symmetric 20-w XRD scans,
— showing ScxAl;_xN wurtzite 0002 peaks
— for lower Sc contents in both samples
\; and the Al,0; 0006 peak from the sub-
strate. The sample grown with a higher

— purity Sc source shows XRD peaks near
the expected positions for Sc composi-

— tions of x = 0.27 and 0.34, indicating
— higher crystallinity.

significantly higher levels of dopant-level impurities in the lower
purity Sc source affect the nucleation and growth of the respective
ScxAli_«N layers, which generate more extended defects. This is dis-
cussed further after the structural and chemical analyses of these
multilayer heterostructures.

Figure 3 compares wide field-of-view and atomic-resolution
HAADF-STEM images of the ScxAl;_xN/GaN heterostructures each
grown with different Sc source purities. The wider-view images were
taken using a longer camera length (CL) of 245 mm to better assess
extended defects and strain. An increased defect density, including
threading dislocations in ScxAli_xN layers, is vividly seen in both
samples as the Sc content is increased (x = 0.32 and 0.45). It can be
found qualitatively that at layers with higher Sc contents, the sample
grown with the lower purity Sc source has an increased density of
extended defects relative to the sample grown with the higher purity
Sc source. Atomic resolution images were taken using a shorter
CL of 160 mm for atomic number (Z)-contrast dominant imag-
ing. Because Ga has a larger atomic number than Sc and Al, GaN
appears brighter than ScxAl;_xN. The images reveal relatively abrupt
interfaces between the ScxAli_xN and GaN layers. In addition, all
GaN layers are found to adopt the wurtzite crystal structure and
maintain a metal-polar orientation throughout the heterostructure
layers.

Visually, one could interpret the lower Sc content layers (x
= 0.11 and 0.17) to be of higher quality in the sample grown with
the lower purity Sc source. However, due to FIB milling, the final
sample thicknesses along the electron beam direction are different:
83 and 157 nm for samples grown with lower and higher purity
sources, respectively. The method for determining the sample thick-
nesses is discussed in the supplementary material. A comparison
of the dislocation density for the ScxAli_xN (x = 0.17) layer from
the heterostructure with the lower purity Sc source with ScxAl;_xN
(x = 0.16) in the heterostructure with the higher purity Sc source was
performed. The dislocation density of the latter (4.85 x 10" cm™
is ~1.5 times lower than the former (7.35 x 10'° cm™), indicating
that the ScxAl;_xN layers grown with the higher purity Sc source are,
indeed, of high quality.

Figure 4 shows the SIMS measurement of the chemical concen-
trations of desired and undesired elements as a function of depth
from the surface for the two samples with different Sc purities.
Figure 4(a) shows the atomic concentrations of Sc, Al, and Ga in
the multilayer region indicating the uniformity of the Sc content in
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Higher Purity Sc Source

GeN B .48
ScAIN (x=0.34)

ScAIN (x=0.16) ScAIN (x=0.19)

ScAIN (x=0.27) ScAIN (x=0.34)

FIG. 3. STEM images of heterostructures grown with a lower purity Sc source (left) and higher purity Sc source (right). Wide field-of-view heterostructure images are taken
with a longer camera length (CL) of CL = 245 mm to show contrast from extended defects and strain. Increased defect densities are seen in the high composition ScxAlj_xN
layers. Atomic resolution images near the interfaces are taken with a shorter CL = 160 mm to highlight atomic number contrast and chemical abruptness of the interfaces.

These also show GaN is wurtzite in every layer.

the ScxAl;_xN layers for the higher Sc purity multilayer. The mea-
surement of the atomic Al, Sc, and Ga concentrations of the lower
Sc purity multilayer is very similar to Fig. 4(a) and, therefore, not
shown. Figures 4(b)-4(c) indicate the significant difference in the
unintentional impurity levels incorporated in the ScxAl;_xN layers
in the two films. The heterostructure grown with a higher purity
Sc source has 1-3 orders of magnitude lower levels of C, O, and F
impurities. The data for the layer with the highest Sc content in each
sample, x = 0.34 in the higher purity Sc sample and x = 0.45 in the
lower purity Sc sample, show that peak oxygen levels are reduced
from ~1 x 10" to 5 x 10" cm ™3, peak carbon levels are reduced from
~6 x 10" to ~1 x 107 cm™3, and peak fluorine levels are reduced
from ~8 x 10'® to 2 x 10" cm™. Integrating the impurity concen-
tration curves gives C, O, and F densities of 9.4 x 10", 3.9 x 10'%,
and 1.2 x 10" atoms/cm?, respectively, at the x = 0.34 layer in the
higher purity Sc sample. For the x = 0.45 layer in the lower purity Sc
sample, the C, O, and F densities are 3.21 x 10", 8.32 x 10", and 1.0
x 10" atoms/cm?, respectively. The fluorine concentration may not

be physical in the sample grown with the higher purity Sc source as
it is extremely close to the detection limit in AIN and it is unknown
if the detection limit changes for ScyAl;_xN.

Overall, the data directly indicate that impurities from the Sc
source are incorporated in the resultant epitaxial ScxAl;_xN layers
although the background partial pressures of fluorine, oxygen, and
carbon levels are below the residual gas analyzer detection limit of
~107*2 Torr in the MBE growth chamber. Since the oxygen level
in the higher purity Sc source is ~200 ppm, it suffices to state that
some of the oxygen in the Sc source also ends up in the MBE
ScxAli_«xN layers. This agrees with the refractory nature of Sc,03
and the difficulty in the removal of oxygen from Sc. Nevertheless, the
trends between samples indicate utilizing a higher purity Sc source
is a promising way to reduce impurity levels in ScxAl;_xN and is
an important step toward revealing the intrinsic properties of this
material. Meanwhile, point defects arising from oxygen substitu-
tion on a nitrogen site in traditional ITI-nitride semiconductors (e.g.,
GaN, AIN, InN, and their alloys) act as electron donors.”™ Given
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FIG. 4. RBS and SIMS measurements of the chemical composition profiles in the ScxAl;_xN/GaN heterostructures. (a) The change in atomic mole fractions of Sc, Al, and
Ga in the higher purity Sc heterostructure. The three add to a stoichiometric composition throughout from the surface to nucleation interface, which is ~700 to 800 nm below
the surface as visible in (b) and (c) as the oxygen and carbon peaks. For the higher purity Sc source, the Sc contents in the ScxAl{_xN layers have higher uniformity. The
heterostructure grown with the lower purity Sc source shows orders of magnitude higher levels of carbon, oxygen, and fluorine as seen in (b)—(d), which originate from the

Sc source material itself.

chemical trends and predicted behavior in GaN, AIN, and ScN, as
well as experimental data for ScN, fluorine substitution on a nitrogen
site is expected to act as an electron donor.” °’ Therefore, control-
ling their levels in the III-nitride films is critical toward achieving
high resistivity layers that can sustain large electric fields without
conduction losses. This will be possible by reducing the uninten-
tional n-type carrier density and moving the Fermi level deeper into
the energy bandgap of ScxAl;_xN.

To investigate the consequence of the chemical differences
between the two Sc sources on the electronic properties of
ScxAli_xN, eight samples of single layer ScxAl;_xN/n*GaN het-
erostructures were grown on n* GaN bulk substrates. Four samples
utilized the higher purity Sc source and four samples utilized the
lower purity Sc source. The thickness of the ScxAl;_xN layers was
~100 nm for all samples, which was grown by MBE on ~200 nm
Si-doped n*GaN layer as shown in Fig. 5(a). These samples were
grown at the same substrate temperature and III/V ratio as the het-
erostructures mentioned earlier in the manuscript. The Sc content
was varied for the four samples. H1-H4 refer to the lowest to high-
est Sc contents measured for the higher purity Sc samples: 16, 19, 27,
and 34 at. %, respectively. The Sc contents measured for the lower

purity Sc samples are 16, 23, and 31 at. %, respectively. The last sam-
ple likely had higher Sc contents that were not traceable via XRD
due to a destabilization of the wurtzite phase and c-axis orientation.
The Sc content was assigned based on the XRD peak angles for the
ScxAli_xN 0002 peaks in the samples (not shown) and compared
to the 0002 peak positions in the prior ScxAl;_xN-GaN samples in
this report calibrated with RBS data to evaluate the Sc content. The
ScyAl;_«xN 0002 XRD full-width-half-maximum (FWHM) values are
0.02°-0.05° for samples H1-H4 and 0.06°-0.10° for the lower purity
Sc samples. Indium was mounted on the backside of the n* GaN sub-
strate as bottom electrodes, and top electrodes were lithographically
patterned 40 x 40 um? Ti/Au metal stacks.

The comparative current vs voltage characteristics shown in
Figs. 5(b) and 5(c) illustrate a rather severe effect of the Sc source
purity on electrical leakage through the ScxAl;_xN films for biases
ranging from —20 to +20 V. To obtain a very crude estimate, neglect-
ing internal fields and depletion regions in the n*GaN, this would
correspond to an effective electric field of -2 to +2 MV/cm in the
ScxAli_xN layer. While this field can lead to Fowler-Nordheim tun-
neling, it is far below the expected electrical breakdown field of GaN
(~3.5MV/cm). The breakdown fields of sputter deposited ScxAl;_xN
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FIG. 5. Electrical properties of ScxAli_yN/n*GaN heterostructures via quasi-static |-V measurements at room temperature. Schematic of the heterostructure is shown on
the left (a). Electrical current density comparison of ScxAly_xN (b)—(c), with samples grown with a lower and higher purity Sc source. Here, the electrical current density is
reported as the measurement current divided by the area of the Ti/Au electrode. The electrical current density is significantly reduced in the samples grown with a higher

purity Sc source.

are generally larger than 3.4 MV/cm®' and above, so the insulating

characteristics of MBE grown ScxAl;_xN can be improved further.

The ScxAl;_xN/GaN heterostructures grown with the lower
purity Sc source shown in Fig. 5(b) are found to be highly leaky.
The lower purity Sc source, therefore, is not desirable for the growth
of ScxAli_xN layers targeted for electrical heterostructure barriers.
This high conductivity can be due to several reasons, ranging from
the high density of oxygen and fluorine impurities at low Sc com-
positions visible in the SIMS measurements to structural defects at
high compositions that are evident in the x-ray and TEM images,
increasing material conductivity and electrical leakage.

Comparing the current densities at 5 V (~0.5 MV/cm elec-
tric field) bias between both sets of samples leads to the higher-
purity Sc samples shown in Fig. 5(c) in blue having ~5 to 7 orders
of magnitude lower values at all Sc contents other than the high-
est studied (x ~ 0.33). No significant rectification effect is observed
in any of the structures. The current density reaches ~1 mA/cm?
at ~1 MV/cm for the lowest Sc content heterostructure. The cur-
rent density increases with the Sc content, which is attributed to
the combined effects of smaller bandgap and band offsets, as well
as increasing defect-assisted leakage currents from increased struc-
tural distortion. The measured current densities are higher than
those predicted by thermionic emission and Fowler-Nordheim tun-
neling, suggesting defect-assisted leakage currents. The ScxAl;_xN
0002 XRD FWHM values between two sets of samples are different,
but the relatively small difference alone would not be expected to
result in a large leakage current difference. For low Sc contents, the
ScxAl«xN layers do act as an effective barrier, though its insulat-
ing properties can be improved further. Some amount of hysteresis
is observed in the I-V measurements, suggesting the presence of
trap states in this heterostructure. While the lowered currents suf-
fice for certain passive uses of ScxAlixN, reducing electrical leak-
age in epitaxial ScxAl;_xN layers is critical to realize ferroelectric

and enhanced piezoelectric behavior. Specifically, large ferroelectric
coercive fields on the order of 5 MV/cm (e.g., ~50 V over a 100 nm
film) for ScxAli_xN necessitate sustained large electric fields inside
the film. Thus, future work in growth must, therefore, find ways to
lower the impurities in the Sc source even further to approach such
field strengths.

In conclusion, important insights into the structural, chemi-
cal, and electrical trends of epitaxially grown ScxAl;_xN/GaN het-
erostructures and their dependence on the starting Sc source mate-
rial are achieved in this work. STEM imaging shows that the epitaxial
thin films grown with higher purity Sc show decreased defect den-
sities at high Sc contents relative to the films grown with a lower Sc
purity source. This is corroborated in the XRD data where wurtzite
peaks at higher Sc contents are absent in the film grown with a lower
purity Sc source. SIMS measurements show a 2-4 orders of mag-
nitude reduction of carbon, oxygen, and fluorine impurities for the
ScxAli_xN sample grown with a higher purity source. The structural
and chemical differences correlate with a significantly (five to seven
orders of magnitude) lower electrical leakage in films grown with
the higher purity Sc source. This combination of results indicates
the significant and beneficial impact a higher purity Sc source has
on the combined structural, chemical, and electronic properties of
ScxAli«N, and its potential integration with GaN and AIN in the
future.

See the supplementary material for convergent beam electron
diffraction data and information regarding the thickness evaluation
of the ScxAl;_xN-GaN multilayer heterostructure samples along the
beam direction.
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