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ABSTRACT

Growth of wurtzite Sc,Al;_ N (x<0.23) by plasma-assisted molecular-beam epitaxy on c-plane GaN at high temperatures significantly alters
the extracted lattice constants of the material due to defects likely associated with remnant phases. In contrast, SCAIN grown below a composi-
tion-dependent threshold temperature exhibits uniform alloy distribution, reduced defect density, and atomic-step surface morphology. The c-
plane lattice constant of this low-temperature ScAIN varies with composition as expected from previous theoretical calculations and can be
used to reliably estimate alloy composition. Moreover, lattice-matched Scg 13Alp 5,N/GaN multi-quantum wells grown under these conditions
display strong and narrow near-infrared intersubband absorption lines that confirm advantageous optical and electronic properties.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0118075

I. INTRODUCTION

Aluminum nitride (AIN), indium nitride (InN), and gallium
nitride (GaN) have been major topics of interest in the materials
and device communities in recent decades primarily due to the
large range of bandgaps achievable using III-nitride alloys (0.64-
6.2¢eV). These materials have been used in the development of
various electronic and optoelectronic devices such as light-emitting
diodes, laser diodes, and high electron mobility transistors
(HEMTs).! A persistent challenge throughout these Ill-nitride
devices, however, is the large lattice mismatch between different
alloys that can exceed 9% in InN/GaN heterostructures. The result-
ing strain leads to formation of defects that are detrimental to
device performance. A potential solution to this problem is to
utilize materials that are lattice-matched to the substrate, such as
Ing17Alpg3N layers on GaN. Unfortunately, Ing;,AlpgsN layers
have been plagued with severe inhomogeneity issues’™ that

negatively impact optical characteristics.”™'" Here, we investigate
the structure and optical properties of the novel material wurtzite
ScAlN, focusing on the Sc composition range around 18 at. % that
is lattice-matched to c-plane GaN.

ScAIN has recently attracted attention due to its wide applica-
bility in a variety of devices. ScAIN’s large bandgap, spontaneous
polarization,” and dielectric permittivity” can yield high two-
dimensional electron gas densities, making it an attractive material
for HEMTs and heterostructure field effect transistors (HFETSs).”™"”
The enhanced electromechanical coupling of ScAIN relative to
AIN"’ make the material ideal for electroacoustic resonators. """
Furthermore, the significantly reduced etch rate of ScAIN com-
pared to GaN and AIN make it suitable as an etch-stop layer for
device fabrication.'” Lastly, SCAIN is also emerging as a candidate
for memory storage devices. SCAIN’s slow shift of its internal lattice
parameter with increasing scandium composition has been shown
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to facilitate polarization switching”’ with polarization retention
times exceeding 10°s.”’

Many of the unique properties of SCAIN originate from its dis-
tinctive structural instability.””*® Unlike the commonly studied
III-nitrides, ScyAl;_«N is stable in the wurtzite crystal phase only
below x~ 0.55, and transitions to a rock-salt phase at higher Sc
composition.”””>** A metastable non-polar hexagonal, or
h-BN-like phase, has also been proposed theoretically for ScN and
ScAIN, but has not been confirmed experimentally.”* Key material
parameters of wurtzite SCAIN were first measured on polycrystal-
line sputter-deposited films”*°~*’ and calculated using density
functional theory.””™*” Structural parameters (lattice constants,
stiffness coefficients, internal cell parameter, and bond angles) and
other material parameters (dielectric constant, spontaneous polari-
zation, and piezoelectric coefficients) are all believed to vary non-
linearly with composition,”>*® but the scattering of reported experi-
mental values may be due to differences in composition determina-
tion or mixed phases in the sputter-deposited material. Most
notably, the change in bond angles and average bond lengths of
relaxed wurtzite ScAIN with increasing Sc composition results in a
relatively small and non-monotonic change in the c-plane lattice
constant.”” This makes the determination of alloy composition
using the typical method of x-ray diffraction (XRD) problematic.
Estimation of the scandium mole-fraction in ScAIN layers by XRD
is further complicated by the reported growth-temperature depen-
dence of the c-plane lattice constant.””” Hardy et al. observed a
monotonic increase in the XRD symmetric scan ©-20 peak angle
with growth-temperature in ScyAl;_ N (x~0.18) layers grown on
N-polar GaN substrates by molecular-beam epitaxy (MBE), despite
little to no change in material composition. Under the circum-
stances, accurate estimation of the composition of ScAIN has been
limited to time-consuming and expensive techniques such as
Rutherford backscattering (RBS), energy dispersive x-ray spectro-
scopy (EDS), and x-ray photoelectron spectroscopy (XPS).

In this work, we seek to understand the link between growth
temperature and crystalline structure in ScAIN, as well as to
provide a framework for reliable compositional estimation of
ScAIN by standard XRD techniques. We investigate wurtzite Sc,Al;
_xN growth by MBE on Ga-face (0001)-oriented GaN substrates
across a range of compositions (x ~0.11-0.23) and growth temper-
atures (450-760 °C). At high growth temperatures, for all composi-
tions tested, we observe a dependence of the c-plane lattice
constants in SCAIN on growth temperature, similar to that reported
by Hardy et al. for Sco 1Al 82N> Additionally, we find that the
lattice constants of ScAIN grown at low temperature can be well
explained by theory,”® while those of high temperature ScAIN
deviate significantly from theoretical predictions. Higher growth
temperatures result in 3D growth, higher defect densities, higher
surface roughness, and an inhomogeneous distribution of atoms
within the material. These results may explain the deviation from
theoretical lattice constants at higher temperatures. Lastly, we
report for the first time near-infrared intersubband absorption with
extremely narrow lines in lattice-matched Scg ;5Aly 5,N/GaN multi-
ple quantum wells (MQWs). This demonstrates the outstanding
material and optical properties of low growth temperature MBE
grown ScAIN, making it a promising material for future device
applications.

ARTICLE scitation.org/journalljap

Il. EXPERIMENTAL

All nitride structures were grown by plasma-assisted MBE
(PAMBE) on commercially available semi-insulating c-plane
(0001)-oriented GaN on sapphire substrates with a reported tread-
ing dislocation density of 8 x 10 cm™>. The substrates were back-
side coated in 1um of tungsten silicide for improved thermal
coupling and diced into quarters. Prior to loading into an ultrahigh
vacuum (UHV) environment, the substrates were etched for 10 min
in boiling HCI to remove any excess metals, sonicated in trichloro-
ethylene, acetone, and methanol to remove any organic materials,
and then rinsed with de-ionized water and dried with N, gas. The
substrates were outgassed overnight (>12h) at 550°C in a UHV
chamber attached to the MBE. The PAMBE system is equipped
with conventional effusion cells for aluminum, indium, gallium,
scandium, and silicon. A scandium source of 99.999% purity was
used to reduce the reported negative effects of carbon, oxygen, and
fluorine impurities.’”> A Veeco Unibulb radio-frequency (RF)
plasma source is used to supply active nitrogen to the substrate.
Prior to the active layer, a 150 nm GaN buffer layer is grown at
720 °C under gallium-rich conditions. This results in a GaN surface
with pronounced atomically flat terraces and root-mean square
(RMS) roughness <0.3 nm over 4 um?, as measured by atomic force
microscopy (AFM) on control samples.

A series of 30-40 nm Sc,Al,_N films was grown across a
range of compositions (0.11 <x<0.23) and growth temperatures
(450-760 °C) as measured by a pyrometer. All Sc-containing layers
were grown within the nitrogen-rich regime, as metal-rich growth
results in poor surface and structural quality’’ and the development
of intermetallic phases on the surface.” The individual ScAIN
films were grown with a III/V ratio between 0.6 and 0.8, while
ScAIN used in the MQW structures used a III/V ratio of approxi-
mately 0.9. Plasma conditions of 305 W RF power with a 0.5 SCCM
N, flow rate were used to generate an active nitrogen flux of =~
5.8 x 10'* atoms/cm’ s, giving a nitrogen-limited GaN growth rate
of approximately 7.9 nm/min. The MQW structures consisted of 50
repeats of Scg15Alps,N/GaN followed by an additional ScAIN
barrier to form the last quantum well (QW) and employed the
gallium-rich growth method for the GaN layers. Excess gallium was
incorporated into the structure by exposure to active nitrogen after
each GaN layer. All MQWs were doped with silicon using a
8-doping scheme in which two sheets of silicon are placed inside
the ScAIN barrier approximately 1 nm from each interface.

X-ray diffraction (XRD) reciprocal space mapping (RSM) and
rocking curve measurements were made with a Panalytical Empyrean
High-Resolution diffractometer, while XRD symmetric ®-20 scans
were taken using a Panalytical X’Pert’ MRD. Material thicknesses
and MQW periods were determined either from thickness fringes in
XRD symmetric ®»-20 scans or by high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
imaging. ScAIN material composition was determined by Rutherford
backscattering (RBS) measurements conducted by EAG Laboratories,
with an uncertainty in the scandium composition of +1 at. %. The
surface morphology of all samples was assessed using AFM.

MQW c-plane structures were investigated with HAADE-STEM.
Acquisition was done with a double aberration-corrected Thermo
Scientific Themis Z TEM/STEM at 300kV acceleration voltage,
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0.24 nA current, and 0.65 A probe size. STEM samples were prepared
using the focused ion beam (FIB) in situ liftout method on a Thermo
Scientific Helios G4 UX Dual Beam FIB. Following the FIB process,
the specimens were further thinned using a Fischione Nanomill
Model 1040, working at 900 V, 120 1A, and +10° tilt at low tempera-
tures. Finally, each lamella was cleaned with a Fischione Ar Plasma
Cleaner to remove any residue from the FIB and air.

Atom probe tomography (APT) was conducted to determine
the chemical homogeneity of two Scg13Alys,N samples grown at
different temperatures (550 and 720 °C). Specimens for APT were
prepared by FIB milling. Due to the tendency of preferential evapo-
ration of Ga during APT,**™ liftouts were made in cross section
from the sample. All FIB work was done on the FEI (now Thermo
Fisher Scientific) Quanta 3D FEG dual-beam FIB at the Center for
Advanced Energy Studies (CAES), Idaho National Laboratory.
Samples were analyzed using the CAMECA Local Electrode Atom
Probe (LEAP) 4000X HR equipped with 355 nm UV laser, also at
CAES. Specimens were analyzed under a wide range of LEAP
running conditions selected to systematically investigate the influ-
ence of key parameters on the evaporation behavior and composi-
tion measurements, but ultimately the conditions of 0.1 p] laser
energy, 45 K base temperature, 200 kHz pulse rate, and 0.5% detec-
tion rate were chosen to minimize Ga preferential evaporation
effects. A minimum of 2 x 10° ions were collected per needle to
ensure statistical significance. APT data were processed and ana-
lyzed through CAMECA’s Integrated Visualization and Analysis
Software (IVAS version 3.8.4). Peaks in the APT mass spectra were
ranged according to traditional mass ranging methods.*

Using a Thermo Scientific Nicolet 8700 spectrometer, direct
Fourier transform infrared spectroscopy (FTIR) was utilized to
measure intersubband absorption (ISBA) on all MQW samples.
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The samples were polished into small pieces with 45° facets on
both sides to let electromagnetic waves enter and be absorbed by
the active region. The ISBA spectra were obtained by first normaliz-
ing the p- and s-polarized transmission spectra to the background,
followed by calculating the ratio of the p- to s-polarized transmis-
sion spectra.

lll. RESULTS AND DISCUSSION

Figure 1 summarizes the dependence of ScAIN lattice con-
stants for the out-of-plane (0001) direction (c-axis) and in-plane
(1120) direction (a-axis) on Sc composition and growth tempera-
ture (see the supplementary material for XRD RSM). Theoretical
predictions for the wurtzite lattice constants are also included as
curves in Fig. 1 for both ScAIN fully strained to GaN (red lines)
and fully relaxed ScAIN (blue lines). These curves were obtained
using the known values of the AIN lattice constants and the stift-
ness coefficients reported in Ambacher et al.”® and Urban et al.”’
In agreement with previous reports,”””’ we find SceAl;_ N
(x~0.18) grown at 720 °C to have an average c-plane lattice cons-
tant smaller than films grown at or below 550 °C. The effect is also
clearly visible as a shift of the ScAIN XRD w-20 peak toward
larger angles (Fig. S4 in the supplementary material). This unusual
behavior cannot be explained by a theory that predicts wurtzite
Sco.18Alp 82N to be in-plane lattice-matched to GaN and, therefore,
no elastic strain is expected at this composition. Residual strain due
to thermal expansion mismatch also cannot justify the magnitude
of this effect. Furthermore, we find the same correlation between
c-plane lattice constant and growth temperature across a broad
range of compositions (0.11 <x<0.23) and growth temperatures
(450-760 °C). Specifically, for all but the lowest investigated

3.24

a-lattice (
w
®

3.16 1
0.10 0.15 0.20 0.25 0.30
Composition x (Sc,Al,_,N)
ScAIN Theory
Fully Strained
Fully Relaxed

FIG. 1. (0001) c-plane lattice constants (a) and (1120) a-plane lattice constants (b) of ScAIN films determined from XRD RSM. The 30-40 nm thick ScAIN films have com-
positions near x ~0.12, 0.18, 0.22, and were grown at temperatures of 450, 550, 720, or 760 °C, as indicated in the figure. The films were either fully coherent to the
underlying GaN (red triangles) or exhibited some degree of relaxation (blue circles). Red and blue lines represent the theoretical lattice constants for SCAIN grown on GaN
substrates, assuming either fully coherent or fully relaxed films, respectively. Error bars represent the error in film composition determined by RBS measurements.
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composition, growth temperatures above 700 °C result in c-plane
lattice constants significantly lower than theoretically predicted for
either strained or relaxed ScAIN. For the largest Sc composition
investigated (x &~ 0.22), this c-plane lattice constant is even smaller
than the value for pure AIN tensile-strained to GaN. We attribute
the lower c-plane lattice constant to the existence of structural
defects that are remnant of the non-polar hexagonal h-ScN phase.
The signature of this h-BN-like phase is a c/a ratio smaller than the
value for the wurtzite structure (1.63); a reduction of the c/a ratio
has been previously observed in sputter-deposited ScAIN films.*

Figure 1 also indicates the strain state of the films extracted
from RSM; coherently strained films use red symbols while partially
relaxed films use blue symbols. For Sc composition above 20%, all
films are partially relaxed regardless of growth temperature. At the
highest growth temperatures, the measured c-plane lattice constant
is significantly smaller than the expected value when the measured
tensile strain state is considered. Moreover, the in-plane lattice con-
stants of partially relaxed films are larger than expected for fully
relaxed ScAIN [Fig. 1(b)]. This suggests that the deformation indi-
cated by Fig. 1 is not solely due to changes in the strain state of the
films, but must be caused by additional structural defects.

The available data suggest that below a composition-
dependent growth temperature, the measured c-plane lattice con-
stants for coherently strained ScAIN agree well with the values pre-
dicted by theory (red line).”® This is true for films with scandium
compositions x~0.12 and x~0.18 grown at and below 720 and
550 °C, respectively. Therefore, the composition of Sc,Al; N films
grown at low temperature can be reliably predicted for x <0.2 from
XRD ©-26 scans. We note that film coherence to the substrate is a
necessary, but not sufficient condition for the use of this composi-
tion determination method. For x> 0.2, the ScAIN films are par-
tially relaxed, regardless of growth temperature, and composition
needs to be determined using RBS, EDS, or XPS.

To further examine the effect of growth temperature on defect
densities, XRD rocking curves were measured for the x = 0.12 and
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x~0.18 films (Fig. 2). We were unable to measure rocking curves
for films with x> 0.2 due to the low intensity of the ScAIN peak
coupled with its proximity to the intense GaN peak. For both com-
positions, the FWHM decreases with decreasing growth tempera-
ture. This trend confirms that growth at higher temperatures
introduces defects into the material. The lowest growth-temperature
samples have FWHM <430arc sec, similar to that reported by
Wang et al.”’ AFM was also conducted on each film to assess
surface morphology. AFM of all structures (see the supplementary
material) grown at 550 °C presents atomic steps, indicating a step-
flow growth mode. These films have an RMS surface roughness of
<0.9 nm over 4 um®. Surface steps are not visible for any composi-
tion at growth temperatures above 550 °C, and further reduction
below 550 °C results in less-defined atomic steps. The absence of
atomic steps at higher growth temperatures reinforces the conclu-
sion drawn from XRD data; lower growth temperatures result in
higher-quality ScAIN.

Since compositional fluctuations can cause phase segregation,
we utilized APT to assess the chemical variations within the ScAIN
films. Two 100 nm Scp13Alps,N films capped with 250 nm GaN
were grown at 550 and 720 °C for APT measurements. The fre-
quency distribution analyses from APT tip reconstructions are
presented in Fig. 3. The film grown at 550 °C has a uniform distri-
bution of all atomic species, shown by the excellent fit between the
experimental data and a binomial distribution [Figs. 3(a) and 3(b)].
The 720°C film, however, shows an inhomogeneous distribution
of aluminum atoms, with regions of lower Al atom number
density [Figs. 3(c) and 3(d)]. In contrast, the Sc atom number
density variation is smaller than that of Al atoms. Due to the non-
monotonic dependence of c-plane lattice constants on Sc composi-
tion, higher Sc composition regions relative to the matrix could
result in a lower average lattice constant, as seen in Fig. 1. High
concentration ScAIN could also result in the formation of rock-salt
regions,”” but we found no evidence of this phase in high-
resolution STEM.

Rocking Curves (x ~ 0.18)

100} b) —7920°C |

)
3

(arbitrary units

Normalized Intensity

-0.3-0.2-0.1 0.0 0.1 0.2 0.3 04
Omega (degrees)

FIG. 2. XRD rocking curves of (0002) reflections for the ScAIN layers. (a) ScAIN layers with x ~ 0.12, grown at 760, 720, and 550 °C, exhibit an FWHM of 0.155°, 0.118°,
and 0.116°. (b) ScAIN layers with x =~ 0.18 grown at 720, 550, and 450 °C exhibit an FWHM of 0.167°, 0.136°, and 0.118°. Note that rocking curves were not measured
for samples with x > 0.2 as the reduced intensity of the SCAIN XRD peak, coupled with the proximity to the intense GaN peak, made measurement of the peak impossible.
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FIG. 3. APT frequency distribution of the ionic species and cross-sectional atomic density maps in Scg 1gAlg 2N films grown at 550 °C [(a) and (b)] and 720 °C [(c) and
(d)]. Deviation from binomial distribution indicates a non-uniform distribution of elements.

Surprisingly, gallium atoms were also detected in the
Sco18AlpoN layer grown at 720°C. APT compositional analysis
shows that these Ga-containing regions may reach a composition
as high as 20at. % Ga (see the supplementary material). These
nanometer-size regions were observed in all the 720 °C tips ana-
lyzed and are not a product of any gallium contamination from
FIB preparation, as the gallium source used for FIB preparation is
monoisotopic and would show a single peak (69 Da) in the mass
spectra.”” While a detailed analysis of these Ga-rich regions is
outside the scope of this work, we suspect they are linked to defect
generation at high growth temperatures that facilitates Ga diffusion
into ScAIN during GaN cap deposition. The inclusion of even a
small fraction of gallium could form ScGaN alloys that separate
into zinc-blende phases even at low scandium compositions.”’
These Ga-containing defective phases likely alter the average lattice

constant of the material as we have seen in this report. Since the
presence of these remnant defects is deleterious for the optical and
electronic properties of ScAlN, it is preferable to suppress them
altogether by focusing on low-temperature MBE growth. It is
important to emphasize that these Ga-containing phases were not
present in the films grown at 550 °C.

To assess the potential of low-temperature ScAIN for optical
devices, we investigated near-infrared intersubband absorption in
lattice-matched  Scg13Alps:N/GaN  MQW  heterostructures.
HR-STEM of one of the Scq;3Aly7>N/GaN heterostructures is
shown in Fig. 4. HR-STEM reveals abrupt interfaces and a regular
periodic structure. A series of MQWs was grown with a constant
doping profile (silicon sheet density of 1.15x 10" cm™) but
varying QW width (Fig. 5). QW widths of 8, 6, and 4 nm resulted
in ISBA energies of 523, 567, and 611 meV with an FWHM of 52,
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FIG. 4. Dark-field HR-STEM of a Scg 1gAlyg2N/GaN (7 x 6 nmz) MQW hetero-
structure with a silicon sheet density of 1.15 x 10" cm™2. Dark regions repre-
sent the ScAIN barriers, while light regions represent the GaN QWs.

50, and 45 meV, respectively. This trend of reduced ISBA energy
with increasing QW width confirms that the absorption is due to
intersubband transitions, while the narrow FWHM confirms the
excellent structural quality. To the authors’ knowledge, this is the
first demonstration of near-IR ISBA in ScAIN/GaN MQW
structures.
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FIG. 5. Direct Fourier transform infrared (FTIR) absorption measurements of 50
repeat Scg 1gAlg.goN/GaN MQWSs (QW width 4, 6, and 8 nm) with a barrier width
of 7nm and a silicon sheet density of 1.15 x 10> cm =2,
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IV. CONCLUSION

Waurtzite Sc,Al; N (x < 0.23) with outstanding structural and
optical properties was grown by standard PAMBE at temperatures
lower than typically used for Al(Ga)N. We investigated a series of
30-40 nm thick ScAIN films grown on Ga-face (0001)-oriented
GaN/sapphire substrates across a range of scandium compositions
(0.11 <x<0.23) and growth temperatures (450-760 °C). The lattice
parameters of these films were extracted from XRD RSM and com-
pared to theoretical predictions. For all except the lowest composi-
tion studied (x=0.11), we find a correlation between the c-plane
lattice constant and growth temperature. The c-plane lattice cons-
tant of films grown at high temperatures (i.e., typically above 700 °
C) is smaller than the value predicted by theory and smaller than
the lattice constant of films grown at low temperatures. RSM mea-
surements verify that this variation of c-plane lattice constant is not
due to elastic relaxation in the material. XRD rocking curves indi-
cate that higher growth temperatures lead to the generation of addi-
tional defects. In contrast, for low growth temperatures, the c-plane
lattice constants agree with theoretical predictions, suggesting that
XRD techniques can be used to reliably estimate the composition
of coherently strained films with x <0.2. This also eliminates the
need to perform a more sophisticated composition analysis.
Moreover, the surface morphology also improves at lower growth
temperatures, with pronounced atomic steps visible for all films
grown at 550 °C. APT analysis of two Scy 3Alyg,N films grown at
different temperatures shows a drastic increase in material homoge-
neity at 550 °C, and severe chemical inhomogeneity present in the
sample grown at 720°C. We conclude that high temperature
growth leads to defect generation in MBE grown ScAIN that may
cause the observed temperature dependence of the c-plane lattice
parameter.

Using the optimal growth conditions for Scq15Alyg,N, a series
of silicon-doped lattice-matched ScAIN/GaN MQWs was grown
and near-infrared ISBA was measured to probe the existence of
well-defined confined electronic states. Strong and narrow near-
infrared absorption lines are observed for the first time in
Sc-containing nitride heterostructures. These optical results dem-
onstrate the high quality of low-temperature ScAIN and reinforce
its relevance for a wide range of devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for RSM scans and AFM
images of the 30-40 nm ScAIN films. Supplementary material also
includes XRD symmetric »-20 scans for the x ~ 0.18 ScAIN films
and APT composition profiling of the 720°C, x=0.18, 100 nm
thick film.
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