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ABSTRACT

Sc0.18Al0.82N/GaN with state-of-the-art x-ray diffraction figures of merit grown by metal modulated epitaxy under metal-rich conditions and a
low substrate temperature of 400 °C is demonstrated to have improved crystalline order [250 arc sec for the (0002) reflection and 469 arc sec for
the (10�15)] compared to a previous state-of-the-art sample grown at a more conventional temperature of 650 °C. While both samples show a
columnar structure, the higher substrate temperature sample has a good symmetric rocking curve (RC) of 229 arc sec, but unlike the lower tem-
perature sample, the RC of the (10�15) asymmetric reflection could not be measured, indicating a more columnar structure common among
ScAlN films. Local lattice constant maps (LLCMs) from 4D-STEM depict abrupt strain relaxation within ∼2 nm from the ScAlN/GaN interface
for the sample grown at Tsub = 400 °C. Since these LLCMs suggest a lattice mismatch in the a-lattice constant, and since the films show a
sudden roughening, the composition for lattice match to GaN may be less than the accepted 18%–20% Sc, consistent with the average GaN
lattice match from lattice constant values reported in the literature of 12%. Compared to traditional III-Nitrides, ScAlN films have substantially
more screw and mixed-type threading dislocations, suggesting substantial shear forces that result in significant twist and distortion leading to
orthorhombic diffraction patterns as viewed from plan-view TEM in the Tsub = 650 °C sample. These results offer the possibility of ScAlN inte-
gration into low-thermal-budget processes including CMOS but further indicate that structural understanding of ScAlN remains lacking.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0176344

INTRODUCTION

Wurtzite ScAlN is attractive due to its ferroelectric behavior
and high spontaneous and piezoelectric polarization1–4 for applica-
tion in acoustic wave devices, high electron mobility transistors
(HEMTs), non-linear optics, and devices requiring robustness in
high-temperature and high-radiation environments.1–4 Although,
as shown in Fig. 1,5–14 ScAlN’s lattice constants vary widely in the
literature, especially when various synthesis methods are consid-
ered, it is generally considered to be lattice-matched to GaN when
it is composed of approximately 18%–20% Sc.15–17 This literature
assumption does not correspond with the numerical fit for GaN’s
lattice constant (a = 3.189 Å), which occurs in these data at ∼12%
Sc. We also note that during the growth of Sc0.18Al0.82N, RHEED
often indicates a sudden onset of roughening, suggesting that the

film is relaxing when it reaches a critical thickness. As shown in
Fig. 1, the lattice constant ratio, c/a, dramatically changes with
increasing Sc concentration, resulting in enhanced polarization and
piezoelectric properties. ScAlN’s significant spontaneous polariza-
tion coefficients allow for the generation of two-dimensional elec-
tron gas (2DEG) densities as high as approximately 6 × 1013 cm−2,
even when it is lattice-matched to GaN, where the piezoelectric
polarization does not influence the sheet charge.16,18 Among fabri-
cation methods, radio frequency (RF) sputtering typically produces
well-oriented polycrystalline ScAlN films with large defect densities
suitable for acoustic devices, but lowering device performance for
electronic devices.19–23 For most of the reports showing ScAlN films
grown in molecular beam epitaxy (MBE), nitrogen-rich conditions
prone to surface roughening are used to avoid the secondary interme-
tallic phases known to precipitate out under metal-rich conditions.24
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To reduce the surface roughening, incorporating AlN and/or AlGaN
interlayers to facilitate smooth HEMT barrier-channel interfaces has
been studied.3,25–27 Likewise, incorporating an AlN interlayer reduces
random alloy scattering. However, it is more beneficial to have direct
contact with ScAlN to GaN due to its larger polarization discontinu-
ity than Al(Ga)N/GaN.

Metal-rich growth is chemically preferred for the growth of
III-nitrides in MBE as it promotes enhanced diffusion of adatoms
on the surface and enables high 2D electron densities. Metal-rich
traditional and cyclic low temperature forms (such as metal modu-
lated epitaxy—MME) of III-nitride MBE are known to improve
surface smoothness and interface roughness.28–32 However, because
of the additional challenges due to the unintended incorporation of
intermetallic AlxScy and observation of rock-salt phases when
attempting to grow ScAlN under metal-rich conditions,8,18,25 metal-
rich growth has mostly been avoided in prior studies. Metal-rich
ScAlN grown by MBE using Ga as a pseudo-surfactant shows
promise, but this approach leads to the formation of a quaternary
ScAlGaN alloy since Ga is soluble in ScAlN.33 In another report, Frei
et al. achieved close to the theoretical 2DEG density without using
the AlN/AlGaN interlayer, but the film includes a metallic secondary
phase that would make it hard to use the film for devices.18

Achieving phase-pure ScAlN under metal-rich MBE remains a chal-
lenge with only one successful report to our knowledge.24

ScAlN was grown directly on GaN with spectacular interface
smoothness by using MME, an MBE technique in which metal
sources are periodically shuttered while active nitrogen is

continuously provided.24 By periodically shuttering the metal
source, MME can control the growth surface by making the surface
metal-rich while the shutter is open and nitrogen-rich while the
shutter is closed, allowing nitrogen to consume the available metal
atoms before the shutter opens again. Using this growth mecha-
nism, MME has demonstrated high-quality, single-phase InGaN,
AlInN, AlGaN, and ScAlN films by utilizing III/V ratios well over
stoichiometry but total metal doses that inhibit surface segregation,
thus preventing phase separation and in ScAlN’s case, intermetallic
secondary phases.29,34–38 MME enables the precise control of metal
adlayer buildup and suppresses the excess metal accumulation,
which is a medium for phase separation in III-nitride ternary
growth. This control is also very effective in suppressing phase sep-
aration during ScAlN growth. In a previous study, Sc0.2Al0.8N
(close to lattice-matched to GaN) was grown under metal-rich
growth conditions having state-of-the-art x-ray diffraction figures
of merit with various III/V ratios and substrate temperatures and
with an optimized shutter open/closed time.24 The sample in the
study was grown at a substrate temperature of 650 °C with a III/V
ratio of 1.6 and showed improved film quality in XRD figures of
merit, with the (0002) RC showing a FWHM of 229 arc sec.
Atomic force microscopy (AFM) showed an RMS roughness of
0.8 nm. However, this film was still so columnar, a problem
common in MBE ScAlN synthesis, that RCs for the (10�15) asym-
metric reflection were not measurable with ordinary laboratory
equipment. Even so, the HEMT structure consisting of 20 nm of
Sc0.2Al0.8N atop unintentionally doped (UID) GaN had the lowest

FIG. 1. Experimentally measured a and c lattice constants of ScxAl1-xN from literature surveys.5–14 The reference number, the synthesis methods, and the measurement
equipment are indicated in the explanatory notes.
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reported sheet resistance of 152Ω/□, a mobility of 700 cm2/V s,
and a sheet charge of 5.9 × 1013 cm−2, which is close to the theoret-
ical maximum of 6 × 1013 cm−2. There is a report of ScAlN grown
by PA-MBE in nitrogen-rich condition with a measured XRD RC
for both (0002) symmetric and asymmetric reflection,33 but their
sheet charge (3.6 × 1013 cm−2) was lower, and their sheet resistance
(233Ω/□) was higher than our previous report by Engel et al.,24

while their mobility (744 cm2/V s) was higher than our previous
report.24 Subsequent optimizations achieved further improvement
in the quality Sc0.18Al0.82N films by using the MME technique with
a substrate temperature of 400 °C,39 resulting in an XRD (0002) RC
FWHM of 250 arc sec, and state-of-the-art RCs for the (10�15)
asymmetric reflection of 469 arc sec as shown in Fig. 2(b). As
shown in Fig. 3, both these MME films represent the state of the
art compared to the MBE and MOCVD literature and there is a
general trend of improving crystal quality as substrate temperature
is reduced.7,10,24,25,40–43 Growing good-quality films under low sub-
strate temperatures is important for manufacturing uniformity and
compatibility with other processes such as CMOS.

Given the similarity of symmetric XRD figures of merit yet dis-
similar asymmetric figures of merit along with notably different
lattice constants, a thorough structural investigation is crucial for
gaining an understanding of metal-rich grown ScAlN films. The
structural properties of wurtzite ScAlN grown on GaN remain
unclear, and further investigation is important to probe the mecha-
nisms of defect formation and find ways to improve the film quality
and corresponding device performance. There are several studies
investigating the structural properties of ScAlN grown by RF sputter-
ing, MOCVD, and traditional MBE,4,44,45–52,53,54 but none on MME
films which show substantially better XRD figures of merit. Since
ScN has a rock-salt structure and AlN has a wurtzite structure, it is
reported that around a Sc composition of 40%–50%, ScAlN will lose
its stability, changing its phase from wurtzite to rock salt, and lose its

piezoelectricity.14,48,55 The instability of high scandium ScAlN is
reported, with the majority of films having either mixed phase or
smaller rock-salt phase inclusions14,55 or abnormally oriented
grains.8,50,52 The present study demonstrates improved-quality ScAlN
with an 18% Sc sample grown at a substrate temperature of 400 °C
showing a lower density of TDs and a 20% Sc sample grown at a
substrate temperature of 650 °C showing a higher density of thread-
ing dislocations (TDs) yet XRD symmetric values comparable to the
best in the literature. Tilt, twist, and distorted hexagonal lattice fea-
tures in the Tsub = 650 °C sample are also revealed herein and can
explain the instability of the crystallinity of the ScAlN alloy and
further the understanding of the defect mechanisms in ScAlN.

EXPERIMENTAL

Two samples of ScAlN grown at different substrate temperatures,
400 and 650 °C, with the same III/V ratio of 1.6 and with a film
thickness of 100 nm, are further investigated herein from the growth
series of optimization found in the literature.24,39 Both films have
nominally the same ∼19% Sc composition ±1%. The Tsub = 650 °C
sample from the previous study24 has a composition of Sc0.20Al0.80N
and the Tsub = 400 °C sample in the present study has a composition
of Sc0.18Al0.82N, targeting the approximate (still disputed) lattice
match to GaN. We note that according to a fit of the scattered data in
Fig. 1 for Sc = 0–31% (considered the most reliable/consistent single-
phase data) ScAlN would be lattice-matched to GaN at ∼12.0%.
Given the discrepancy, the lattice constants described by Ambacher
et al.16 are used throughout this paper. Both films were grown in a
Riber 32 MBE reactor utilizing the MME technique, the details of
which can be found elsewhere.24,28,29,35,39 Both films were grown on
1 × 1 cm2 hydride vapor phase epitaxy (HVPE) UID GaN on sap-
phire templates manufactured by MSE Supplies. The density of
threading dislocations is estimated as less than 5 × 108 /cm2 as

FIG. 2. (a) AFM scan and (b) XRD 2θ-ω scan of the ScAlN film grown under metal-rich conditions at Tsub = 400 °C at a III/V ratio of 1.6.
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reported by the manufacturer. 100-nm-thick GaN was grown to bury
the surface contamination and smooth the growth surface before the
ScAlN growth. During growth, aluminum and gallium fluxes were
provided by conventional effusion cells, and the scandium flux was
provided via a high-temperature MBE Komponenten effusion cell.
Active nitrogen was provided by a Veeco UNI-Bulb radio frequency
(RF) plasma source with an RF power of 350W and a gas flow of
1.25 SCCM. Because the Sc catalytic decomposition rate of N2

24 is
temperature dependent, the metal shutter open/closed cycle time was
chosen to be 2 s/4 s for Tsub = 400 °C and 2 s/2 s for Tsub = 650 °C,
and these quick shuttering schemes were chosen to limit the metal
adlayer buildup to ∼1 monolayer for each cycle as determined by
RHEED and verified by post-growth film thickness measurements
detailed below. This MME shuttering scheme has been implemented
in previous studies for growing a series of ScAlN films,39 in addition
to AlInN and InGaN films, where the method can limit the adlayer
accumulation to 1–1.2 monolayers, preventing vertical segregation
and improving the film quality.29,30,38 The selected shuttering scheme
yields a growth rate of 710 nm/h for GaN and a growth rate of
790 nm/h for ScAlN, as indicated in the literature where an important
distinction is higher growth rates when metallic Sc is present on the
surface due to the catalytic effect of Sc decomposing N2, even plasma
excited N2.

24 While traditional MBE growth will give a global average
growth rate by dividing the total film thickness by the total growth
time, MME grows only in selected portions of the total shutter cycle

where metal is present, including the portions after the metal shutters
are closed (see Ref. 28 for details). Growth in MME occurs while the
metal shutters are open and while the metal shutters are closed, and
the accumulated metal species is consumed by the active nitrogen.
There are portions of time when the shutters are closed that the accu-
mulated metal has been consumed and growth momentarily stops.
Thus, the simple global average growth rate is inappropriate in the
case of MME. To obtain the appropriate growth rate, the total thick-
ness was measured by a KLA Tencor P15 profilometer by measuring
the height difference between the growth surface and the surface
underneath regions shadowed by sample holder clips. The instanta-
neous growth rate, which is valid for the portions of the time in the
shutter cycle, was determined by dividing the measured total thick-
ness by the active duty cycle of the growth. The active duty cycle is
the ratio of the actual growth time in a cycle ([shutter open time] ×
[III/V ratio]) to the total cycle time ([shutter open time] + [shutter
closed time]). Using this calculation, the growth rate also accounts for
the time metal is consumed while the shutters are closed and excludes
the time when growth stops while the shutters are still closed.24,29

Reflection high energy electron diffraction (RHEED) was used to
monitor the growth surface in situ to calibrate the III/V ratio and the
metal dose.

XRD analysis was performed with a Phillips X’pert Pro MRD
using a Cu Kα1 anode.28,38 In XRD ω measurements, the slit size
was 1/4 degree, significantly wider than the measured RC FWHM.

FIG. 3. Survey of literature XRD Rocking Curve width for ScAlN for 15% < Sc < 21% for MBE- and MOCVD-grown films showing a general trend of better quality at lower
substrate temperatures. Due to the typical columnar nature of ScAlN, few reports exist for the rocking curve of the asymmetric reflection in MBE- and MOCVD-grown
films.7,10,24,25,40–43
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AFM measurements were performed with a Bruker Icon AFM in
tapping mode. The grown films were prepared for the cross-
sectional TEM (XTEM) investigation by a Thermo Fisher Helios
5CX focused ion beam (FIB) at cryogenic temperatures. Plan-view
TEM samples were prepared by mechanical polishing, followed by
dimpling and Ar+ ion milling using a Gatan precision ion polishing
system (PIPS). A FEI Tecnai F30 super-twin field-emission gun
TEM operated at 300 kV was used to acquire the TEM, scanning
TEM (STEM), high angle annular dark field (HAADF), and
4D-STEM images. Local lattice constant maps (LLCMs), a.k.a.,
strain maps were calculated from nano-electron-beam diffraction
patterns (DPs) from 4D-STEM data sets, using the Gatan GMS3
software. The 4D-STEM required a 10-μm aperture size to avoid
interfacial convolution of the nano-electron-beam DPs. While
direct measurement of the actual beam size was not possible in our
experimental setup, the beam was estimated to have a 5.1 nm
radius based on the diffraction image for the GaN substrate. The
pixel step size was set to ∼1 nm. The calculation method is shown
elsewhere.56 X-ray photoelectron spectroscopy (XPS) was imple-
mented to get the surface electronic structural information from
the valence band (VB) spectra in both samples by using a Thermo
K-Alpha XPS operated with an Al Kα (1486 eV) source. Ar+ ion
etching was performed for 30 s to remove contamination from the
surface before XPS spectra were collected. After the etching, the C
1s peak showed no changes, indicating that all the surface contami-
nation was removed.

RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show the AFM scan and the XRD 2θ-ω
scan of the ScAlN film grown under metal-rich conditions at
Tsub = 400 °C, respectively. The same measurements for Tsub = 650 °C
are published in our previous work.24 The AFM result shows a
smooth surface with an RMS roughness of 0.73 nm and additionally
shows the presence of spiral hillocks, suggesting that the film was
grown in a two-dimensional growth mode common to metal-rich
MBE or MME. In the XRD 2θ-ω scan, the left peak is from the
underlying GaN and the right peak is from ScAlN. The (0002) RC
FWHM of 250 arc sec and the (10�15) RC FWHM of 469 arc sec
demonstrate the state-of-the-art quality of the film. In Fig. 2(b),
distinct thickness fringes can be seen around the ScAlN peak,
indicating the presence of a smooth interface between ScAlN and
GaN for the Tsub = 400 °C sample compared to the rougher inter-
face of the Tsub = 650 °C sample. To our knowledge, the peak for
the RC of the (10�15) asymmetric reflection has not been reported
and was not detectable for Tsub = 650 °C, meaning that Tsub = 400 °C
has better crystallinity. The differences between the XRD 2θ-ω scan
in the Tsub = 400 °C and Tsub = 650 °C samples and the visibility of
the peak for the RC of the (10�15) asymmetric reflection imply that
using a lower substrate temperature and longer closed-shutter time
for the metal sources from 2 to 4 s improves growth quality. In addi-
tion, the c lattice constants measured from XRD revealed large differ-
ences between the two samples. By XRD peak calculation, the
Sc0.20Al0.80N film grown at 650 °C had a c lattice constant of 4.965 Å,
while the Sc0.18Al0.82N film grown at 400 °C had a c lattice constant
of 5.027 Å. The theoretical calculation of Ambacher et al.16 deter-
mined that the c lattice constant for Sc0.20Al0.80N is 5.022 Å, which is

∼1.14% higher than our experimental results. However, the theoreti-
cal c lattice constant calculated for Sc0.18Al0.82N is 5.024 Å, ∼0.06%
lower than our experimental result, providing a close experiment to
theory agreement. Despite the uncertainty in the literature regarding
the exact physical parameters used in the modeling and calculations
as well as the fact that Rutherford backscattering spectrometry (RBS),
energy dispersive X-ray (EDX), and XPS measurements can have
some degree of error in determining the composition, the large c
lattice constant discrepancy of ∼1.14% for Sc0.20Al0.80N grown at
650 °C cannot be explained only by the error of such measurements.
Since ScN has a rock-salt (cubic) crystal structure and AlN has a
wurtzite (hexagonal) structure, some domains in the overall wurtzite
ScAlN may have inclusions of cubic ScAlN or ScN. When the film is
grown under a lower temperature, the inclusions could be sup-
pressed, improving the purity of the wurtzite ScAlN, thus improving
the crystal quality. The inclusion of cubic domains can induce distor-
tion in the crystal, which could explain the difference in the c lattice
constant. In part, the TEM study was intended to support or refute
this hypothesis.

Figures 4(a)–4(c) show the XTEM image of the Tsub = 400 °C
sample taken close to the 1�100 zone axis and dark-field (DF)-XTEM
images taken under the two-beam condition of g ¼ 11�20 and the
two-beam condition of g ¼ 0002, respectively. Figures 4(d)–4(f)
show the XTEM images taken under the same conditions as
Figs. 4(a)–4(c), respectively, for the Tsub = 650 °C sample. It is
noted that the zone axis images will depict contrasts related
to any type of dislocations, strain, etc. while the images with
g ¼ 11�20 and g ¼ 0002 highlight edge-type and screw-type (or
mixed-type) dislocations, respectively, as well as some Moiré
fringes related to these vectors. By comparing Figs. 4(a)–4(c) and
Figs. 4(d)–4(f ), it is evident that (1) each of the ScAlN films is
substantially more defective than typical III-nitride semiconduc-
tors resulting in complex TEM images; (2) the Tsub = 400 °C
sample has clearer TD contrast, especially screw/mixed-type dislo-
cations, while the Tsub = 650 °C sample has very complex contrasts
associated with a large number of dislocations, strains, grains, etc.
in each of the three imaging conditions. Clearly, the Tsub = 650 °C
sample is substantially more columnar than the Tsub = 400 °C
sample as suggested by the asymmetric XRD results. The features
shown in Figs. 4(d)–4(f ) indicate that the high-temperature
growth induced many defects possibly associated with inclusions
of cubic domains, strains, grains, and other crystallographic
defects. Notably, the density of screw- and mixed-type TDs in the
Tsub = 400 °C sample is estimated to be ∼4 × 1010 cm−2, much
higher than the densities of screw/mixed-type TDs in other
III-nitrides such as GaN, AlN, InN, and related ternaries grown
with MOCVD or MBE by 1–2 orders of magnitude.36,57,58–65,66,67

The TD density was estimated by counting the number of screw-
type dislocations (20 screw/mixed-type TDs) over an area of
length 520 nm in the TEM image multiplied by the sample foil
thickness of 100 nm (roughly estimated with the possibility of a
large error in thickness). Neglecting contributions from the
angular rotation of the dislocations, the strain surrounding the
dislocations, and the broadening of the XRD FWHM due to
crystal size and strain induced curvature of the films. Ayers68 pro-
vided a way to estimate the dislocation density of the crystal from
the XRD RC FWHM. Although the XRD RC FWHM at the
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(0002) reflection showed a significantly low value of associated
threading dislocation density of 1.34 × 10−8 cm−2, the TEM
showed a higher amount of screw and mixed-type dislocations
than expected.

A series of LLCMs calculated from 4D-STEM DPs are shown
in Fig. 5. Figure 5(a) shows an XSTEM HAADF image for the
Tsub = 400 °C film and MME-grown GaN. Figure 5(b) shows the
LLCM of εa calculated with respect to the a-lattice constant,
~a ¼ 11�20, and Fig. 5(c) shows the LLCM of εc calculated with
respect to the c lattice constant,~c ¼ 0002, from 4D-STEM over the
square scanned region in Fig. 5(a). Figure 5(d) shows a histogram
of the LLCM from Fig. 5(b), and Fig. 5(e) shows a histogram of the
LLCM from Fig. 5(c). Comparable data are shown in Figs. 5(f)–5( j)
for the ScAlN film grown at Tsub = 650 °C and MME-grown GaN.
It is noted that although these are traditionally called strain maps,
the information presented is the local lattice constant difference ref-
erenced from the substrate area, which is GaN in this case.
Therefore, the GaN area is mostly shown as ∼0%. Even though both
ScAlN samples are targeted for the approximate a-axis lattice-
matched conditions to GaN based on lattice constants of Ambacher
et al.,16 both ScAlN films show ∼ −1% a lattice mismatch compared
to GaN as shown in Figs. 5(d)–5(i) but with considerably larger
scatter in the histogram for the Tsub = 650 °C film. Interestingly,
while the Tsub = 400 °C sample shows abrupt strain relaxation within

∼2 nm above the ScAlN/GaN interface as shown in Fig. 5(b), we
note that the Tsub = 650 °C sample shows moderate strain relaxation
over the entire ScAlN film in the image. In addition, when compar-
ing the LLCMs of εc, the histograms shown in Figs. 5(e) and 5( j)
the differences in c for the Tsub = 400 and 650 °C samples are ∼−2%
and ∼−4% from GaN, respectively, even though the two films have
the same approximate a lattice mismatch. This is consistent with
XRD results, especially for the Tsub = 650 °C sample, resulting in a
cScAlN at 400 °C of 5.027 Å and a cScAlN at 650 °C of 4.965 Å, which
are ∼−3.1% and ∼−4.2% away from the cGaN of 5.185 Å,69 respec-
tively. From the c-lattice constants from both samples, it is evident
that the Tsub = 400 °C sample has a closer c-lattice constant to the
theoretical value of 5.024 Å for Sc0.18Al0.82N than the Tsub = 650 °C
sample (for Sc0.20Al0.80N, c-lattice constant is 5.022 Å) by ∼1.1%,
and this is consistent with our previous measurements from XRD.24

Even with the same approximate a-lattice constant, both samples
having different c-lattice constants means that the volume of the
crystal is different between the two samples. Considering ScAlN is a
ferroelectric material, it is possible to have the crystal shape distorted
and have different volumes. There are other reports theorizing the
average c-bond difference, bond angle, and distortions dependence
on the Sc compositions.13,15,70

As previously mentioned, small columnar grains and cubic
inclusions are one interpretation of the TEM for the Tsub = 650 °C

FIG. 4. (a) XTEM image of ScAlN grown at 400 °C taken close to the 1�100 zone axis, (b) DF-XTEM image taken under two-beam condition g = 11�20, (c) DF-XTEM
image taken under two-beam condition g = 0002, (d) XTEM image of ScAlN film grown at 650 °C taken close to the 1�100 zone axis, (e) DF-XTEM image taken under
weak-beam condition g = 11�20, and (f ) DF-XTEM image taken under two-beam condition g = 0002.
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sample. Additionally, misorientations of the crystal in the local area
are also observed. A series of high-resolution local analyses using
diffraction patterns extracted from 4D-STEM is shown in Fig. 6.
Figure 6(a) shows a 4D-XSTEM DF-HAADF image of ScAlN

grown at Tsub = 650 °C. Figures 6(b)–6(d) show local DPs with
intensities averaged from the sum of the pixels in each selected area
as indicated in (a). In this type of scan, the film is aligned to the
ScAlN film, making the intensities in the DPs for ScAlN symmetric

FIG. 5. (a) XSTEM HAADF image of the ScAlN film grown at 400 °C on MME-grown GaN, (b) local lattice constant map (LLCM) of εa (~a ¼ 11�20), (c) εc (~c ¼ 0002) cal-
culated from 4D-STEM over the square scanned region in (a), (d) Histogram of the LLCM in (b), (e) Histogram of the LLCM in (c), (f ) XSTEM HAADF image of the ScAlN
film grown at 650 °C, (g) LLCM of εa (~a ¼ 11�20), (h) εc (~c ¼ 0002) calculated from 4D-STEM over the square scanned region in (f ), and (i) Histogram of the LLCM in
(g), and ( j) Histogram of the LLCM in (h).
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in both the 11�20 direction and the 0002 direction, as shown in
Figs. 6(b)–6(d). Figure 6(b) shows a DP extracted from a reason-
ably large portion of ScAlN without any obvious anomalies.
However, the DPs in the GaN region under the same alignment, as
shown in Fig. 5(c), turned out to have asymmetric intensities in the
11�20 direction and symmetric in the 0002 direction, demonstrating
that the beam is off the 1�100 zone axis for GaN twisted about the
c-axis toward the 11�20 direction. This ScAlN being twisted by ∼5°
from GaN is further confirmed by rotating the sample holder by
∼5° about the ScAlN c axis, causing the previously asymmetric
intensities in the GaN region to become symmetric (not shown).
This feature is not detectable during the normal TEM/STEM mea-
surement where the second condenser aperture (C2) is larger, but
it is observed in 4D-STEM where the C2 aperture is smaller and
more sensitive to the signal variations with position. This suggests
that strain in the wurtzite ScAlN crystal is possibly compensated
through twisting along the c axis by ∼5° when growing on wurtzite
GaN, a feature not found in other traditional III-Nitrides. This is
consistent with the larger number of screw-type threading disloca-
tions observed in Figs. 4(c) and 4(f ), where the twisting force gen-
erates screw-type dislocations. While these results strictly apply to
only higher temperature grown MME films which have improved
crystal quality sufficient to observe these local variations, if general-
ized to ScAlN as a whole, it might imply that the typical small
grain structure of ScAlN results from a nanoscale rotational disorder
that forces small grain nucleation resulting in columnar growth.
Rotations in the Tsub = 400 °C ScAlN film were not observed.

Furthermore, there are some indications of small areas of local
crystal tilt in the Tsub = 650 °C ScAlN film, as shown in Fig. 6(d)
since there are additional patterns besides the DP spots in~a ¼ 11�20
at an angle of ∼6° from the regular wurtzite DP in a few of the
scanned areas. Additionally, Fig. 6(e) implies even more complex
patterns in a minority of regions. It is hypothesized that these
complex patterns in Fig. 6(d) result from the presence of different
phases, possibly suggesting the inclusion of rock-salt domains. While
the percentage of local regions containing these non-ideal tilted or
multi-phase DPs is small, small enough not to be reflected in the
XRD RC figures of merit nor the more global DP for the film
shown in Fig. 6(b), these features were not observed at all in the
Tsub = 400 °C sample (not shown), which demonstrates that
improved film quality and higher crystallographic stability can be
achieved at lower substrate temperatures. These tilts and addi-
tional phase features are observed only in limited local regions of
the Tsub = 650 °C ScAlN film regardless of the minor but percepti-
ble contrasts in the HAADF image shown in Fig. 6(a) because
HAADF contrast is less sensitive to crystallographic defects and
more sensitive to Z-number.

Further evidence of tilts and twists is revealed in other
imaging conditions. Figure 7(a) shows a high-resolution (HR)
bright-field (BF) XTEM image of the Tsub = 650 °C sample taken at
the 1�100 zone axis. Figure 7(b) shows the fast Fourier transform
(FFT)-generated DPs of all areas in Fig. 7(a). Figures 7(c) and 7(d)
show FFT-generated DPs over areas 1 and 2 shown in Fig. 7(a),
respectively. While there are some regions in Figs. 7(b) and 7(c),

FIG. 6. (a) 4D-XSTEM DF-HAADF image of ScAlN grown at 650 °C and (b)–(d) local DPs from each selected area indicated in (a). Area 1 showed a DP for GaN with
asymmetric intensities in the 11�20 direction while area 2 showed a DP for ScAlN with symmetric intensities over both the 11�20 and the 0002 directions. The DP in area 1
had symmetric intensities after rotating the sample about the 0002 axis by about 5°, which demonstrates the twists of ScAlN from the GaN substrate. Area 3 included a
DP with tilted features at about ∼6°. Area 4 included multiple points in the DP, indicating the presence of multiple phases of ScAlN.
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with spots in ~a ¼ 11�20 in addition to the regular wurtzite DP,
there are other regions like area 2 in Fig. 7(d) that show a regular
wurtzite DP.

To further examine the rotational distortions in the ScAlN
layer, plan-view TEM imaging was performed. Figure 8(a) shows a
plan-view TEM image of the ScAlN film grown at Tsub = 400 °C
taken at the 0002 zone axis. Figure 8(b) shows a DP taken from
(a) using a selective-area aperture. Figure 8(c) shows a plan-view
TEM image of the ScAlN film grown at Tsub = 650 °C taken at the
0002 zone axis. Figure 8(d) shows a DP taken from (c) using a
selective-area aperture. When comparing Figs. 8(a) and 8(c), it is
evident that the Tsub = 400 °C sample has a less complex texture in
the real image than the Tsub = 650 °C sample. This difference is a
result of the Tsub = 650 °C sample having more complex defects
and a higher defect density than the Tsub = 400 °C sample, as seen
in the XTEM images in Fig. 4. The TD density in the Tsub = 400 °C
sample counted from the plan-view image is ∼6.6 × 1010 cm−2, but
the TD density in the Tsub = 650 °C sample is uncountable due to
the high density of defects and indistinguishable contrasts in the
plan-view TEM image. Interestingly, the DP from the Tsub = 400 °C
sample shows the sharp pattern of a regular hexagon as shown in
Fig. 8(b), while the Tsub = 650 °C sample shows a streaky pattern
with distortion in both the spot elongation and angular positions
of the spots, as shown in Fig. 8(d). This DP spot streakiness is evi-
dence of rotational disorder in ScAlN. The degree of distortion in
the streak is ∼6°, which is in good agreement with the ∼5° twist
about the c-axis found in the 4D-STEM result shown in Fig. 6. The
hexagon in the DP is also distorted in one direction as the angle
between the center spots and the vertices of the hexagon is not 60°
for the Tsub = 650 °C sample. For example, the two angles between

FIG. 7. (a) HR XTEM image of ScAlN grown at 650 °C taken at the 1�100 zone axis, (b) Fast-Fourier Transform (FFT)-generated DP of all areas in (a), and [(c) and(d)]
FFT-generated DP over areas 1 and 2, respectively, from the rectangular regions in (a). Figures 7(b) and (c) demonstrate the inclusions of tilted DP in addition to the
regular DP, while (d) does not show any tilt inclusions.

FIG. 8. (a) Plan-view TEM image of the ScAlN film grown at 400 °C taken at
the 0002 zone axis, (b) DP taken from (a) using selective-area aperture, indicat-
ing symmetric hexagonal pattern, (c) plan-view TEM image of the ScAlN film
grown at 650 °C taken at the 0002 zone axis, and (d) DP taken from (c) using
selective-area aperture, indicating inclusions of ∼6° twists and a distorted hex-
agonal pattern.
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the center spot and two of the vertices of the hexagon, indicated in
Fig. 8(d), are 52° and 68°, which differs greatly from the expected
angle of 60° for a regular hexagon by +8°. This distortion demon-
strates that ScAlN can be grown under rotationally distorted condi-
tions on a GaN substrate but seems to be alleviated for the low
growth temperature of 400 °C. This rotational distortion is also
consistent with some other reports describing ScAlN distortions
and how changes occur in the bond lengths and angles for ScAlN
but not the other III-nitrides.13,15,70 A similar phenomenon is
reported when GaN is grown on orthorhombic LiGaO2, and due to
the anisotropic strain as observed in XRD, there is an increase and
decrease in a- and b-lattice constant, respectively, forcing a slight
rotation about the c-axis.71 Deformation of the hexagon in the plan
is theorized, making an orthorhombic crystal structure which is a
slightly distorted version of the hexagonal.71 A similar phenome-
non is suggested here for the Tsub = 650 °C sample from the dis-
torted hexagon in the plan-view DP. The twisting feature from the
plan-view DP in Tsub = 650 °C sample also supports the previous
suggestion that the higher density of screw- and mixed-type dislo-
cations found in ScAlN compared to other III-nitrides can result
from the twisting force when ScAlN is grown on GaN. It is also
shown that growing ScAlN at the lower substrate temperature of
400 °C can improve film quality without introducing distortion and
twist features. To gain more understanding, future work will need
to examine a wide variety of thicknesses and growth temperatures
to determine if these rotations and rotational distortions are relaxa-
tions of a rotationally strained crystal or a new phase of ScAlN not
previously observed.

Since the electronic structure is coupled to the geometric
structure and since for ScAlN, there is a distortion of the geometric
structure, the difference in the electronic structure between the two
ScAlN samples is also investigated. Figure 9 shows the XPS VB
spectra comparing films grown at Tsub = 400 and 650 °C. The black
solid line shows the spectra for the Tsub = 400 °C sample, and the
green solid line shows the spectra for the Tsub = 650 °C sample.
The dashed lines are extrapolations to the VB edges. The VB levels
for the Tsub = 400 °C sample and the Tsub = 650 °C sample are
found to be 2.14 and 4.80 eV, respectively. The binding energy of
the VB spectra was referenced to C 1s spectra for both samples. In
general, SIMS of carbon in MME-grown AlScN is well below
∼1018 cm−3. While this is much higher than in other MME-grown
materials, it is far lower than should be detected by XPS. Thus, we
assume the C remaining in XPS after sputtering is related to a
source of C inside the XPS system and does not originate from the
film. The 2.66 eV difference in the VB levels of the two samples
could be caused by a Fermi-level difference, where the VB edge
level shows the depth from the Fermi level suggesting a difference
in the residual electron concentrations of the unintentionally doped
films. The large Fermi-level shift is consistent with a large, uninten-
tional Fermi-energy difference due to the residual electron doping
by the exponentially increased concentration of nitrogen vacancies
caused by the higher growth temperature.72 The Fermi-energy shift
cannot be due to sample charging since the sample was grounded
with this being verified by no difference in the core spectra.73

There are a few reports of XPS VB spectra for ScAlN, and energy
shifts are seen when comparing pure ScAlN and oxidized
ScAlN.54,74 These reports compared the XPS VB spectra of ScAlN

and oxidized ScAlN and found different amounts of energy shifts
in the VB edge, but not a shift as large as 2.66 eV.54,74 It is possible
that the sample grown at 650 °C may contain more native defects
and/or impurities, perhaps due to more nitrogen vacancies from
higher temperatures or more impurities due to hotter effusion cells
and the substrate heater. We also cannot rule out the possibility
that the films could have oxidized over time from keeping the
samples in the atmosphere at room temperature as reported else-
where.54,74 However, both samples were grown and then exposed to
the atmosphere for 8–10 months prior to the XPS measurement,
and the VB spectrum of the Tsub = 400 °C sample more closely
matched what has been reported as non-oxidized ScAlN.54,74

Additionally, the tail from the extrapolation at the VB edge is
broader for the Tsub = 650 °C sample, indicating more disorder in
the crystal structure because of the lower quality of the film.75–77

However, the Tsub = 400 °C sample does not show significant VB
tailing, and thus, the film is grown with minimal crystal disorder,
making it a higher electronic quality sample than its Tsub = 650 °C
counterpart.

CONCLUSION

In this study, ScAlN with an 18% Sc composition and state-
of-the-art x-ray diffraction figures of merit was grown directly on
GaN using MME. Growing metal rich (III/V = 1.6) and at a low sub-
strate temperature of 400 °C produced a film with state-of-the-art
crystal quality. The improved quality is exhibited via a (0002) XRD
RC FWHM of 250 arc sec, a (10�15) XRD RC FWHM of 469 arc sec,
and a smooth surface with an RMS roughness of 0.73 nm. The

FIG. 9. XPS valence band (VB) spectra comparing the Tsub = 400 °C and
Tsub = 650 °C samples. The tail from the extrapolation at the VB edge is broader
for the Tsub = 650 °C sample, indicating that the film has lower quality with more
crystal disorder than the Tsub = 400 °C sample.
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structural properties of the Tsub = 400 °C and Tsub = 650 °C samples
are also compared via TEM and 4D-STEM with the Tsub = 400 °C
sample having a lower TD density but both showed screw- and
mixed-type TDs common in ScAlN, a unique feature among
III-nitrides that typically have low screw- and mixed-type TD densi-
ties. LLCM histograms and XRD indicated that the Tsub = 400 °C
sample has a c lattice constant about 2% greater than that of the
Tsub = 650 °C sample and closer to the theoretical value and despite
both films being close to the 18–20% Sc range literature suggests is
needed to lattice match to GaN, their relaxed lattice constants were
substantially different from that of GaN possibly implying the
lattice match to GaN occurs at lower compositions than com-
monly accepted. Significant tilts and twists are also found in the
Tsub = 650 °C sample by XTEM, 4D-STEM, and plan-view TEM,
which are not commonly found in the III-nitrides, and are crucial
for understanding the defect mechanisms within the ScAlN alloy.
The high number of screw-type TDs and an orthorhombic dif-
fraction pattern (distorted hexagon) in the plan-view TEM are
evidence of a twisting force in ScAlN grown on GaN and may
originate from the reduction in rotational rigidity due to fewer
valence s-p coordinated bonds when introducing Scandium’s
d-electrons into the valence bonds. XPS revealed improved elec-
tronic spectral densities for the Tsub = 400 °C sample. The present
study provides a pathway to low-temperature synthesis and possi-
ble CMOS compatibility, while providing a greater understanding
of the complicated structural properties of ScAlN, aiming to
improve device performance by better understanding how to
control defects.
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