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ABSTRACT

Sc,Al; (N (x=0.18-0.40) thin films of ~28 nm thickness grown on metal polar GaN substrates by molecular beam epitaxy are found to
exhibit smooth morphology with less than 0.5nm roughness and predominantly single-phase wurtzite crystal structure throughout the
composition range. Measurement of the piezoelectric ds; coefficient shows a 150% increase for lattice-matched Scg 13Alyg,N relative to pure
aluminum nitride, whereas higher Sc contents exhibit lower piezoelectric coefficients. The electromechanical response of the epitaxial films
correlates with the crystal quality and the presence of zinc blende inclusions, as observed by high-resolution electron microscopy. It is further
found that the polarity of the epitaxial Sc,Al; (N layers is locked to the underlying substrate. The measured electromechanical properties of
epitaxial Sc,Al; N, their relation to the atomic crystal structure and defects, and its crystal polarity provide useful guidance toward the

applications of this material.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0013943

Aluminum nitride (AIN) is a promising wide-bandgap, polar
semiconductor with excellent electronic, optical, thermal, and
mechanical properties.”” Accordingly, AIN finds merit in numerous
applications such as bulk and surface acoustic wave resonators,”* RF
transistor amplifiers,” ultraviolet light emitting diodes (LEDs),” and
lasers.” To reach higher frequencies in RF filters for upcoming 5G
communications requires larger electromechanical coupling coeffi-
cients, which depend on the piezoelectric properties of the filter.
Alloying AIN with scandium (Sc) in the wurtzite crystal structure has
demonstrated many promising properties such as increased piezoelec-
tric and pyroelectric coefficients and increased spontaneous polariza-
tion, and even ferroelectric behavior.” '* This is, in part, due to the
large solubility of scandium in the wurtzite crystal structure and iso-
electronic alloying as scandium adopts the 4-3 oxidation state when it
substitutes the Al atom in AIN.'* '

Growth of epitaxial wurtzite Sc,Al; (N alloys is complex and
presents several challenges to address, such as potential phase

separation into nonpolar and non-piezoelectric rock salt scandium
nitride (ScN), abnormal grain growth and microstructural
instabilities, element and impurity segregation, and high oxygen
incorporation.'” ** Compared to the reported studies of the elec-
tromechanical properties and crystal structure of Sc,Al; (N
deposited by sputtering-based techniques, those by the epitaxial
methods of MBE and metalorganic chemical vapor deposition
(MOCVD) are rare. MBE enables improvements to the crystalline,
chemical, and electronic quality of Sc,Al; (N via deposition in an
ultra-high vacuum environment on substrates of similar lattice
symmetry. Recent reports of MBE growth have shown promising
Sc Al} (N crystalline quality with lower x-ray diffraction (XRD)
rocking curve full-width-half-maximum (FWHM) values than by
sputtering.”” *” MBE grown Sc,Al, (N layers have shown promis-
ing electrical device performance’ *° in high electron mobility
transistors (HEMTs) and aim to build upon the technology
advanced by sputtered films’” ** by decreasing the thickness of the
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ScxAl; 4N active layers into the nanoscale regime, while still main-
taining phase purity and structural integrity.

In this work, we report the structural and piezoelectric properties
of epitaxial, single-crystalline Sc,Al; N grown on low defect density
bulk n type GaN substrates. Sc,Al; (N (x =0.18) is observed to be lat-
tice matched to GaN via reciprocal space mapping (RSM), exhibiting
extremely high crystalline quality and a ds; piezoelectric coefficient of
15 pm/V. This is a 150% increase over the corresponding value mea-
sured in a pure AIN/GaN heterostructure control sample. In situ
reflection high-energy electron diffraction (RHEED) images for
ScAlj (N (x=0.18, 0.25, 0.33, and 0.40) indicate epitaxial growth for
all Sc compositions, with x=0.40 being the highest Sc content
reported to date on GaN. Atomic force microscopy (AFM) images
indicate extremely smooth surface morphologies. Piezoresponse force
microscopy (PFM), which is unstudied in MBE grown Sc,Al; N to
date, indicates an increase in the piezoelectric response relative to AIN.
The highest piezoelectric enhancement is for the lattice-matched epi-
taxial Scg15AlsN, and a decrease past 18% Sc with increasing lattice
mismatch and defect generation. This is corroborated with atomic res-
olution, aberration corrected STEM imaging that gives unique insight
into structural defects in this material system. These defects include
partial dislocations and zinc blende inclusions, which are detrimental
to the piezoelectric response of the high-Sc content Sc,Al; N layers.

The thin films were grown by MBE in a Veeco” GenXplor sys-
tem with a base pressure of 10~ Torr on Suzhou Nanonwin® 7 mm
x 7mm n-type GaN substrates. A Sc metal source of 99.9% purity
(including C and O impurities) from Ames Laboratory was evaporated
in a W crucible using a Telemark® electron beam evaporation system
in the MBE environment. Flux stability was achieved with an Inficon®
electron impact emission spectroscopy (EIES) system by directly mea-
suring the Sc atomic optical emission spectra. Aluminum (99.9999%
purity), gallium (99.99999% purity), and silicon (99.9999% purity)
were supplied using Knudsen effusion cells. Nitrogen (99.99995%)
active species were supplied using a Veeco™ RF UNI-Bulb plasma
source, with a growth pressure of approximately 10~ >Torr. The
reported growth temperature is the heater temperature on the backside
of the substrate measured by a thermocouple. In situ monitoring
of film growth was performed using a KSA Instruments RHEED
apparatus with a Staib electron gun operating at 15kV and 1.5A.
Post-growth XRD was performed on a PanAlytical Empyrean diffrac-
tometer at 45kV, 40mA with Cu Kol radiation (1.54057 A).
Post-growth AFM and PFM measurements were performed using an
Asylum Research Cipher ES system. PEM measurements were per-
formed at contact resonance in a Dual AC Resonance Tracking
(DART) mode. The underlying n-type GaN substrate was used as the
bottom electrode and a conductive AFM tip [Nanosensors PointProbe
Plus (PPP)-Electrostatic force microscopy (EFM)] was used as the top
electrode. TEM cross-sectional samples were prepared via a focused
ion beam (FIB) lift-out method using a Thermo Fisher Helios G4 UX
FIB. Protective layers of platinum and carbon 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.

Sc Al (N thin films of ~30 nm thickness were deposited on the
(0001) oriented Ga polar n"GaN bulk substrates at a 200 W RF nitro-
gen plasma power and a 1.95 sccm flow rate. Sc and Al atomic
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percentages in the film were adjusted by the flux ratio of the
evaporated Sc and Al species. A thin, ~5nm layer of n* GaN (Np
~10"/cm’ Si doping) was grown first before the epitaxy of the
Sc,Al; N layers to avoid nucleating directly on the substrate exposed
to air. Excess Ga was desorbed with a growth interruption before the
deposition of Sc,Al; N to avoid chemical intermixing. Scandium and
aluminum were co-deposited continuously during the growth of
ScAl; 4N, and the respective shutters were closed simultaneously
immediately after the layer growth. A nitrogen-rich condition (III/V
ratio of ~0.85) was used to grow the Sc,Al; N layers. This was done
to avoid excess metal accumulation on the surface and prevent unde-
sirable formation of Sc-Al containing intermetallic compounds in
metal-rich conditions which are observed when the III/V ratio is
greater than 1. To calibrate the active nitrogen flux (fraction of the
total nitrogen species that contribute to growth) at 200 W and 1.95
sccm, control homoepitaxial growths of AIN on AIN/ALO; template
substrates were conducted in advance. Monitoring the RHEED inten-
sity of the 1 x 1 streaks of such growths sharply demarcates the
required growth condition between metal-rich and nearly stoichiomet-
ric growth of AIN.

A summary of Sc,Al; N samples grown in metal-rich and
nitrogen-rich conditions, with varying Sc concentration and growth
temperatures, is shown in Table I Higher growth temperatures
resulted in rough surface morphologies. As seen in the last four rows
of Table I, a N-rich growth condition at a temperature of 600 °C is
found to prevent the Al desorption and phase separation into ScN that
occur at higher growth temperatures, since rock salt ScN is the ther-
modynamically stable phase at high Sc compositions.”’" If the substrate
temperature is decreased significantly (e.g., 550 °C), RMS roughness
significantly increases to 9.1 nm. If metal-rich growth conditions are
used, the resulting films are significantly rougher. Overall, if growth
conditions deviate from N-rich at ~600°C, the surfaces were very
rough even for very thin (~25 nm) layers.

For the optimal growth at 600 °C with a ITI/V ratio of 0.85, Fig. 1
shows the post-growth in situ RHEED patterns of the x =0.18-0.40

TABLE I. Summary of Sc,Al;_4N growth conditions and resulting film properties. N*
denotes active nitrogen: the concentration of nitrogen species in the plasma that con-
tributes to growth. Nitrogen-rich growth conditions lead to much smoother samples
with higher crystalline quality. The samples italicized are those mentioned in this
report in further detail.

III/V ratio  Substrate  Film thickness RMS
X (Sc+AlN")  temp. (°C) (nm) roughness (nm)
0.18 1.15 650 25 2.1
0.18 1.15 600 25 1.3
0.18 1.15 550 25 9.1
0.10 1.15 750 30 3.1
0.15 1.15 750 30 3.0
0.27 1.15 750 30 2.5
0.45 1.15 750 30 11.9
0.18 0.85 600 28 0.16
0.25 0.85 600 28 0.46
0.33 0.85 600 28 0.32
0.40 0.85 600 28 0.26
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2 um

FIG. 1. RHEED images along the (110) zone axis for Sc,Aly N x=0.18 (a),
x=0.25 (b), x=0.33% (c), and x=0.40 (d). Corresponding 10 x 10 um AFM
images, indicating epitaxial growth, no evidence of secondary phases and smooth
surface morphologies.

Sc,Al; N layers, viewed along the (1120) azimuth, with the corre-
sponding measured ex-situ surface morphologies. For Sc,Al; (N
(x=10.18), Kikuchi lines intersecting the 1 x 1 streak patterns are seen
[Fig. 1(a)], indicating a high crystalline quality and coherence. This is
in accordance with Sc,Al; N (x=0.18) being lattice matched to the
in-plane lattice parameter of GaN."” As the Sc content is increased fur-
ther, the lattice mismatch with GaN increases and the RHEED pat-
terns become increasingly spotty and diffuse, indicative of decreasing
crystalline quality. Though, as the Sc content is increased, the wurtzite
crystal structure becomes less thermodynamically stable, no additional
diffraction spots or rotation of diffraction features are seen. This sug-
gests that no additional phases other than the wurtzite phase are
formed during the growth of all Sc,Al; (N compositions studied here.
The corresponding AFM images in Fig. 1 indicate that the root-mean
squared (RMS) surface roughness of the as-grown layers is 0.16, 0.46,
032, and 0.26nm for Sc,Al, N (x=0.18, 0.25, 0.33, and 0.40),
respectively. Thus, extremely smooth Sc,Al, N layers result from the
epitaxial, phase pure MBE growth.

Figure 2(a) shows the symmetric 20-w XRD scans, indicating
wurtzite Sc,Al; (N 0002 diffraction peaks near 36 and 37° 20. As the
Sc content is increased (x > 0.18), the 0002 diffraction peak shifts to
higher 2@ values, indicating a decrease in the out-of-plane c-lattice
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FIG. 2. (a) Symmetric 2@-w XRD scans, showing Sc,Al; 4N wurtzite 0002 peaks.
Compared to the GaN 0002 peak, the Sc,Al;_4N peak positions shift to higher 2@
values as the Sc content increases, indicating a decrease in the out-of-plane lattice
parameter. (b) Asymmetric RSM centered around the GaN 11-24 reflection for the
x=0.18 sample, indicating lattice-matching of Sc,Al; 4N to the in-plane lattice
parameter of GaN.

ARTICLE scitation.org/journal/apl

parameter as the Sc content is increased. The measured out-of-plane
lattice parameters from the 20-w scans are 4.99, 4.98, 4.90, and
489 A for x= 0.18, x=0.25, x=0.33, and x=040, respectively,
consistent with a decreasing c/a ratio relative to AIN with an increas-
ing Sc content.”” The rocking curve FWHM for Sc,Al; (N (x=0.18,
0.25, and 0.33) 0002 diffraction peaks (not shown) are 0.09, 0.11, and
0.12°, respectively. These values are indicative of a high crystalline
quality for the thin (~28 nm) epitaxial layers. Figure 2(b) shows the
grazing exit, asymmetric RSM mapping of the (11-24) Sc,Al;_N
peak for the x=0.18 sample. It indicates coherent strain, as the in-
plane reciprocal lattice unit Q, is the same for the substrate and the
film. From the respective Q. and Qy values, the lattice parameters
obtained for ScAl; N (x=0.18) are 3.18 A in-plane and 4.99 A out-
of plane, consistent with a prior report.”’

The piezoelectric properties of the epitaxial Sc,Al, N layers were
then measured. For calibration, and to set a baseline value for 0% Sc, an
AIN layer of ~5nm was grown on an identical n* GaN bulk substrate
at 750 °C under metal-rich growth conditions. The 5nm thickness pre-
vents cracking of the AIN epilayer due to the in-plane biaxial tensile
stress with the underlying GaN.** PEM measurements were performed
to measure the piezoelectric coefficient ds; o Combined AC and DC
biases were applied to the bare surface to track contact resonance fre-
quency and to bias the sample, respectively. Simultaneous topography
and piezoresponse channels were detected during the measurement,
with ds; . values calculated by dividing the measured vertical displace-
ment of the cantilever by the contact frequency resonance factor (Q)
and the DC drive voltage. Because the RMS surface roughness for all
epilayers was less than 0.5nm, there were no additional errors that
stemmed from rough surface morphologies.

Figures 3(a)-3(e) shows the surface PEM maps for the five sam-
ples. The piezoelectric coefficients shown in Fig. 3(f) are obtained
from the slope of the measured displacement vs applied DC
voltage (not shown). The value of ds;.¢ ~ 6pm/V obtained for
AIN is consistent with its known value, serving as a dependable cali-
bration. For x=0.18, a value of d33 ¢ ~ 15pm/V is measured. This
value is larger than the prior reported values of approximately 7, 8,
and 14 pm/V'*** ***** for compositions near 18% Sc. It is noted that

(a)

Measured dy; . (pm/V)

05 10 15 20 25 30 35 %0
Sc atomic concentration (%)

FIG. 3. Surface mapping of measured daz e coefficients via vertical PFM for (a)
AIN, (b) Sc,Al; 4N (x=10.18), (c) Sc,Al;_4N (x=0.25), (d) Sc,Al; 4N (x=0.33),
and (e) Sc,Ali_N (x=0.40), showing relatively uniform ds . values across the
surface. (f) Compiled graph of the piezoelectric coefficients ds; 1 VS Sc concentra-
tion from PFM measurements shown in comparison to AIN, the control sample.

Appl. Phys. Lett. 117, 112101 (2020); doi: 10.1063/5.0013943
Published under license by AIP Publishing

117, 112101-3


https://scitation.org/journal/apl

Applied Physics Letters

most of the prior measurements did not utilize PFM and all were con-
ducted on thicker, sputter deposited samples. The measured value of
15 pm/V represents a 150% enhancement in the piezoelectric coeffi-
cient for high-quality, lattice-matched Sc,Al; _,N on GaN. This could
be, in part, due to contribution from piezoelectric strain from the sub-
strate and enhanced crystal quality, but the precise mechanism needs
further investigation.

As the Sc content is increased further (x> 0.18), the measured
values of dsz . decrease to the range of 7-10 pm/V. The decrease in
ds3 et Observed here is attributed to the thinness of the layers, a polar
substrate, and a decrease in the crystalline quality of the samples rela-
tive to x=0.18, as is discussed next using electron microscopy. The
trend is opposite to the trends in some reports on sputtered Sc,Al; (N
samples of much greater thicknesses (greater than 250 nm), deposited
on metallic and Si (100) substrates.'”'****° However, trends similar to
those seen here have also been reported, where the measured piezo-
electric coefficients depend on the crystalline and microstructural
quality, which is affected by changes in deposition parameters and
annealing treatments.”” ***"*~>* Surface mapping of the ds; values in
Fig. 3 shows relatively uniform and consistent values over 2 X 2 um
image scans, as expected for epitaxial Sc,Al; (N layers with smooth
surface morphologies.

To assess the structural quality of the Sc,Al; N layers, the elec-
tron microscope images were taken of the lattice-matched x=0.18
and the heavily mismatched x = 0.40 samples shown in Figs. 4(a) and
4(b). To determine the film quality, lines were drawn along the lattice
planes over a large field of view HAADF-STEM images. The “T”
marks the occurrence of an extra lattice plane, and, therefore, it can be
counted as one dislocation occurring at that region (Larger versions in
supplementary material Fig. 2). Comparison of (a) and (b) shows that
Sc,Al; N (x=0.18) has a lower defect density and, therefore,
higher film quality than Sc,Al; (N (x=0.40). Annular bright field
(ABF-STEM) image in c) shows both Sc/Al and N sublattices where
we can determine the crystal structure to be wurtzite at the Sc,Al; N/
GaN interface. The epitaxial Sc,Al; N layer on GaN is seen to be
metal polar, adopting the same polarity as the underlying GaN
substrate.

Figure 5(a) shows the boxed area in Fig. 4(a), enlarged to show
that the dislocation is due to an Ij-type stacking fault associated
with an extra basal plane,53 where a lattice stacking sequence of
ABACA is identified on the right-hand-side of a partial dislocation,
compared to the wurtzite ABAB stacking sequence on the left-hand-
side. Figures 5(b) and 5(c) show a region with a cubic zinc blende
structure near the top of the Sc,Al; (N (x = 0.40) film. Similar behav-
ior has also been reported in epitaxial Sc,Ga; N thin films.”* Overall,
the zinc blende phase is not a thermodynamically stable phase at these
Sc contents and, thus, may arise from kinetic factors during the growth
process.

In conclusion, insight into the structural and piezoelectric prop-
erties of epitaxially grown Sc,Al;_ N on GaN is achieved. Epitaxial,
smooth films achieved using nitrogen-rich growth conditions reveal a
~150% enhancement of the piezoelectric coefficient of lattice-
matched Scy 13Alg g,N relative to AIN. Atomic resolution STEM imag-
ing shows partial dislocations arising from stacking faults in higher Sc
content lattice-mismatched Sc,Al; N and the presence of zinc blende
inclusions, which reduce the measured piezoelectric coefficient. The
polarity of the epitaxial Sc,Al; (N is found to be the same as the

ARTICLE scitation.org/journal/apl

5 nm GaN Buffer

FIG. 4. STEM images of defects in Sc,Al; 4N films (x=0.18, 0.40). HAADF-
STEM images showing an overview of (a) Sco1gAlggoN and (b) Scg40Alp.eoN
films that are overlaid with yellow lines drawn along each lattice plane per-
pendicular to the growth direction. The “T" marks the occurrence of an extra
lattice plane. (b) shows a much higher stacking fault density compared to (a).
ABF-STEM image in (c) shows an abrupt Scg1gAlpgoN/GaN interface, where
the metal polar orientation can be determined by the overlaid crystal
structure. Sc/Al, Ga, and N correspond to purple, green, and red atoms,
respectively.
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underlying GaN substrate. Future work will need to further evaluate
the piezoelectric coefficients of thicker Sc,Al; 4N films and hetero-
structures grown on metallic electrodes. In addition, further study of
the effects of growth conditions and post-growth annealing of the
Sc,Al; (N films can reveal if the defects such as stacking faults and
cubic inclusions can be prevented or reduced in the epitaxial films.
This will enable the optimal structural and piezoelectric performance
of epitaxial Sc,Al; (N/GaN heterostructures.

See the supplementary material for further details and data
regarding the STEM measurements of Sc,Al; ,N.
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