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ABSTRACT

AlScN is a new wide bandgap, high-k, ferroelectric material for radio frequency (RF), memory, and power applications. Successful integra-
tion of high-quality AIScN with GaN in epitaxial layer stacks depends strongly on the ability to control lattice parameters and surface or
interface through growth. This study investigates the molecular beam epitaxy growth and transport properties of AIScN/GaN multilayer
heterostructures. Single-layer Al;_,ScyN/GaN heterostructures exhibited lattice-matched composition within x = 0.09-0.11 using substrate
(thermocouple) growth temperatures between 330 and 630 °C. By targeting the lattice-matched Sc composition, pseudomorphic AIScN/GaN
multilayer structures with ten and twenty periods were achieved, exhibiting excellent structural and interface properties as confirmed by
x-ray diffraction (XRD) and scanning transmission electron microscopy (STEM). These multilayer heterostructures exhibited substantial
polarization-induced net mobile charge densities of up to 8.24 x 10"*/cm? for twenty channels. The sheet density scales with the number
of AIScN/GaN periods. By identifying lattice-matched growth condition and using it to generate multiple conductive channels, this work
enhances our understanding of the AISCN/GaN material platform.

© 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/10.1063/5.0216133

I. INTRODUCTION ties by device integration with both III-nitride semiconductors, and
with silicon CMOS where it is already in use in commercial BAW

Aluminum scandium nitride (AIScN) is an emerging group III filters.
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nitride material that has received significant research interest in the
past decade. The addition of Sc into AIN was first reported to drasti-
cally increase the piezoelectric coefficients of AIScN alloy compared
to the highly piezoelectric AIN."* More recently, reactive sputtered
and plasma-assisted molecular beam epitaxy (PA-MBE) AIScN films
have been reported to be the first ferroelectric III-nitride material.”
AlScN also shows high potential in nonlinear optics’ and distributed
Bragg reflectors.'’ These properties of AlScN add new functionali-

While the growth, structural, electrical, and piezoelectric prop-
erties of single-layer AIScN thin films have been extensively studied,
the integration of AIScN multilayers remains unexplored. Multilay-
ers of binary, ternary, and quaternary alloys in group III-arsenides
and in group III-nitrides have enabled various electronic and pho-
tonic device applications, such as multichannel high-electron mobil-
ity transistors (HEMTs), resonant tunneling diodes, solar cells, laser
diodes, and infrared emitters and detectors. In the III-As material

APL Mater. 12, 101117 (2024); doi: 10.1063/5.0216133
© Author(s) 2024

12, 1011171


https://pubs.aip.org/aip/apm
https://doi.org/10.1063/5.0216133
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0216133
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0216133&domain=pdf&date_stamp=2024-October-24
https://doi.org/10.1063/5.0216133
https://orcid.org/0000-0002-1193-834X
https://orcid.org/0000-0003-3455-4282
https://orcid.org/0000-0001-7174-1103
https://orcid.org/0000-0002-3210-3552
https://orcid.org/0000-0002-8621-1145
https://orcid.org/0000-0003-4470-1864
https://orcid.org/0000-0003-4129-0473
https://orcid.org/0000-0002-2709-3839
https://orcid.org/0000-0002-4076-4625
mailto:tn354@cornell.edu
https://doi.org/10.1063/5.0216133

APL Materials ARTICLE

family, lattice-matched (AL Ga)As alloys allowed for the develop-
ment of single- and multi-layer heterostructures, such as multi-
ple quantum wells and superlattices with low dislocation density
and excellent interfaces,'’ which enabled device technologies such
as superlattice-castellated field-effect transistors (SLCFETs)"” and
quantum cascade lasers."”

Lattice-matched group III-nitride heterostructures are limited
due to the 2.6% in-plane lattice mismatch of AIN-GaN and 13%
lattice mismatch of AIN-InN. Algs2Ing1sN/GaN is the only known
lattice-matched ternary-binary pair and can be difficult to grow
due to the large growth temperature mismatch between InN and
AIN. Using Al(Ga,In)N/GaN multilayer structures, GaN-based res-
onant tunneling diodes,'* distributed Bragg reflectors,’” quantum
cascade lasers,'® multichannel HEMTs for high-power electronic,
and RF switches'>'” have been realized. However, structural degra-
dation due to strain relaxation'® and complex strain engineering
of Al(Ga)N/GaN superlatticesw‘z“ pose intrinsic limitations in such
multilayers.

AlScN is a promising candidate to help overcome these limita-
tions because (1) lattice-matching of AIScN to GaN is theoretically
predicted and experimentally demonstrated to be possible;' "'’
(2) AlScN has a large growth temperature window that is com-
patible with GaN epitaxy,”* >’ making it compatible with both
CMOS- and GaN-based growth requirements; and (3) AIScN offers
strong spontaneous polarization,”” high refractive index mismatch
to GaN,'"**”” and compressive or tensile strain compositions for
flexible bandgap, refractive index, and strain engineering.

The growth and characterization of AIScN/GaN multilayer
heterostructures have been studied by a few groups recently.
Dzuba et al. examined epitaxial AISCN/GaN multiple quantum
well heterostructures with quantum well thicknesses below 10 nm
to study near-infrared intersubband absorption.’’ Lattice-matched
AlScN/GaN multilayer heterostructures were demonstrated as a
highly reflective distributed Bragg reflector.'” However, the lattice-
matched composition of AIScN on GaN has been reported to range
from 9% to 20% Sc.”>***>*"*""** Finding the correct lattice-matched
composition of AIScN on GaN and its dependence on growth meth-
ods and conditions is critical to realize high-quality AISCN/GaN
multilayer structures.

This work aims to (1) identify and use the correct Sc composi-
tion for lattice-matched AIScN on GaN, (2) realize lattice-matched
AlScN/GaN multilayer heterostructures, and (3) study polarization-
induced charges in these multilayers. To achieve these goals, (1)
we grew AIScN thin films of 80-100 nm thickness on bulk GaN
substrates. By varying the Sc composition and growth tempera-
ture, we find the lattice-matched composition of MBE AIScN on
GaN to be between 9% and 11% Sc composition. (2) Using the
single-layer lattice-matched condition, we demonstrate pseudomor-
phic AIScN/GaN multilayer heterostructures on semi-insulating
GaN substrates that exhibit high crystalline and interface quality
as we verify by x-ray diffraction (XRD) and scanning transmission
electron microscopy (STEM). We measure an in-plane lattice mis-
match of 0.02% between AIScN and GaN epilayers in a ten-period
12% Sc AIScN/GaN sample. (3) These pseudomorphic multilayer
AIScN/GaN heterostructures were observed to house extremely high
mobile carrier densities exceeding 8 x 10'*/cm? for twenty 2DEG
channels. The sheet carrier density was seen to scale linearly with
the number of repeating AIScN/GaN periods.

pubs.aip.org/aip/apm

Il. METHODS

We grew AIScN single-layer and multilayer heterostructures
in a Veeco GenXplor MBE reactor. Scandium (99.9% purity, Ames
Laboratory), aluminum (99.9999% purity), gallium (99.999 99%
purity), and silicon (99.999 99% purity) were supplied using Knud-
sen effusion cells. We used a RF plasma source with a nitrogen flow
rate of 1.95 sccm and 200 W RF power to provide active nitro-
gen species. We monitored thin film growth in situ using a KSA
Instruments reflection high-energy electron diffraction (RHEED)
apparatus with a Staib electron gun operating at 15 kV and 1.5 A.
The growth temperatures were measured by a thermocouple on
the backside of the substrate. We used bulk silicon-doped Ga-
polar n-type GaN (n*GaN) from Ammono for single-layer AIScN
growths and bulk semi-insulating GaN substrate from Ammono for
multilayer AIScN/GaN growth to evaluate the transport properties
of mobile charges in this heterostructure. All the substrates were
c-plane and Ga-polar, yielding c-oriented, metal-polar MBE GaN
and AIScN films.

We grew AIScN films under nitrogen-rich conditions with a
metal (Sc+Al) to nitrogen (III/V) ratio of 0.7 to achieve wurtzite
phase AIScN.”****" We employed metal-rich conditions for GaN
epitaxy to promote step-flow growth mode. The beam equiva-
lent pressures (BEPs) of Sc, Al, and Ga used were ~ 1.5 x 1078,
~1x1077, and ~ 6 x 1077 Torr, respectively. The growth rates of
AlScN and GaN were 3.0 and 3.8 nm/min, respectively.

To explore the effect of Sc composition on the structural prop-
erties of AIScN films, we grew 80-100 nm thick AIScN films on
100 nm Si-doped n*GaN buffer layer on bulk n*GaN substrates.
Since the critical thickness of AIScN on GaN is affected by Sc com-
position and strain relaxation, only films within +1.3% Sc compo-
sition from the lattice-matched composition can remain coherently
strained for AIScN thicknesses between 80 and 100 nm,”" limiting
false identification of strained films as the lattice-matched composi-
tions. Unless otherwise noted, we grew single-layer AIScN films at
530 °C and n*GaN buffer layers at 630 °C.

We grew one ten-period and one twenty-period 45 nm
AlScN/40 nm GaN multilayer structure on bulk semi-insulating
GaN to evaluate the structural qualities of multilayer AISCN/GaN
heterostructures with thick AIScN/GaN periods, using the same
III/V ratios of ~ 1 and 0.7 for GaN and AIScN, respectively, and a
substrate thermocouple temperature of 530 °C. Similar heterostruc-
tures with the same AIScN and GaN thicknesses have demonstrated
high reflectivity as distributed Bragg reflectors.!’ All the layers were
grown at 530 °C substrate thermocouple temperature. We fully des-
orbed excess Ga in the GaN epilayers before growing subsequent
AIScN layers to prevent Ga incorporation during the nitrogen-rich
AlScN growth.

A PANalytical Empyrean system with Cu K, radiation was
used for x-ray diffraction (XRD) and reciprocal space mapping
(RSM). We characterized the surface morphology using an Asylum
Research Cypher ES atomic force microscope (AFM). To determine
the scandium composition, we employed energy-dispersive x-ray
spectroscopy using a Zeiss LEO 1550 FESEM equipped with a Bruker
energy dispersive x-ray spectroscopy (EDS) silicon drift detector
(SDD), X-ray photoelectron spectroscopy (XPS) using a Scienta
Omicron ESCA-2SR XPS instrument equipped with a 1486.6 eV
Al Ka, and Rutherford backscattering spectrometry (RBS) at the
Michigan Ion Beam Laboratory using 2 MeV « particles generated
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in a General Ionex tandem accelerator with backscattered « par-
ticles detected by using a silicon surface-barrier detector located
at 170° with respect to the incident beam. We used a standard
Van der Pauw geometry and a Nanometrics Hall HL5500 system
with a magnetic field of 0.325 T to measure the transport proper-
ties of AIScN/GaN multilayers at room temperature. We prepared
cross-sectional STEM samples using a Thermo Fisher Helios G4 UX
focused ion beam with a final milling step of 5 keV and carried out
STEM measurements using an aberration-corrected Thermo Fisher
Spectra 300 CFEG operated at 300 keV. Secondary ion mass spec-
trometry (SIMS) measurement was performed by the Eurofins Evans
Analytical Group (EAG).

I1l. RESULTS AND DISCUSSION

Figure 1(a) shows the layer structure of Al;_,ScyN films of
thickness 80-100 nm grown on bulk n* GaN substrates to determine
the Sc content x that satisfies the lattice-matching condition to GaN,
and to explore the crystal quality and surface morphology as x is
varied. We chose this thickness range to achieve relaxed films on
the bulk nGaN substrate. Figure 1(b) shows a typical in situ RHEED
pattern along the (110) zone axis after AIScN growth. The spot-
modulated streak pattern suggests a mixed growth mode in which
island-like surface features are promoted due to the N-rich growth
condition. Figure 1(c) shows a typical 2 x 2 ym® post-growth sur-
face morphology measured by AFM, with reasonably smooth root
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FIG. 1. (a) Single-layer AIScN films with thickness of around 100 nm and vary-
ing Sc compositions were grown on a bulk n-type GaN substrate. (b) Typical
RHEED pattern of an AIScN layer grown under nitrogen-rich conditions show-
ing spot-modulated streak patterns. (c) A typical 2 x 2 um? AFM micrograph of
a 100 nm AIScN layer with rms roughness below 1 nm. (d) Symmetric 26-w XRD
scans depict the non-monotononic change in the c-parameter of AIScN with Sc
composition.

pubs.aip.org/aip/apm

mean square (rms) roughness of 0.5-1 nm. The surface is dom-
inated by 30-50 nm diameter island features, consistent with the
RHEED pattern and other reports on N-rich growth of AIScN.*>*
Figure 1(d) shows symmetric 20-w scans that confirm the wurtzite
phase with strong c-axis orientation of AlScN films via the strong
(0002) AIScN diffraction peak near 26 = 36°. The shift from high to
low to high 20 peak values depicts the non-monotonic dependence
of the out-of-plane c lattice parameter with Sc composition.

The non-monotonic change of the AIScN peak with Sc con-
tent x indicated by arrows was reported in previous studies.”””” It is
attributed to the distorted bond angles and lengths in the (AL,Sc)N4
tetrahedra.”® This non-monotonic trend also suggests that there are
two alloy compositions between 9% and 15% Sc that match the
out-of-plane c¢ lattice parameter of AIN, indicating the potential
for future integration of non-polar epitaxial AIScN in m-plane and
a-plane AIN-based photonic devices.”” The crystalline wurtzite
phase can be maintained to ~ x = 0.3, or 30% Sc with interference
fringes shown in Fig. 1(d) for some compositions, indicating that
highly smooth AIScN-GaN interface can be achieved over a broad
range of Sc compositions. Notably, the AIScN (0002) peak with more
than five satellite Pendellgsung fringes on each side and strongest
relative fringe intensity were observed in samples with x ~ 0.11-0.12,
suggesting the highest interface quality between AIScN and n* GaN
layers achieved near these compositions.

To accurately determine the Sc content in the AlScN films, we
used the complementary experimental techniques of RBS, EDS, XPS,
and SIMS. Of these techniques, RBS, EDS, and SIMS provide thin
film composition information, while XPS provides surface compo-
sition information. We first measured three samples over a broad
range of Sc composition (5%-25%) by RBS, EDS, and XPS, with RBS
compositions serving as the standard. Sc compositions were deter-
mined from RBS yield vs energy spectra, with & backscattered from
Sc detected at energies between 1.3 and 1.45 MeV. Analysis of the
RBS data was conducted using the simulation of nuclear reaction
analysis (SIMNRA) software. For XPS, a hemispherical capacitor
analyzer was used to collect the photoelectrons to obtain high-
resolution Al 2p, Sc 3s, Sc 2p, and N 1s spectra. For EDS, the Al
Ka and Sc Ka peaks were used to determine the Sc composition. It
is important to use a standard-less method such as RBS to calibrate
EDS, sensitive to accelerating voltage conditions, and XPS, sensitive
to relative sensitivity factors and surface impurity.

Figure 2 shows EDS and XPS Sc compositions plotted against
the RBS compositions for three samples with Sc compositions of
4.7 £1.2% Sc, 10.1 + 1.5%, and 24.4 + 1.8% Sc measured by RBS. The
same samples measured by EDS at 12 kV (XPS) showed Sc compo-
sitions of 4.5 = 0.2% (4.3 + 0.4%), 10.3 + 0.1% (10.3 % 0.6%), and
243 + 0.3% (24.5 + 0.3%) Sc composition, demonstrating good
agreement with the RBS composition. The EDS and XPS Sc com-
positions of eight additional AIScN samples without RBS data also
showed a good correlation between EDS and XPS compositions and
closely tracked the RBS linear-fit (dashed line), suggesting the relia-
bility of both methods after calibration. Because EDS is less sensitive
to surface contamination than XPS and less time-consuming than
RBS and SIMS, it is the method of choice in most Al;_xScxN stud-
ies to date with the uncertainty of x ~ + 0.01, or 1%.””>*° Unless
otherwise noted, the Sc compositions reported in this work were
determined by EDS with an expected uncertainty of +1.5% Sc mainly
due to the RBS uncertainty.
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FIG. 2. Sc content in single-layer AIScN films measured by Rutherford backscat-
tering spectrometry (RBS), energy dispersive x-ray spectroscopy (EDS), and x-ray
photoelectron spectroscopy (XPS). Three samples were measured by RBS, a
standard-less method and served as calibration standards for EDS and XPS. The
RBS measurement uncertainty is shown for reference. The Sc compositions mea-
sured in eight additional samples by XPS and EDS closely follow the RBS linear-fit
(dashed line). The dotted lines show the +1.5% range of uncertainty based on the
RBS measurements.

Next, we examined the in-plane lattice constant a, out-of-plane
lattice constant ¢, and the c/a ratio of Al;_,Sc,N samples grown
at 530 °C using RSM, as shown in Fig. 3. Figure 3(a) shows that
a increases monotonically with increasing Sc composition. As high-
lighted by the gray box shown in Fig. 3(a), assy ~ agan = 3.189 A
for x ~ 0.09-0.11 and strain relaxation occurs outside this range,
as suggested by RSM (supplementary material, Fig. S1). These near
lattice-matched compositions correspond well with the samples that
exhibited strong thickness fringes in symmetric 26-w scans shown
in Fig. 1(d). Linear fitting of the a parameter data in this work with
Sc composition yielded a = 3.13 + 0.636x, where x is the Sc mole

ARTICLE pubs.aip.org/aip/apm

fraction in Al;_,Sc«N, suggesting a lattice-matched composition of
9.4 + 1.5% Sc. Figure 3(b) shows the AIScN out-of-plane lattice
constant ¢ vs Sc content. For 0 <x< 0.08 and 0.13 < x < 0.30,
¢ decreases with increasing Sc composition. However, ¢ increases
quickly for 0.08 < x < 0.13, in accordance with the non-monotonic
trend observed in the symmetric 26-w scans [Fig. 1(d)]. Notably, this
increase in ¢ corresponds directly to the compositions around which
AalseN ™ AGan, 1.e., the lattice-matched composition.

While the non-monotononic change in ¢ with Sc compo-
sition is mainly attributed to AIScN tetrahedron distortion, the
strong correlation between the increase in ¢ and the near-lattice-
matched compositions observed here suggests a contribution from
the Poisson’s ratio of the thin film near the lattice-matched com-
position. With increasing Sc content, a pseudomorphic AIScN film
becomes more compressively strained in the in-plane direction and
tensilely strained in the out-of-plane direction, therefore, causing
the ¢ parameter to increase with Sc%. The ¢/a ratio in Fig. 3(c) also
shows a monotonically decreasing trend, except between x = 0.09
and x = 0.11, i.e., the near lattice-matched compositions.

It is important to note that previous studies have reported
several lattice-matched Sc compositions ranging from 9% to 20%
Sc.”»?4#530732 We see in Fig. 3 that MBE AIScN films have a more
drastic increase in a, decrease in ¢, and decrease in c/a ratio com-
pared to sputtered AIScN films. This observation can have strong
implications on the difference in the wurtzite-rocksalt transition
boundary, structural and piezoelectric properties, and ferroelectric
properties of MBE and sputtered AIScN."**** AIScN film thick-
ness can affect the measured in-plane lattice parameter due to strain
relaxation. The lattice-matched composition between 9% and 11%
Sc determined from Fig. 3 is in good agreement with the report by
Dinh et al. of 9% Sc lattice-matched composition of MBE-grown
AlScN.?> Moreover, the change in a and ¢ constants and c/a ratio
observed in this work also aligns with the values reported by Dinh
et al. for up to x = 0.15,”> demonstrating the similarities in these
MBE AIScN thin films. On the other hand, in recent studies on MBE
AlScN films, Motoki et al.”” and Kumar et al.* suggested the lattice-
matched Sc composition of 12% by fitting the reported in-plane
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3.35 27313 106sex o v A 162 Derg evon 015
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FIG. 3. Lattice parameters of Aly_,ScxN samples grown at 530 °C vs Sc composition obtained from RSM scans (hollow red circles) compared to values reported in previous
studies with AIScN grown by MBE (hollow)’****>*? and reactive sputtering (solid)."***" (a) AIScN in-plane lattice parameter a increases monotonically with increasing Sc
composition, showing clear strain relaxation outside 9%—-11% Sc. The linear fit equation was performed on the data from this work (red circles). (b) AIScN out-of-plane lattice
parameter ¢ vs Sc composition. The gray stripe highlights how the c-parameter increases with the Sc content around the lattice-matched composition. (c) ¢/a ratio shows a
monotonically decreasing trend except between 9% and 11% Sc. The dashed line (a) and the arrows (b) and (c) are added as guides to the eye. The results in this study

align most closely with the data from Dinh et al.??

APL Mater. 12, 101117 (2024); doi: 10.1063/5.0216133
© Author(s) 2024

12,101117-4

16'82:81 ¥20T 489010 2


https://pubs.aip.org/aip/apm
https://doi.org/10.60893/figshare.apm.c.7470165

APL Materials

lattice constant a in the literature and 14% by RSM analysis, respec-
tively. The difference in growth temperature, ranging from 550 °C*’
to 700 °C,”* could impact the lattice constants® and, therefore, the
lattice-matched composition. Recent studies also reported Sc atomic
segregation in both MBE""’ and sputtered’ AIScN. Atomic seg-
regation can induce local variation of lattice constants to different
extents, impacting the lattice-matched composition. One variable of
MBE growth not examined in this work is the effect of III/V ratio
on structural properties, which could affect the lattice parameters
and surface morphology of AIScN.** Nevertheless, the wide variation
in reported lattice-matched composition means that careful calibra-
tions are needed to determine the correct lattice-matched Sc content
depending on growth techniques and conditions.

Figure 4 shows the effect of growth temperature on the struc-
tural properties of single-layer, 100 nm AIScN thin films grown on a
bulk n* GaN substrate. Both Hardy et al. and Dzuba et al. reported
a strong dependence of lattice constants on growth temperature.”""’
Here, we grew AIScN with three different Sc compositions (9%, 13%,
and 19%) under nominally similar conditions and changed the sub-
strate temperature between 330 and 630 °C. Figures 4(a) and 4(b)
show the change in a and ¢ with respect to growth temperature,
respectively. From Fig. 4(a), we see that the 9% Sc AlScN films were
almost pseudomorphically grown on GaN with no change in the
a parameter as a function of substrate temperature. On the other
hand, the 19% Sc containing AIScN samples are fully relaxed,
exhibiting ~1.5% in-plane lattice mismatch compared to GaN.
Notably, the a lattice constant exhibited a strong temperature
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dependence in 13% samples. For T,;, = 330 and 430 °C, the 13% Sc
AIScN films were nearly fully strained to GaN, i.e., azsey ~ 3.19 A.
However, a quickly increased with increasing substrate tempera-
ture, approaching a,scy ~ 3.23 A for Ty, = 630 °C. This increase is
induced by the elevated effects of strain relaxation at higher growth
temperatures. Therefore, Fig. 4(a) further corroborates the lattice-
matched composition to be near 9%-11% Sc. Interestingly, the
a lattice parameter of the 9% Sc AlScN film is nearly equal to the
alattice parameter of GaN [Fig. 4(a)], whereas the clattice parameter
of the 9% Sc AIScN film is nearly equal to the ¢ lattice parameter of
AIN [Fig. 4(b)], suggesting the ability to lattice match 9% Sc AIScN
to c-plane GaN or m-plane AIN.

It is interesting to note from Fig. 4(a) that while the ¢ parameter
of 9% samples is not strongly dependent on the growth tempera-
ture, the ¢ parameter of the relaxed 19% samples decreases sharply
with increasing growth temperature, suggesting a decrease in unit
cell volume with increasing growth temperature. The same decrease
in the ¢ parameter with increasing growth temperature was also
reported by Wang et al. for 50-100 nm MBE 20% Sc AIScN*® and
by Dzuba et al. for 40 nm MBE 14% and 18% Sc AlScN films.*"
Both studies attributed this effect to residual strain induced by differ-
ent growth temperatures, again suggesting that the lattice-matched
composition is lower than 18% Sc. Figure 4(c) shows the change
in surface morphology of AIScN thin films with Sc composition
and growth temperature. For nearly pseudomorphic AIScN on GaN
samples, the AFM surface morphology showed larger but smoother
islands that could follow the underlying GaN atomic steps and the

RMS: 0.208 nm RMS: 0.588 nm

FIG. 4. (a) AIScN in-plane a-parameter and (b) out-of-plane c-parameter as a function of growth temperature. Similar Sc composition and III/V ratio were used. The a-
parameter of 13% Sc films increases quickly with temperature due to thermally induced strain relaxation at higher growth temperatures. (c) 2 x 2 um? AFM micrographs
of samples grown at 630 and 430 °C thermocouple temperature. Step-flow growth mode can be achieved for near lattice-matched (9% Sc) samples grown at higher
temperatures. As Sc composition and growth temperature increase, the morphology becomes more 3D-dominant and the rms roughness increases.
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rms roughnesses were below 0.35 nm. Higher Sc composition and
growth temperature induced stronger strain relaxation and pro-
moted the formation of smaller, more three-dimensional islands on
the surface, resulting in rms roughnesses above 0.4 nm.

From the Sc composition- and temperature-dependent data
described, the optimal growth conditions of lattice-matched AIScN
on GaN for multilayer structures are 9%-11% Sc at growth tem-
peratures between 530 and 630 °C. Using the optimized growth
conditions of single-layer AIScN/GaN, we grew near lattice-matched
multilayer AIScN/GaN heterostructures with 45 nm AIScN/40 nm
GaN periods and a targeted 12% Sc composition for structural and
transport properties characterization. By using semi-insulating GaN
substrates, we were able to measure the total polarization induced
mobile charges formed at the AIScN/GaN and GaN/AIScN het-
erointerfaces. Similar heterostructures grown on conductive n* GaN
substrates have been shown to be promising new lattice-matched
GaN-based distributed Bragg reflectors,'’ but the transport proper-
ties of AISCN/GaN conductive channels were not reported due to

pubs.aip.org/aip/apm

n-type conductivity of the substrate. A ten period (n = 10) and a
twenty period (n = 20) AIScN/GaN (45/40 nm) heterostructure were
grown at Ty, = 530°C, as shown in Fig. 5(a). While this growth
temperature is 100-150 °C below the optimal growth temperature
of GaN in our MBE system, it is more suitable for near lattice-
matched AIScN growths, as shown in Fig. 4. The AFM image in
Fig. 5(b) shows that step-flow growth mode and clear atomic steps
were achieved in both samples, with rms roughness of 0.49 nm
for n = 10 and 0.54 nm for the n = 20 (supplementary material,
Fig. S1) despite the N-rich growth condition of the AIScN layers and
the relatively low growth temperature of the GaN layers.

The RSM shown in Fig. 5(c) reveals that the AIScN layers are
nearly strained to the underlying GaN substrate, showing a 0.02%
higher in-plane lattice constant compared to GaN. This mismatch
is increased to 0.03% for n = 20, suggesting a stronger compressive
strain relaxation of AIScN layers, likely due to the Sc composition
slightly exceeding the lattice-matched composition (supplementary
material, Fig. S1). The well-resolved interference thickness fringes

10-period, on bulk SI-GaN
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FIG. 5. (a) Heterostructure schematics of n-period (n = 10, 20) AIScN/GaN multilayer structures and their corresponding Hall effect measurement sheet carrier densities. (b)
2 x 2 ym? AFM micrograph of the ten-period sample shows that step-flow growth mode was maintained even with nitrogen-rich AIScN growth, and a total MBE thickness
of nearly 1 ym; sub-5 A RMS roughness was achieved, showing the high layer and interface qualities enabled by near lattice-matched growth conditions. Similar surface
morphology and roughness were seen on the 20-period sample (supplementary material, Fig. S1). (c) The RSM scan of the ten-period sample shows that all the MBE
layers are coherently strained to the bulk GaN substrate; this is enabled by the higher critical AIScN thickness for near lattice-matched Sc compositions. (d) SIMS data of
the ten-period sample, showing stable Sc composition (13% + 1%) was achieved in AIScN layers throughout the heterostructure compared to 12% + 1.5% measured by
EDS. () Schrodinger-Poisson 1D simulation of the ten-period heterostructure, showing ten 2DEGs at the AIScN-GaN interfaces and ten 2DHGs at the GaN-AlIScN interface
with 4.5 x 10'*/cm? sheet charge density per 2DEG or 2DHG. AIScN layers are highlighted in blue stripes. From the experimental sheet charge densities and 1D Poisson
simulation, we note that the net experimental sheet charge density scales almost linearly with the number of AIScN/GaN periods.
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in RSM scans confirm the high crystalline and interface quality of
AlScN and GaN layers. Symmetric 20-w scans of both samples show
strong Pendellosung fringes, suggesting sharp interfaces between the
AlScN and GaN layers (supplementary material, Fig. S1). In situ
RHEED tracking corroborated this, showing streaky RHEED pat-
terns along the (110) azimuth of AIScN throughout the growth
(supplementary material, Fig. S2). The smooth surface morphol-
ogy with atomic steps and high crystalline and interface quality is
enabled by targeting the lattice-matched composition of 11% Sc.
XRD fringe simulation of both samples suggests the AIScN and GaN
thickness to be 45 and 40 nm (supplementary material, Fig. S1),
respectively, agreeing well with the targeted thicknesses.

A strong correlation between the XRD rocking curve (RC)
full width at half maximum (FWHM) broadening and strain relax-
ation due to lattice mismatch was found in previous MBE AIScN
studies.”””” For n = 10, RC scans about the symmetric [0002]
azimuth and asymmetric [1015] azimuth of the AIScN peak RC
exhibited full width at half maximum FWHM values of 30 arc-
sec and 30 arcsec, respectively. These low values closely follow
the substrate RC FWHMs of 27 and 30 arcsec for the same
azimuths (supplementary material, Fig. S3). However, we measured
an increase in the [1015] azimuth RC FWHM to 48 arcsec for n = 20,
corresponding to the increased strain relaxation observed in RSM
(supplementary material, Fig. S1). ToF-SIMS data of the ten-period
sample shown in Fig. 5(d) demonstrate consistent Sc composition
of 13% + 1% in AlScN layers throughout the heterostructure, agree-
ing with the 12 + 1.5% Sc composition measured in both multilayer
structures by EDS. The atomic composition tailing between bottom
GaN and AIScN layers is likely an artifact of SIMS spatial resolu-
tion. This composition is above the lattice-matched composition
range, thereby inducing the increased strain relaxation observed
from the ten-period to the twenty-period sample. While we clearly
observed strain relaxation in 100 nm single-layer AIScN films with
Sc composition above 11% (supplementary material, Fig. S1), the
critical thickness in a superlattice heterostructure can be four times
higher than that of single layers due to the increased resistive force
of misfit dislocation formation at new interfaces, resulting in thick

[001]

[100]

pubs.aip.org/aip/apm

pseudomorphic heterostructures with lattice-mismatched 12% Sc
AlIScN-GaN epilayers.*

Using 1D Poisson,’’ a self-consistent one-dimensional
Schrodinger-Poisson solver, the energy band diagram of the ten
period AIScN/GaN sample was simulated, as shown in Fig. 5(¢). The
1D Poisson simulation predicted 10 two-dimensional electron gases
(2DEGsS) and 10 two-dimensional hole gases (2DHGs) to form at the
AlScN/GaN and GaN/AIScN interfaces, respectively. The absolute
carrier density for each 2DEG or 2DHG is |[Ng,| = 4.5 x 10" /cm?.
While 2DHGs have not been reported in AIScN/GaN heterostruc-
tures, their formation and contribution cannot be experimentally
ruled out.

Hall effect measurements at 300 K revealed extremely high
mobile electron density in both samples [Fig. 5(a)], with experimen-
tal net sheet carrier density Ny, = — 4.63 x 10™/cm? for n = 10 and
Ny, = — 8.24 x 10™*/cm? for n = 20, both of which are the highest val-
ues reported in multichannel GaN heterostructures, with less than
6% of the measured net sheet charge density expected to come from
n-type conductivity of the unintentionally doped GaN layers. The
negative Hall coefficients indicated that the majority of carriers are
electrons. By dividing the measured carrier density by the simulated
2DEG density of 4.5 x 10"*/cm® per channel, we get 10.2 effective
2DEGs for n = 10 and 18.4 effective 2DEGs for n = 20, thereby
demonstrating linear scaling of net charge density with the number
of AIScN/GaN periods. The electron mobilities measured for n = 10
and n = 20 samples are 14 and 2 cm?/V.s, respectively. Since excess
Ga was fully desorbed before N-rich AIScN growths, strong inter-
face roughness scattering and alloy scattering are expected in these
samples. Interface roughness scattering and alloy scattering have a
strong effect on electron mobility at the AIScN-GaN interface,"” so
growth optimization is needed to enhance the sheet charge mobility.
In particular, the introduction of an AIN interlayer at each AIScN-
GaN interface can help boost the 2DEG mobility."* However, AIN
and AlScN strain engineering will be needed to maintain the pseu-
domorphic strain throughout the heterostructure with multiple AIN
interlayers. Furthermore, the possible contribution of heavier carri-
ers and lower mobility from 2DHGs could also limit the Hall effect

N-rich

Ga-rich

Ga-rich

N-rich

FIG. 6. (a) Large field-of-view ADF-STEM image of a 12% Sc AIScN/GaN ten period multilayer structure on a bulk GaN substrate. Panels (b) and (c): atomic resolution
ADF-STEM image of representative AISCN/GaN interfaces and associated MBE growth conditions.
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mobility measured in these samples, suggesting the potential need
for Si delta doping at the GaN-AIScN interfaces.

Figure 6(a) shows an annular dark-field scanning transmission
electron microscopy (ADF-STEM) image showing ten uniform lay-
ers of the heterostructure composed of 45 nm thick AIScN with
12% Sc and 40 nm thick GaN. No threading or edge dislocations
are visible in this field of view (~1.3 ym), indicating high-quality
epitaxial growth near lattice-matched conditions between AIScN
and GaN. In a larger field-of-view ADF image spanning more than
7 um, we observed vertical dislocations stemming from the sub-
strate and buffer layer interface. These dislocations contribute to
the relaxation of the slight remnant strain present between AIScN
and GaN (supplementary material, Fig. S4). The upper bound of
in-plane strain calculated based on the average distance between vis-
ible dislocations corresponds to 0.02% compressive strain of AISCN
epilayers, consistent with the RSM measurements. The interfaces
between GaN and AIScN layers were studied by atomic resolu-
tion ADF-STEM images. A smooth diffuse AIScN/GaN interface is
observed across 3-4 monolayers shown in Fig. 6(b). The gradient
in the image contrast describes the change in chemical composition
despite our efforts during growth to desorb excess Ga and minimize
the Ga incorporation into AIScN. The physical origin of the diffuse
interface requires further investigation to minimize the alloy scat-
tering expected to affect the 2DEG. In comparison, Fig. 6(c) shows
~1 nm surface roughness at the GaN/AIScN interface. This interface
morphology and roughness are consistent with the surface morphol-
ogy observed in other AIScN epilayers grown under nitrogen-rich
conditions.”*

We further analyzed the surface layers of the ten period 12%
Sc composition AIScN/GaN multilayer sample using phase lock-
in analysis.”” We did not observe in-plane lattice mismatch within
the precision of the measurement across an ~80 nm field of view
(supplementary material, Fig. S5). The strain variance in AIScN
is on the same order as the noise variance in GaN and does not
display systematic differences. The AIScN out-of-plane lattice con-
stant matches the ¢ lattice constant of 12% Sc composition AIScN
film [Fig. 3(b)]. We, therefore, conclude that the AIScN layers are
strained to the same in-plane lattice constant as GaN in the ten-
period multilayer heterostructure despite the slight variation from
lattice-matched Sc composition.

As a final point of discussion, lattice-matched AIScN/GaN
multilayer structures have a bright outlook for future GaN-based
electronics, optoelectronics, and photonics. The pseudomorphic
nature of lattice-matched epilayers also means that the number
of AIScN/GaN periods and AIScN thickness can be flexibly cho-
sen for various multilayer heterostructure engineering. For exam-
ple, lattice-matched AIScN/GaN distributed Bragg reflectors with
AlScN layers thicker than 40 nm can be a new platform for GaN-
based bottom DBRs that can outperform the existing AlInN/GaN
DBRs."” AlScN/GaN multiple quantum wells with AIScN layers
thinner than 10 nm are capable of strong near-infrared intersub-
band absorption (ISBA).”*" Similarly, GaN-based heterostructures
that require Al(Ga,In)N/GaN multiple quantum wells, such as res-
onant tunneling diodes, quantum cascade lasers, and multichan-
nel transistors, stand to benefit from the wide bandgap, highly
polar lattice-matched AIScN material. The understanding of lattice
parameters as a function of alloy composition and growth condi-
tions also provides more general guidance for strain engineering

pubs.aip.org/aip/apm

of AlScN in multilayer,” high Sc composition,*® or composition-

ally graded”’ heterostructures. It is important to note that while
using the same growth technique (MBE), the lattice-matched com-
position of AIScN in this work and in the works of Dinh et al,
Kumar et al., and Dzuba et al. are 9%-11%, 9%, 14%, and 18% Sc,
respectively.”>”"”" Therefore, a more comprehensive examination
on the effects of growth conditions on the AIScN lattice-matched
composition is needed to deliver high-quality pseudomorphic
AlScN/GaN multilayer heterostructures.

IV. CONCLUSION

In summary, new understandings of AIScN/GaN single-layer
and multilayer heterostructures were achieved in this work. First, we
found that the lattice-matched composition of MBE-grown AIScN
on GaN is around 9%-11% Sc. Lattice-matched AlIScN films with
9%-11% Sc can be grown using a large temperature window, provid-
ing guidance to optimizing the growth conditions and crystal quality
of AIScN epilayers and AIScN/GaN multilayer structures. The lower
lattice-matched composition here can have important implications
for AIScN integration with GaN, such as interplaying strain engi-
neering, high-k dielectric, and ferroelectric properties. Next, near
pseudomophic AIScN/GaN multilayer heterostructures with ten and
twenty AIScN/GaN periods were realized by MBE. Excellent sur-
face and interface roughness were verified via AFM, XRD, and
ADF-STEM analyses. Net mobile electron charge density as high
as 8.24 x 10"*/cm” for twenty channels and linear carrier density
scaling with the number of AIScN/GaN periods was achieved, sug-
gesting the presence of multiple polarization-induced conduction
channels enabled by growing near lattice-matched conditions. These
results provide a new understanding of AISCN/GaN epitaxial growth
by MBE and highlight the benefits of lattice-matched AlScN and
lattice-matched AIScN/GaN multilayer heterostructures for mul-
tiple quantum well heterostructures in future GaN-based power
electronics and photonics.

SUPPLEMENTARY MATERIAL

See the supplementary material for XRD, AFM, RSM, and XRD
rocking curve scans of the ten and twenty period AIScN/GaN sam-
ples on bulk semi-insulating GaN substrates, the RHEED patterns
of the AIScN during a multilayer growth, the RSM of single layer
AlScN films with various Sc compositions, the ADF-STEM image
with vertical dislocation stemming from the substrate, and the RBS
spectra.
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