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Abstract: We report on the near-infrared intersubband (ISB) absorption properties of strain-
free Sco.14Alp 36N/GaN multiple quantum wells (MQWs) grown on c-plane GaN substrates by
molecular beam epitaxy. These MQWs exhibit strong, sharp, and tunable absorption energies
between 515 meV and 709 meV, for well widths ranging from 7 nm to 1.5 nm, respectively.
Observation of ISB absorption in ultra-thin Scg 14AlygeN/GaN MQWs not only extends the
near-infrared range accessible with Sc-containing nitrides but also highlights the challenges of
growing nanometer-thick GaN quantum wells. We explore the effects of growth temperature
on absorption characteristics and find that substrate temperatures above 600°C significantly
enhance ISB absorption intensity but also introduce an energy redshift for the narrowest wells.
The redshift is attributed to increased interface roughness due to SCAIN surface morphology
degradation at higher temperatures. Additionally, a comparison of experimental results with
simulated band-structures indicates that the magnitude of net polarization rises faster with
Sc-composition than previously suggested by theoretical calculations. This study advances
the prospects of SCAIN/GaN heterostructures for novel photonic devices in the technologically
important near-infrared range.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Sc-aluminum-nitride alloys have introduced novel characteristics to the well-researched III-
nitride semiconductor system [1], extending their capability for future quantum electronic
technologies and non-linear optics [2-5]. The IlI-nitride semiconductors, known for their wide
and tunable bandgap, strong polarization effects, and high chemical stability, are essential for
modern technology [6]. The tunable bandgap of IlI-nitrides makes them extremely attractive for
optoelectronic applications, such as light-emitting diodes (LEDs) and laser diodes, covering a
spectrum from visible to ultraviolet wavelengths [7-9]. Due to their wide bandgap, III-nitrides
can handle high voltages and currents while maintaining high efficiency, making them ideal
for power electronics. Ill-nitrides are also widely used in high-frequency electronic devices
because of their ability to maintain performance at high temperatures and under high power
conditions [10,11]. Moreover, due to large conduction band offsets and large longitudinal-optical
phonon energy, the IlI-nitrides are promising for infrared devices such as quantum well infrared
photodetectors (QWIPs) and quantum cascade lasers (QCLs) [12-17].

Infrared optoelectronic devices often utilize optical transitions between quantized energy levels
in the conduction band of heterostructures made of semiconductors of different bandgaps [18].
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These intersubband devices typically consist of multi-quantum well structures to enhance optical
transition strength. The quantized energy levels are determined by the periodic quantum well
(QW) potential formed by the conduction band alignment between the two materials: a lower
bandgap material for the wells, and a higher bandgap material for the barriers. Therefore, the
intersubband transitions (ISBT) can be widely tuned by adjusting the conduction band profile,
primarily through layer thickness and material composition. Conduction band offsets (CBOs)
determine the depth of the QWs and eventually limit the energy of the ISB transitions [12].
III-nitride heterostructures offer substantial CBOs, around 2.1 eV between Scg 14Alyg6N and
GaN [19], making them ideal candidates for ultrafast devices operating in the near-infrared
spectrum [13,14,20-23]. Additionally, the high energy of GaN longitudinal optical phonons
(>90 meV) opens possibilities for high-temperature ISB devices functioning within the 5-10
THz range [15,24]. However, the advancement of traditional nitride-based ISB devices, such as
AlGaN/GaN MQWs, is hindered by the inherent lattice-mismatch among the various nitrides
[25-27]. Alongside defects induced by strain, lattice-mismatch results in interface roughening,
which compromises the uniformity of layer thicknesses. Consequently, device performance
suffers due to broadening and reduction of ISB transitions. Since the epilayers for ISB devices
are fairly thick (>100 nm), managing lattice-mismatch is critical for optimizing the performance
of nitride-based devices [28,29].

Waurtzite ScxAlj_xN overcomes this challenge as it can be lattice-matched to c-plane GaN.
ScAIN/GaN heterostructures have emerged as a preferred material platform for devices due
to its versatile and unique properties [30—62]. ScAIN possesses desirable characteristics like
large bandgap [2,4], large breakdown voltages [28], enhanced polarization [55], and novel
ferroelectric properties [38], making it a leading material for modern high-power electronics
including high electron mobility transistors (HEMTSs) and heterostructure field effect transistors
(HFETs) [56-60]. ScAIN’s high remnant polarization and robust switching characteristics make
it an ideal material system for applications in memristors [61]. Nitride memristors, featuring
stable nitrogen vacancies, offer superior cycle performance and structural stability compared to
oxide counterparts, potentially revolutionizing memory computing devices by extending lifespan
and reducing costs amid current oxide memristor challenges [61]. Moreover, SCAIN has a high
Curie temperature, allowing it to maintain its ferroelectric properties at elevated temperatures.
ScAIN/GaN heterostructures have exhibited stable on/off states that lasted for months at room
temperature and remained stable even at high temperatures (approx. 670 K) [4].

Previous to recent work [29], ScxAl;_xN was believed to be lattice-matched to GaN at
approximately x = 0.18. Starting from this assumption, we previously investigated ISB transitions
in wurtzite Scg 13Alp.g2N/GaN multiple quantum wells on c-plane GaN using near-infrared
spectroscopy and computational modeling [62]. The Scg 13AlygN/GaN MQW structures
exhibited strong and narrow ISB absorption in the range of 645 meV to 518 meV for quantum
well widths varying from 2.5 nm to 8 nm, respectively. However, these Scg 13Alp s N/GaN
MQWs showed minimal or no absorption in QWSs thinner than 2.5 nm. X-ray diffraction (XRD)
reciprocal space mapping analysis of these MQWs revealed evidence of relaxation which likely
induced strain-related defects such as misfit dislocations, threading dislocations, and stacking
faults. These defects can significantly compromise the optical properties of MQWs [25,26].
A subsequent in-depth XRD study of the microstructure of ScxAl;_xN grown on (0001) GaN
provided strong evidence that the lattice-matching condition occurs at x =0.14 + 0.01, instead of
x=0.18 [29].

Building on our previous results [29], this paper focuses on investigating intersubband
transitions in lattice-matched, strain-free Scg 14Alg.geN/GaN MQWs grown by molecular beam
epitaxy on c-plane GaN substrates. GaN is the well material and Scg 14AlygsN is the barrier
material. This study aims to extend the range of ISB absorption energies, with a particular
focus on the development of SCAIN/GaN MQWs optimized for operation in the technologically
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significant near-infrared range [14,63]. Wurtzite Scg 14Aly.gsN/GaN MQW:s exhibit exceptional
near-infrared ISB absorption, with energies ranging from approximately 515 meV to 709
meV, and with linewidths as narrow as 46 meV. Significantly, this work is the first to report
substantial absorption in quantum wells narrower than 2.5 nm, enabling access to higher near-
infrared energies. Achieving high ISB absorption energies necessitates the precise growth of
ultra-thin nitride layers while maintaining uniformity and abrupt interfaces. We address the
challenges associated with enhancing and extending ISB absorption to higher energies and discuss
optimization of ScAIN/GaN growth conditions, particularly the growth temperature. Additionally,
this study investigates the impact of spontaneous polarization inherent to the wurtzite structure and
piezoelectric polarization resulting from lattice-mismatch-induced strain on the band structure
of ScAIN/GaN MQWs, and subsequently on ISB transitions. Experimental and simulated
ISB transition energies provide direct insights into the fundamental polarization parameters
of wurtzite ScAIN. This paper lays crucial groundwork for ISB-based device applications by
advancing the understanding of the properties of SCAIN/GaN heterostructures.

2. Experiments and simulations

The Scg.14Aly g6N/GaN heterostructures consist of 50 quantum wells grown using plasma-assisted
molecular beam epitaxy (MBE) on commercially available Fe-doped semi-insulating c-plane
GaN templates on sapphire (0001) substrates (dislocation density of 8.0 x 108 cm™2). The details
of all sample design and measurement results are given in the Supplement 1. MBE provides
exquisite control over layer thickness, which has been crucial for advancing nitride-based ISB
devices [12]. The substrates were first coated with a 1 um tungsten silicide layer on the backside
to enhance thermal coupling with the MBE heater. Before loading the substrates in the MBE
chamber, they were cleaned with trichloroethylene, acetone, and methanol to eliminate organic
impurities, followed by a 10-minute acid etch in HCI. The substrates were then thoroughly rinsed
with deionized water and dried with nitrogen gas. They were outgassed overnight (>12 hours)
at 550°C in an ultra-high vacuum chamber connected to the MBE chamber. High-purity Al,
Ga (purity 99.99999%), and Sc (purity 99.999% trace rare-earth metals) metal sources were
used to minimize impurity-related effects in the MQWs. Active nitrogen was supplied by a
Veeco Unibulb RF plasma source operating at 250-305 W forward power, with N, flow rate
maintained at 0.25-0.50 sccm, resulting in a nitrogen-limited GaN growth rate of ~3.6-8.2
nm/min, respectively. Prior to growing MQWs, a 150 nm GaN buffer layer was grown at 740°C
substrate temperature under Ga-rich conditions, producing a smooth GaN surface with a root
mean square (rms) roughness of 0.4 nm over a 5 um X 5 um area. The MQWs were grown in
a range of substrate temperatures between 500°C and 625°C to optimize ISB absorption. The
metal-to-nitrogen ratios for the SCAIN and GaN layers in the MQW structure were approximately
0.8 and 1.2, respectively. Silicon doping was introduced through two d-doping sheets placed
1 nm from each interface during growth pauses, with doping density controlled by the Si-cell
temperature. The samples employed Si-cell temperatures of either 1375°C or 1402°C that
correspond to nominal sheet electron densities of 8.0 X 10'2cm™2 or 1.6 x 10'3 cm™2 per quantum
well, respectively.

Structural characterization of the samples was performed using atomic force microscopy,
x-ray diffraction, and transmission electron microscopy. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images were utilized to measure the thickness
of individual layers. The HAADF-STEM samples were prepared using a Thermo Scientific
Helios G4 UX Dual Beam FIB, followed by cleaning with a Fischione Ar Plasma cleaner to
eliminate any contamination from the FIB process or exposure to air. HAADF-STEM imaging
and analysis were carried out using a Thermo Scientific Themis Z Double Aberration Corrected
S/TEM, operated at an acceleration voltage of 300 kV and screen current of 0.12 nA.
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Symmetric w-20 XRD scans were obtained using a Panalytical X Pert3 MRD system. To
estimate the Sc composition in the barrier layers and verify the layer thicknesses, the experimental
XRD scans were modeled using the Panalytical Epitaxy software package. This modeling was
based on the composition dependence of lattice constants, as determined in our previous research
[24]. Additionally, reciprocal space mapping (RSM) of the (1015) reflection was conducted
using a Panalytical Empyrean diffractometer to analyze the strain state of the MQW structures.
The HAADF-STEM image and RSM plot of a 50-repeat 6 nm GaN, 6 nm Scg 14Alp 6N MQW
structure are shown in Fig. 1. The HAADF-STEM image indicates uniform layers and relatively
sharp interfaces. The RSM plot exhibits MQW peaks that are equally spaced in reciprocal space
and are also known as superlattice peaks. The RSM also reveals that the Scg 14Alg gsN layers are
coherently strained to GaN.
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Fig. 1. (a) HAADF-STEM of a Sc 14Alg g¢N/GaN (6 nm, 6 nm) MQW heterostructure.
Dark regions represent the SCAIN barriers, while light regions are the GaN well layers. (b)
Reciprocal space map of the (1015) reflection of a Sc(_14Aly gsN/GaN (6 nm, 6 nm) MQW
structure (labeled set of equally spaced, vertically stacked peaks). The intensity color scale
has units of detected x-ray counts. The maxima corresponding to the 2 um GaN template
and a 100 nm AIN nucleation layer originating from the substrate are also labeled. The
instrumental resolution is reflected in the profile of the (1015) GaN reflection. The diagonal
streak observed near the GaN peak is an artifact due to the monochromator.

To estimate the charge density in the Scg 14Alp 86IN/GaN MQWs, Hall measurements were
carried out using the Van Der Pauw geometry in a Quantum Design DynaCool Physical Properties
Measurement System (PPMS). The Hall samples were approximately 4 mm by 4 mm with indium
contacts at the corners that were annealed at 450°C to ensure ohmic contacts.

The near-infrared intersubband absorption was measured using Fourier transform infrared
(FTIR) spectroscopy. These measurements were carried out with a Thermo Scientific Nicolet
8700 spectrometer, equipped with an indium antimonide (InSb) detector and a white light source.
To maximize the interaction with the active region, the samples were polished to form parallel 45°
facets, facilitating multiple passes of light through the structure. Both s-polarized and p-polarized
transmission spectra were recorded, along with their corresponding background spectra. The ISB
absorption spectra were subsequently extracted by taking the ratio of the background-normalized
p-polarized transmission spectra to the s-polarized transmission spectra and the ISB absorption
was calculated per pass for all 50 QWs [62]. The infrared absorption spectra were fitted with
Lorentzian functions to extract ISB transition energy and full-width-at-half-maximum linewidth.
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The electronic band structure of Scg 14 Alg.g8sN/GaN MQWs was modeled using the nextnano++
simulation package [64]. Nextnano++ employs the 8-band k-p model for each material and solves
the Schrodinger and Poisson equations self-consistently. The energy eigenvalues, electronic
wavefunctions, and charge density were calculated in the conduction band of a single GaN
quantum well with Scg 14Alpg¢N barriers using periodic boundary conditions to simulate the
MQW structure. The ISB energies were then corrected for many-body effects in the Local
Density Approximation (LDA) [20]. The material parameters for GaN and AIN used in the
simulations were sourced from widely accepted references, as cited in Ref. [65]. To model the
ScAIN alloys, we considered a hypothetical wurtzite ScN with material parameters detailed in
the Supplement 1. The model assumes that Scy 14Alp g6N is lattice-matched to GaN, with the
in-plane lattice constant for ScN (a) set to 3.662 nm. The band alignment between ScxAl;_xN
and GaN (CBO =2.1 eV) was taken from recent high-resolution x-ray photoelectron spectroscopy
measurements [19,66]. For the polarization and elastic constants of wurtzite ScN, we first
used the values proposed by Caro et al [55]. based on DFT calculations, and then adjusted the
parameters to fit the experimental data as described in the text below. All other band structure
parameters for ScN were set to the values of AIN. We do not expect small changes of these
simulation parameters to impact the conclusions of our study.

3. Results and discussion

Sco.14Alp.36N/GaN MQWs demonstrate outstanding ISB absorption in the near-infrared spectral
range. Figure 2 summarizes the variation of intersubband transition energy as a function of target
QW width for a series of samples grown at a substrate temperature of approximately 525°C.
Typical ISB spectra are shown in Fig. 3. As the target QW width increases, the transition energy
decreases, showing the expected inverse relationship. The ISB absorption energies span the range
from 707 meV to 515 meV for target QW widths from 1.5 nm to 7 nm, respectively. Most notably,
ISB absorption in ultra-thin Scg 14AlygsN/GaN MQWs reaches the highest energy (i.e. shortest
wavelength, 1.75 um) ever reported in Sc-containing MQWs [62]. Moreover, the absorption lines
are comparable with or narrower (minimum linewidth 46.5 meV) than all other data for nitrides
available in the literature [12].

The ISB absorption is due to electronic transitions between the ground state and the first
excited state in the conduction band as illustrated by the band diagram in the inset of Fig. 2. The
transition energies are influenced by QW width, barrier width, height of the QW (CBO), sheet
electron density, and the tilt of the band structure at the bottom of the QWs due to polarization
fields. The expected theoretical dependence of ISBT energies on QW width is shown with solid
lines in Fig. 2 for two charge densities. Consistent with our previous findings [62], the ISBT
energies in Scg.14Alp.gsN/GaN MQWs wider than 3 nm are dominated by the polarization charge
mismatch at the well-barrier interface that results in a triangular well profile. In this case, the
quantum confinement is set by the SCAIN barrier shown on the right in the inset of Fig. 2, and
the GaN conduction band (CB) tilt on the left. As the GaN CB slope decreases linearly with
increasing QW width, the ISB transition energy also decreases approximately linearly. Since
we assume that Scg 14Aly geN is in-plane lattice-matched to GaN, only spontaneous polarization
mismatch contributes to the CB slope. Our simulations employed the widely accepted value
for GaN spontaneous polarization of -0.034 C/m? [65]. The individual contributions of the
wurtzite ScN and bowing parameter to the alloy spontaneous polarization can be adjusted as
discussed further below, but the overall trend of the experimental ISBT energy for wide QWs
is well reproduced by a Scg 14Alj 86N spontaneous polarization of -0.102 C/m2. Only for QWs
narrower than 3 nm, we expect a rapid increase in ISBT energy due to enhanced confinement
from the left-hand barrier (see Figure S1 in Supplement 1).

Incorporating many-body energy corrections into the single-electron model is crucial for
accurately calculating ISBT energies in nitride-based QWs. Therefore, the energies simulated
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Fig. 2. The effect of QW width on ISB transition energy in Scg 14Aly ggN/GaN MQWs
grown at approximately 525°C: experiment (stars and circles) and simulations (lines).
Horizontal bars indicate, where available, the range between target QW widths (stars)
and average layer thicknesses measured with HAADF-STEM (circle). The measurement
errors of the experimental transition energies are smaller than the size of the symbols. The
simulated transition energies were corrected for many-body effects using LDA for target
(1.6 x 10'3 cm~2) and Hall-estimated (1.79 x 10!2 cm~2) electron concentrations per QW
shown by blue and red curves, respectively. The inset shows the calculated conduction band
profile and lowest confined states for a 4 nm GaN QW with 6 nm Scq 14Alg ggN barriers.

with nextnano++ were corrected for many-body effects using the local density approximation
[62]. These corrections account for exchange-correlation energy, depolarization shifts, and
excitonic effects. Overall, the transition energies increase with sheet electron concentration in the
QWs [67]. Fig. 2 compares experimental data with calculated energies for two different electron
densities in the quantum wells: the target sheet electron density per QW (1.6 x 10'3 cm=2), and
the sheet electron density estimated from Hall measurements (1.79 x 10'2cm™2). The two lines
mark the upper and lower bounds for the ISBT energies at each QW width, with the shaded region
between the curves representing the range within which the experimental transition energy is
predicted to fall. Only minor deviations between the theoretical predictions and the experimental
results are observed for QWs wider than 3 nm, likely due to deviations of QW widths from
intended target values.

It is important to emphasize that the QW width is a major source of uncertainty in our
measurements, especially for the narrowest wells. The differences between target QW widths
and the values measured by XRD and HAADF-STEM can be seen in the Supplement 1. XRD
analysis accurately estimates the average period thickness (well + barrier) but requires additional
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Fig. 3. Intersubband absorption spectra of 50-repeat Scq 14Aly g6N/GaN MQWs grown at
different substrate temperatures. ISB absorption dependence on growth temperature for 6
nm QWs (a), and 2 nm QWs (b).

assumptions (i.e. well to barrier thickness ratio inferred from growth times) to extract the QW
width. The resulting value is an average over all 50 QWs in the millimeter-size x-ray beam
spot. The MBE growth process is typically calibrated with XRD of wide QWs (i.e. period
thickness > 10 nm), and therefore the relative deviation of those QWs thicknesses from target
values is smaller than for narrow QWs. HAADEF-STEM, on the other hand, offers atomic
resolution, but then the widths need to be averaged over all QWs for an adequate comparison
with the target and XRD values. For this reason, Fig. 2 indicates with horizontal bars the range
between target QW widths (stars) and average GaN thicknesses measured by HAADF-STEM
(circles), where available. Since deviation of QW thicknesses wider than 3 nm from target values
is expected to result in small ISBT energy variation, we conclude that the theoretical model
provides a good fit to the experimental data in this width range.

A more pronounced discrepancy between measured and predicted ISBT energies is evident for
the ultra-thin (< 2.5 nm) QW samples which exhibit significantly lower transition energies than
anticipated by the theoretical model. This inconsistency underscores the challenges associated
with growing such thin QWs that are only a few GaN monolayers thick. Understanding this
discrepancy requires a careful examination of the interfaces between GaN and ScAIN in narrow
QW structures with HAADF-STEM. In contrast to the abrupt interfaces assumed in simulations
— where the conduction band edge undergoes sharp steps from GaN to ScAIN as shown in the
inset of Fig. 2 — the real structures exhibit interfaces that extend over at least three monolayers
(Fig. 1(a)). These interfaces do not affect significantly ISBT energies in wider QWs, but have a
dramatic effect in thin QWs, where monolayer thickness fluctuations (+0.26 nm) are expected to
lead to ISBT energy variation of more than 50 meV. We have modeled these non-ideal interfaces
with a composition varying thin ScyAlyGa;_x_yN interlayer on each side of the GaN and found a
strong ISBT energy dependence on the specific structure of the interface. However, it is possible
that the fundamental assumptions of our model still do not capture all details of real structures.
Calculating the transition energy in the one-dimensional approximation for the average QW width
ignores the fact that the GaN layer can only be made of an integer number of GaN monolayers.
It also neglects possible confinement due to in-plane conduction band variation. Moreover,
modeling the band structure using bulk parameters may be inadequate and an atomistic model
may need to be considered. Experimentally, it is apparent that reducing interface roughness
is essential for reaching the technologically important 1.55 um (800 meV) range and can be
achieved by optimizing growth conditions.
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Growth temperature plays a pivotal role for interface roughness in MBE growth of MQWs.
Consequently, to improve the interface quality and overall optical absorption in Scg 14Alg 36N/GaN
MQWs, we investigated the structural and optical properties in these MQWs grown at vari-
ous substrate temperatures. A series of Scy.14AlggeN/GaN MQWs were grown at substrate
temperatures ranging from 507 to 625°C. The impact of substrate temperature (Tgy,) on ISB
absorption is illustrated in Fig. 3 for two distinct sets of MQWs: one with 6 nm GaN QWs
and 6 nm Scg 14AlygeN barriers (a), and another with 2 nm GaN QWs and 6 nm Scg 14AlygeN
barriers (b). In both cases, higher substrate temperatures lead to more intense absorption peaks,
most likely due to improved silicon dopant activation. For 6 nm QW structures, the position
of the absorption peak does not change significantly with substrate temperature (= 500 meV).
This suggests that the primary energy transition remains consistent across the samples, with
the substrate temperature primarily influencing the peak intensity. In contrast, for the thinner
2 nm QW structures, a significant shift in the absorption peak position towards lower energies
(redshift) is observed as the substrate temperature increases from 536°C to 625°C. Consequently,
a trade-off between absorption intensity and desired ISBT energy needs to be made by carefully
adjusting the substrate temperature depending on the target quantum well thickness.

The reduction of the transition energy in thin MQWs grown at higher temperature can be
explained by examining the effect of substrate temperature on QW uniformity and interface
roughness. Figures 4(a) and (b) show HAADF-STEM images for two samples with a target
QW width of 2 nm, grown at different substrate temperatures, highlighting the structure of
the interfaces in each sample. The interface positions, defined as the points of half-maximal
intensity between the SCAIN minima and the GaN maxima, are extracted for each pixel column,
corresponding to a width of approximately 19 pm. This approach enables the determination of
QW widths at different locations within the image, as well as the calculation of the rms roughness
of each interface.

The sample grown at 536°C exhibits smooth interfaces with rms comparable to that of the
GaN substrate (= 0.1 nm) and relatively uniform quantum well thicknesses. In contrast, the
sample grown at 625°C shows significantly rougher interfaces with the top of the Scy 14Aly gsN
layers (rms > 0.3 nm) consistently rougher than the top of GaN layers (rms ~ 0.2 nm). Given that
optimal MBE growth conditions for GaN are typically above 700°C, we speculate that SCAIN
surface roughening at higher temperature is partially compensated by a smoothing effect of GaN
growth. The evolution of the surface roughness at 536°C and 625°C are shown schematically
in Figs. 4(c) and 4(d), respectively. As a result of the rougher interfaces at 625°C, the QW
thicknesses vary from 1.3 nm to 3.6 nm, with most wells measuring between 2 and 2.6 nm (see
Figure S2 in Supplement 1). The presence of GaN regions considerably thicker than the target 2
nm explains the observed redshift in the ISB transition energy. Regions of intermediate contrast
are also observed within the ScAIN layers in Fig. 4(b) that are due to either surface roughness in
the direction perpendicular to the image or to additional intermixing of the materials resulting in
quaternary ScxAlyGa;_x_yN alloys. Clearly, the higher substrate temperature is less than optimal
for the growth of narrow ScAIN/GaN MQWs.

Next, we investigate the effect of barrier Sc composition on ISB transition energies. Previously,
we reported ISB absorption in Scg 13Alygg2N/GaN MQWs [62]. For each QW width, the ISB
absorption occurs at lower energies in QW with Scg 14Aly gsN barriers compared to QWs with
Sco.13Alp goN barriers [62]. The change in Sc composition in the alloy impacts the conduction
band profile in two primary ways: (1) it influences the conduction band offset (CBO), and
(2) it alters the slope of the conduction band due to polarization fields. The change in CBO
is relatively small and does not significantly affect the transition energies, as the first two
subbands are positioned near the bottom of the quantum wells (inset of Fig. 2). In contrast,
polarization fields have a more pronounced impact on transition energies. Since we assume that
Sco.14Alg g6 N is lattice-matched to GaN, the conduction band profile and transition energies in
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Some roughening introduced by ScAIN growth More roughening introduced by ScAIN growth

Growth Direction —mM8M8M8M8 —»

_ Minimal roughness at Minimal roughness at
(c) Touo = 536°C GaN buffer interface  (d) Ty, = 625°C GaN buffer interface

Fig. 4. HAADF-STEM images of 2 nm GaN/6 nm Sc 14Aly 86N MQW structures grown
at (a) Tgyp = 536°C (sample S2) and (b) Ty, = 625°C (Sample S3). Dark regions represent
the Scg.14Alg geN barriers, while the light regions are GaN well layers. The dashed lines
show the locations of the two distinct types of interfaces occurring due to material growth
differences: top of GaN (blue), and top of Scq 14AlygeN (magenta). The calculated rms
roughness values are indicated with corresponding colors next to each interface. Schematics
of the surface roughness evolution during MBE growth at T, = 536°C (¢), and Ty, = 625°C

(.

Sco.14Alp.86N/GaN MQWs are determined only by spontaneous polarization. In the non-lattice-
matched Scg 13Alpg2N/GaN structures, however, the strain-induced piezoelectric polarization
also contributes to the band structure. The interplay between these components determines
composition dependence of ISBT energies.

Figure 5(a) shows the expected theoretical dependence of polarization constants in ScxAl;_xN
on Sc composition in the x =0 - 0.3 range. The plot includes spontaneous polarization (Pgp),
piezoelectric polarization (Py,), and total polarization. The detailed equations governing these
parameters are given in the Supplement 1s. The dashed lines represent the polarization constants
calculated using the parameters proposed by Caro et al. [55], referred to as ‘default’ parameters
hereon. The magnitude of the spontaneous polarization is expected to be larger than piezoelectric
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polarization at all compositions. The piezoelectric polarization is proportional to strain and
changes sign at the lattice-matching composition x = 0.14. For barriers with Sc compositions
above (.14, such as Scq 13Alg.g2N/GaN MQWs, the compressive strain results in piezoelectric
polarization fields that are oriented in the opposite direction of the spontaneous polarization,
effectively reducing the spontaneous polarization. Since ISBT energies depend on conduction
band slope, the key trend to note here is the behavior of the total polarization. For the parameters
proposed by Caro et al. [55], the magnitude of the total polarization decreases continuously
with increasing Sc composition. This would correspond to a decrease of ISBT energy when x
increases from 0.14 to 0.18 (Fig. 5(b)), in disagreement with our experimental results.

700
----- Default P,
0.10 4 P
----- Default P,, S (b)
»»»»» Default Py g 650 -
&0-051—— Modified P, -
E i >
= —— Modified sz E) 600 4
©.6.00{—— Modified P,y o
= =
o - '-'CJ 550
‘E'-0.0S— 2
= = 500
tu-0 10 g
o ] ©
o = 4501 |—— Calculated with default Py,
-0.15 o Calculated with modified P,
(7]
= 400{ Y Experiment
-0.20 T T T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
Sc Composition, x Sc Composition, x

Fig. 5. (a) Calculated spontaneous, piezoelectric, and total polarization for ScxAlj_xN
plotted as a function of Sc composition (x). The curves calculated with parameters derived
by Caro et al [55]. from theoretical simulations are plotted using dashed lines. The solid
lines show the spontaneous, piezoelectric, and total polarization calculated with the modified
parameters proposed in this work. (b) Simulated ISB transition energy of a 6 nm QW with 6
nm ScAIN barriers as a function of Sc composition calculated using the default [55] and
modified polarization parameters proposed in this work. The stars denote experimental ISBT
energies.

To fit all the available experimental ISB data, we adjusted the spontaneous polarization (Pg)
and piezoelectric coefficients (e33) for the hypothetical wurtzite ScN and the corresponding
bowing parameters (see proposed values in Supplement 1). The two parameters corresponding to
spontaneous polarization are not independent, but are constrained to give the net spontaneous
polarization of the lattice-matched Scg 14Alg 34N that best fit the experimental data in Fig. 2(-0.102
C/m?). The solid lines in Fig. 5(a) show the polarization components calculated using these
‘modified” parameters. In this case the magnitude of the spontaneous polarization increases faster,
while the piezoelectric component increases slower for x from 0.14 to 0.18 than proposed by Caro
et al [55]. As a result, the total polarization follows a non-monotonic trend (Fig. 5(a) green solid
line). Its magnitude starts at 0.097 C/m? for pure AIN, decreases to a minimum of approximately
0.07 C/m? around 13% Sc composition, and then continuously increases up to x = 0.3. Most
importantly, this net increase of the total polarization magnitude ultimately leads to a larger ISBT
energy in Scg 13Alp g2 N/GaN compared to Scg 14AlygeN/GaN MQWs (Fig. 5(b)). This model
can be further validated by growing a series of ScyAl;_xN/GaN MQWs with a fixed quantum
well width, and increasing the Sc composition beyond 0.18. We plan to continue investigating
the polarization parameters of SCAIN, as they are critical for accurately modeling the material
band-structure, particularly for its application in optoelectronic and electronic devices.
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4. Conclusions

We demonstrated outstanding performance of MBE-grown Scy 14Alp gsN/GaN MQWs lattice-
matched to c-plane GaN for near-infrared intersubband absorption across a broad spectral range.
Experimental ISB absorption energies span the range from 709 meV to 515 meV for QW
widths ranging from 1.5 nm to 7 nm, respectively. The measured ISB absorption linewidths
are among the narrowest reported for nitride semiconductors in this energy range. The MBE
growth temperature was found to have a major impact on ISB absorption in SCAIN/GaN MQWs.
Higher growth temperatures (> 600°C) were found to improve absorption intensity and linewidth
for all QWs. In ultra-thin QWs (2 nm), though, the highest growth temperatures resulted in
significantly lower transition energies due to increased interface roughness and ensuing GaN
thickness non-uniformity.

This study also explored the role of spontaneous and piezoelectric polarization in determining
ISB transition energies in Sc-containing nitrides. Experimental ISB results indicate that the
spontaneous polarization of the SCAIN/GaN heterostructure increases faster with Sc-composition
than previously suggested by theoretical calculations. We propose alternative spontaneous and
piezoelectric coeflicients that accurately reproduce all available near-infrared experimental data
for quantum wells wider than 3 nm. However, the model breaks down in ultra-thin QWs likely
because it neglects the critical role of interfaces. Overall, this study advances the understanding
of ScAIN/GaN heterostructures, demonstrating the potential of this material system for novel
photonic devices. Future efforts will focus on targeting the telecommunications wavelength of
1.55 ym and further enhancing near-infrared absorption in SCAIN/GaN MQW:s by optimizing
MBE growth conditions. Moreover, to refine material band-structure models, we will explore the
polarization parameters of ScyxAl;_xN for higher Sc-compositions (x > 0.18).
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