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ABSTRACT

Waurtzite Sc,Al;_N/GaN (x=0.13-0.18) multi-quantum wells grown by molecular beam epitaxy on c-plane GaN are found to exhibit
remarkably strong and narrow near-infrared intersubband absorption in the technologically important 1.8-2.4 um range. Band structure
simulations reveal that, for GaN wells wider than 3 nm, the quantized energies are set by the steep triangular profile of the conduction band
caused by intrinsic polarization fields. As a result, the intersubband transition energies provide unique and direct access to essential SCAIN
polarization parameters. Measured infrared absorption indicates that the spontaneous polarization difference of the presumed lattice-
matched Scg 13Al5,N/GaN heterostructure is smaller than the theoretically calculated value. The intersubband transition energies are
relatively insensitive to the barrier alloy composition indicating negligible variation of the net polarization field in the probed 0.13-0.18 Sc

composition range.

© 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/10.1063/5.0195021

I. INTRODUCTION

The incorporation of rare-earth metal scandium (Sc) into
wurtzite III-nitrides has added exciting new functionalities to this
intensively studied III-V semiconductor system opening avenues
for novel photonic and electronic technologies." The wide-bandgap
II-nitride semiconductors have been driving advances in several
technological applications.” The highly tunable bandgaps of (Ga,In,
AN alloys are employed in light emitting and laser diodes span-
ning the visible to ultraviolet wavelength range.” Nitride high
electron mobility transistors are successful in power electronics.”’
Nevertheless, a perennial challenge of nitride devices is the lattice-
mismatch between different layers that leads to large defect densi-
ties and ultimately degraded device performance.”'’ Even though
Ing18Alp 8N is lattice-matched to GaN, it suffers from composi-
tional inhomogeneity that affects its electronic and optical

. 10-14
properties.'

barrier material for nitride devices due to its unique properties.
As Scg18AlpgoN is purportedly lattice-matched to c-plane GaN, it
has the potential to overcome the longstanding challenge of nitride
lattice mismatch. Moreover, it promises to expand the spectral
range of nitride photonics into the near infrared and beyond.

To reach long wavelengths, infrared optoelectronic devices
typically employ intersubband (ISB) transitions between quantized
energy levels in the conduction band of heterostructures formed by
materials of different bandgaps. Prime examples include the
quantum cascade lasers (QCLs)*** and the quantum well infrared
photodetectors (QWIPs).”"=>® The ISB transition energies are
widely tunable by engineering the conduction band profile (ie.,
layer compositions and thicknesses) and are constrained primarily
by conduction band offsets (CBOs).”” The large CBOs achievable

Wourtzite Sc,Al;_N has emerged as an alternative
15-47
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in IM-nitride heterojunctions (1.8eV for GaN/AIN) and sub-
picosecond relaxation times make them ideal candidates for ultra-
fast devices in the technologically relevant near infrared range.”’™’
Moreover, the large energy of GaN longitudinal optical phonon
(92 meV) opens prospects for high-temperature ISB devices span-
ning the 5-10 THz band.” Unique to the nitrides, the ISB energies
also depend on strong built-in polarization fields. This effect can be
eventually eliminated by using nonpolar heterostructures such as
the m-plane (In)AlGaN/InGaN multi-quantum well structures we
have recently reported.” Due to the large thicknesses required by
infrared wavelengths, intersubband devices utilizing III-nitrides
have been severely constrained by lattice-mismatch issues, and
therefore stand to benefit from novel lattice-matched ScAIN/GaN
heterostructures.

Epitaxial growth of wurtzite ScAIN on c-plane GaN has
recently enabled nitride devices with new functionality. Most of the
research to date on wurtzite SCAIN has focused on its applications
for piezoelectric, electronic, and ferroelectric devices. The ultra-
wide bandgap, high dielectric constant along with large piezoelec-
tric coefficients and spontaneous polarization coefficients'® make it
a suitable alternative barrier material for the next-generation high
electron mobility transistors (HEMTs) and heterostructure field
effect transistors (HFETs)."'"~*! Recently, a two-dimensional elec-
tron gas was reported in AISCN/AIN/GaN heterostructures, giving
an electron mobility of 6980 cm*/V s and record low sheet resis-
tance of 57 Q/[] at T = 10 K."* Furthermore, ScAIN’s spontaneous
polarization, polarization switching, and long polarization retention
make it a promising material for memory storage devices as well.’
ScAIN/GaN heterostructures have exhibited stable ON/OFF states
that lasted for months at room temperature and remained stable
even at high temperatures (~670 K) comparable to Curie tempera-
tures of conventional ferroelectric materials.”® ScAIN has also dem-
onstrated strong nonlinear optical properties, which could be used
to develop nonlinear optoelectronics.”” Finally, the ScAIN polariza-
tion can be controlled lithographically, a property that may prove
advantageous for ferroelectric storage and nonlinear optical
devices.”

This paper investigates the quantized electronic states in the
conduction band of ScAIN/GaN multi-quantum well structures
(MQWSs) using near-infrared ISB absorption and computational
modeling. ScAIN/GaN MQWs have demonstrated surprisingly
strong ISB absorption around 2 um®’ that highlights their potential
for infrared optoelectronic devices. However, conduction-band
engineering in nitride heterostructures for practical applications
requires in-depth knowledge of fundamental material parameters
and precise control of atomic structure. By examining the detailed
dependence of the ISB transition energy on quantum well width
and barrier composition, we are able to provide insight into ScAIN
polarization. We also evaluate the potential of SCAIN/GaN material
systems for next-generation infrared technologies.

Il. EXPERIMENTS AND SIMULATIONS

SceAl;_ N/GaN 50 quantum well samples, also referred to as
superlattices hereon, were grown using plasma-assisted molecular
beam epitaxy (MBE) on commercially available Fe-doped semi-
insulating c-plane GaN templates on sapphire (0001) substrates

ARTICLE pubs.aip.org/aip/jap

(dislocation density of 8x 10®cm™). MBE allows unmatched
control over the thickness of grown individual layers and has been
instrumental in the development of nitride ISB devices.”’ The sub-
strates were coated with a 1um layer of tungsten silicide on the
backside to improve thermal coupling with MBE heater. Prior to
loading in the MBE chamber, the substrates were cleaned using tri-
chloroethylene, acetone and methanol to remove any organic impu-
rity and then acid etched in HCI for 10 min to remove any excess
metal. After acid etch, the substrates were thoroughly cleaned with
DI water and dried with N,. The substrates were outgassed over-
night (>12h) at 550 °C in an ultra-high vacuum chamber attached
to the MBE chamber. High purity Ga, Al, and Sc (purity 99.999%)
metal sources were used to minimize the adverse effects of various
impurities in the superlattices. A Veeco Unibulb radio-frequency
(RF) plasma source operated at 305 W forward power was used to
supply active nitrogen. The N, flow rate was maintained at
0.5 SCCM for all the samples, corresponding to a GaN growth rate
of ~8.2 nm/min. Prior to superlattice growth, a 150 nm GaN buffer
layer is grown at 720°C substrate temperature under Ga-rich
growth conditions. This results in a smooth GaN surface with root-
mean square (RMS) roughness of 0.7 nm over an area of 5 x 5 um?>.
The superlattices were grown at 550 °C under N-rich conditions for
ScAIN, according to optimal conditions identified by our previous
work.”’ The total metal to nitrogen ((Sc + Al)/N) ratio was approxi-
mately 0.8 for the ScAIN barriers. For the growth of the GaN wells,
the Ga/N ratio was 1.2. The samples were doped with silicon using
two 3-doping sheets inserted in the barriers 1 nm away from each
interface while the growth was paused. The doping density is deter-
mined by the duration of the §-doping sheet. The Si cell tempera-
ture was 1375°C which provides a bulk Si atom density of
2.94x 10" cm™ as measured by secondary ion mass spectrometry
(SIMS) in GaN grown at 8.2 nm/min. This results in a nominal
10s d-doping sheet corresponding to a Si density of
4.0x10"cm™.

The structure of the samples was characterized with atomic
force microscopy (AFM), x-ray diffraction (XRD), and transmission
electron microscopy. High-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) images were used to
determine individual layer thicknesses (Fig. 1). The HAADF-STEM
samples were prepared using a Thermo Scientific Helios G4 UX
Dual Beam Focused Ion Beam (FIB) system, after which they were
cleaned using a Fischione Ar Plasma cleaner to remove any FIB or
air contamination. The HAADF-STEM imaging and analysis were
performed using a Thermo Scientific Themis Z Double Aberration
Corrected S/TEM operating at 300kV acceleration voltage and
0.12 nA screen current.

Energy-dispersive x-ray (EDX) spectroscopy was used to
determine the Sc composition in the ScyAl;_,N barriers. EDX
spectra were obtained from the HAADF-STEM samples at
300kV accelerating voltage and 1.5nA screen current. The
intensities of the K-o lines in the background-subtracted EDX
spectra were corrected to account for ionization cross section,
transition probability, fluorescence yield, and detector efficiency
to determine Sc composition. For thick ScAIN, EDX produces
Sc compositions that are consistent with Rutherford backscatter-
ing spectrometry (RBS) measurements within the experimental
error of +2%.
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FIG. 1. Dark-field HAADF-STEM of a Scg1gAlpgoN/GaN MQW  heterostructure
(sample B). Dark regions represent the ScAIN barriers, while light regions are
GaN layers.

Symmetric @ —20 XRD scans were measured using a
Panalytical X’Pert® Materials Research Diffractometer (MRD)
system. To estimate Sc composition in the barriers and confirm
layer thicknesses, the experimental XRD scans were modeled in the
Panalytical Epitaxy software package assuming the composition
dependence of lattice constants established in our previous work”’
as shown in Fig. 2. Reciprocal space mapping (RSM) of the (1015)
reflection was performed using a Panalytical Empyrean diffractom-
eter to examine the strain state of the superlattices.

To estimate the charge density of the ScpisAlyg,N/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 3 x3mm?” Indium contacts were made at the
corners of the samples and annealed at 450 °C to ensure good
ohmic contacts.

Direct Fourier transform infrared spectroscopy (FTIR) was
used to measure the near-infrared intersubband absorption in each
of the samples. The measurements were performed using a Thermo
Scientific Nicolet 8700 spectrometer, equipped with an InSb detec-
tor and a white light source. The samples were polished to have
parallel 45° facets to ensure multiple passes into the active region of
the sample (see the supplementary material for experimental geom-
etry). The s- and p-polarized transmission spectra were recorded
along with their backgrounds. The ISB absorption spectra were
obtained from the ratio of the background-normalized p- to s-
polarization transmission spectra.

ARTICLE pubs.aip.org/aip/jap

The band structure calculations of the ScAIN/GaN superlatti-
ces were done using the nextnano simulation package. The software
computes the electronic band structure using the 8-band k-p model
and Poisson equation self-consistently.”’ For GaN and AIN, next-
nano uses generally accepted material parameters from Ref. 62.
However, the parameters for ScAIN are not well established.
The model assumes Scy;3Algg,N is in-plane lattice-matched to
GaN. According to recent high-resolution x-ray photoelectron-
spectroscopy measurements, the Scg 15Alys,N/GaN heterostructure
exhibits a staggered (type-II) band alignment, with a CBO of
2.3 eV, VBO of 0.2 eV, and Sc,15Aly 5N bandgap of 5.5 eV.*” There
is a crossover from type-I to type-II alignment as the Sc composi-
tion increases roughly beyond 0.11.°* To simulate the band struc-
ture of wurtzite ScyAl;_N/GaN heterostructures, the spontaneous
and piezoelectric polarization for a hypothetical wurtzite ScN
binary are needed and were taken from numerical simulations.'®
Caro et al. fit the composition dependence of the spontaneous
polarization in wurtzite Sc,Al;_\N to a quadratic function
Pgp = —0.874x — 0.089 (1 —x) + 0.741 x (1 — x) C/m>.'® The
resulting spontaneous polarization of a hypothetical wurtzite SCN
(P =—0.874 C/m’) is considerably larger in magnitude than the
values for GaN (—0.034 C/m?) and AIN (—0.09 C/m?) but has not
yet been confirmed experimentally. All material parameters used in
the simulations are given in the supplementary material.

We calculated the energy eigenvalues, electronic wavefunc-
tions, and charge density in the conduction band of single GaN
quantum wells with ScAIN barriers using periodic boundary condi-
tions to simulate the superlattice. The ISB energies were then cor-
rected for many-body effects in the local density approximation
(LDA) and Hartree-Fock approximation (HFA).”* Our previous
work on nonpolar InGaN/AlIGaN MQWs indicated that the LDA
approximation is better suited than the HFA for reproducing ISB
transition energies in nitride heterostructures.”*

I1l. RESULTS AND DISCUSSION

Table I summarizes the design parameters and main experi-
mental results for the samples discussed in this paper. All samples
exhibit strong and narrow ISB absorption lines in the near infra-
red range consistent with our previous findings.”” Figure 3(a)
shows the ISB spectra for a series of lattice-matched Sc ;3Alg g, N/
GaN superlattices with the same charge density but different QW
widths. The spectra were fitted with Lorentzian functions to
extract transition energy and linewidth. The peak wavelength
increases from 1.94 to 2.38um (ISB energies from 640 to
520 meV, respectively) for QW widths of nominal thickness of
2.5-8nm. The absorption peaks are narrower than previously
reported in any nitride superlattices in this energy range.” The
linewidth increases from 50 to 65 meV as the QW width decreases
likely due to increased interface roughness. As expected from pre-
vious reports, the ISB linewidth also depends on charge density
and reaches the lowest value of 48 meV for the lowest doped
sample E [Fig. 3(b)].

The band structure of the ScAIN/GaN superlattices was
modeled using the nextnano package. Figure 4(a) shows the con-
duction and valence band edge profiles together with the electron
probability profile for the ground and first excited electronic states
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FIG. 2. Symmetric ®-20 XRD scan of a 50-repeat Scg 1gAly g2N/GaN superlattice with 4 nm QWs and 6 nm barriers (sample B).

for a single 4-nm GaN QW with nominally lattice-matched 6-nm
Sco.18Alp 2N barriers corresponding to sample B. The ground state
of the QW is populated with electrons provided by the Si 3-doping
placed in the barriers 1nm away from each interface. ISB

L1:20:LL ¥20Z AInf 2

absorption is due to transitions of these electrons from the ground
to the first excited state.

The band edge profiles are also sensitive to the spatial separa-
tion of electrons from Si ions (Hartree potential). Theoretically, all

TABLE I. Summary of design and measured structural parameters and experimental ISB absorption results for the SCAIN/GaN MQWs discussed in the text. W, quantum well;

B, barrier.

Direct-FTIR Lorentz fit

of ISB absorption

Sample Target W, B Target Sc comp. HAADF-STEM W, B XRD W, B widths ~ Doping Energy FWHM
name widths (nm, nm) in barriers widths (nm, nm) (nm, nm) time (s) (meV) (meV)
A 2.5,7.0 0.18 38,70 2.3,6.1 10 644.9 64.9
B 4.0, 6.0 0.18 3.6, 6.8 3.8,6.4 10 610.9 55.9
C 6.0, 6.0 0.18 6.2, 6.7 6.0, 6.4 10 562.9 52.2
D 8.0, 7.0 0.18 8.1, 64 10 517.6 50.1
E 4.0,7.0 0.18 34,6.7 5 611.5 484
F 4.0, 6.0 0.18 3.7,6.8 20 609.4 69.5
G 3.0, 6.0 0.13 2.8,6.2 10 618.5 54.8
H 4.0, 4.0 0.13 4.0, 4.5 10 570.8 58.9
I 7.0, 6.0 0.13 8.3, 6.0 10 514.8 61.0
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FIG. 3. Intersubband absorption spectra of 50-repeat Scg 1gAlp so,N/GaN MQWs: 500 0 é :t é ;;
(a) dependence of ISB absorption on QW width, (b) dependence of ISB absorp-
tion on charge density for a QW width of 4 nm nominal thickness. Sheet Carrier Concentration (10'2cm?)

FIG. 4. (a) Simulation of conduction and valence band edges for a single 4-nm
GaN QW with 6-nm Scq 1gAlggoN barriers. The probabilities and energies for

Si impurities placed in the barriers are expected to be activated if the two lowest confined states in the conduction band are also shown. ISB
the activation energy is smaller than approximately 2eV. absorption measures transitions from state 1 to state 2. (b) Effect of charge
However, dopant activation in Al-containing nitrides has been density on ISB absorption energy due to charge redistribution and many-body

corrections calculated with HFA and LDA. The spontaneous polarization param-
eter is adjusted to best reproduce the experimental data points for samples B,
E,and F

found previously to be lower than expected and to depend on
growth conditions. For this reason, we performed Hall measure-
ments to determine the experimental sheet charge density for
several representative doping levels. We found that the average
sheet charge density is consistently lower than expected. For
example, sample D had an average sheet charge of 4.5 x 10'* cm™> Figure 4(b) shows the theoretical dependence of the ISB ener-
per QW, or a factor of about 1.78 lower than calculated for two gies on charge density calculated for the 4-nm GaN QW with
10 s 3-doping sheets. Under the circumstances, the distortion of 6-nm Scy ;13Al >N barriers shown in Fig 4(a). The bare ISB energy
the band edge profile due to 3-doping is negligible, as can be seen calculated in nextnano with the 8-band k-p model (labeled with
in Fig. 4(a). k-p) is extremely sensitive to the choice of the spontaneous
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polarization constant (Pg,) as shown by the black curves. The bare
energy decreases with increasing charge density due to the Hartree
potential (i.e., charge redistribution). Many-body corrections have
been found instrumental in quantitatively reproducing ISB energies
in nitride QWs.”* The many-body corrections increase the ISB
transition energies proportionately with the charge density, with
the HFA contributing a larger correction than LDA.”* Therefore,
the bare transition energies calculated in nextnano were corrected
for many-body effects using LDA and HFA. However, the increase
in transition energy due to many-body corrections is partially com-
pensated by the energy decrease due to charge redistribution,
resulting in a diminished net effect of the charge density on ISB
energy.

Figure 4(b) also shows the measured ISB energies for three
samples containing 4-nm GaN QWs with 6-nm Sc ;3Al g, N barri-
ers (samples B, E, and F) that were extracted from the ISB spectra
shown in Fig. 3(b). Interestingly, the experimental transition ener-
gies appear to be relatively insensitive to charge density and are
best reproduced by theoretical calculations using the spontaneous
polarization proposed by Caro et al.'® without any many-body cor-
rections. Nevertheless, given the measured charge density, it is rea-
sonable to assume that the many-body corrections are not
negligible and therefore the magnitude of the spontaneous polari-
zation needs to be reduced accordingly to better match the experi-
mental ISB values. Figure 4(b) shows that a Py, =—0.814 N/m” for
wurtzite SCN produces quantitative agreement with the LDA cor-
rected energies, while P,=—0.754 N/m” produces an acceptable
agreement with the HFA corrected energies. The bowing parameter
for the spontaneous polarization was maintained at the theoreti-
cally proposed value of 0.741 N/m? in both cases. The decrease in
the net alloy spontaneous polarization magnitude is similar, i.e., 9%
lower for LDA and 18% lower for HFA.

Figure 5 shows the theoretical dependence of the ISB energy
on QW width as calculated with the k-p model as well as corrected
for many-body effects using HFA and LDA. The ISB energy in
QWs wider than 3 nm is dominated by the tilt of the conduction
band at the bottom of the QW due to intrinsic polarization fields.
For lattice-matched ScAIN/GaN heterostructures, only the sponta-
neous polarization mismatch contributes to the steep tilt of the
bands that essentially forms a triangular well. As a result, all curves
reproduce the experimental relative decrease of the transition
energy with increasing QW width (i.e., slope of the energy vs QW
width). Figure 4(b) indicates that both HFA and LDA overestimate
the transition energy, with the LDA doing so by a smaller amount.
Nevertheless, both models can be improved by adjusting the spon-
taneous polarization parameter for Scy13Alys,N as described above
to obtain excellent agreement between experimental and theoretical
ISB energies for QWs wider than 3-nm.

Below 3-nm QW width (sample A), the measured transition
energy is lower than calculated. This may be due to increased inter-
face roughness that leads to uncertainty in the QW width estimate
by XRD. HAADE-STEM of this sample indeed indicates a wider
QW width (3.8-nm) than targeted (Table I). Additional MBE
growth development is needed to control GaN thickness accurately
below 3-nm.

Decreasing the barrier Sc-composition to 0.13 has only a
modest effect on ISB transition energies (samples G, H, and I in
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FIG. 5. The effect of QW width (estimated by XRD) on experimental ISB
energy. Calculated transition energies for Scy 1gAlggoN/GaN MQWs using HFA
and LDA are also shown for comparison for default Ps, value and adjusted
values.

Fig. 5). We can infer from this that the change of net polarization
fields is also relatively small in the probed 0.13-0.18 composition
range with possibly slightly less net polarization mismatch for
Sco13Alg;N/GaN interfaces. The distribution of polarization
between the spontaneous and piezoelectric components is not fully
understood, though. Our theoretical calculations based on current
understanding of piezoelectric polarization constants'® predict a con-
sistent increase of the ISB transition energies (>50 meV) for all
Sco.13Alp g;N/GaN QW widths due to rapid increase of the piezoelec-
tric fields away from the lattice-matched conditions. Our experimen-
tal results do not validate these predictions and suggest different
polarization dynamics.

It is important to note that several recent reports in the litera-
ture identified the composition of ScAIN lattice-matched to GaN at
lower values than the previously accepted 0.18 (0.09°° and 0.12%").
We believe the discrepancies are due at least in part to the method
used for determining Sc-composition (RBS vs x-ray photoelectron
spectroscopy (XPS) vs energy-dispersive x-ray spectroscopy (EDXS)).
If the exact lattice-matched conditions end up being closer to 0.13,
the spontaneous polarization parameter can be refit to reproduce
data for samples G-I. In that case, the piezoelectric polarization will
need to be taking into acount in the calculation of the ISB energies
for our samples A-F. Considerably more experimental work needs to
be done to pinpoint the lattice-matched composition and to refine
the composition dependence of the piezoelectric constants. This
work is currently under way in our laboratory.

IV. CONCLUSION

Wourtzite Sc,Al;_N/GaN (x = 0.13-0.18) multi-quantum wells
grown by molecular beam epitaxy on c-plane GaN exhibit

L1:20:LL ¥20Z AInf 2

J. Appl. Phys. 135, 165701 (2024); doi: 10.1063/5.0195021
© Author(s) 2024

135, 165701-6


https://pubs.aip.org/aip/jap

Journal of

Applied Physics

exceptional near-infrared intersubband absorption in the techno-
logically important 1.8-2.4 um range. The measured near-infrared
ISB linewidths are the narrowest reported in the literature for
nitride semiconductors in this energy range and indicate strong
potential for practical applications. Band structure simulations
including many-body corrections were used to understand the
effects of charge density, alloy composition, and quantum well
width on the ISB transition energies. For GaN wells wider than
3 nm, the quantized energies are dominated by the steep triangular
well due to intrinsic polarization fields. Consequently, ISB absorp-
tion provides unique experimental access to fundamental ScAIN
polarization parameters. To reproduce the dependence of measured
absorption energies on quantum well width, the spontaneous
polarization difference at the nominally lattice-matched
Sco.18A0.82IN/GaN interface needs to be decreased in magnitude
from theoretically proposed values. The model using LDA many-
body corrections requires a smaller decrease in magnitude of the
spontaneous polarization of wurtzite ScN (7%) than the model
using HFA correction (14%). The intersubband transition energies
are relatively insensitive to the barrier alloy composition indicating
negligible variation of the net polarization field in the probed 0.13-
0.18 Sc composition range. More experimental work is needed,
though, to unravel the contributions of spontaneous and piezoelec-
tric polarization away from the lattice-matched conditions.

SUPPLEMENTARY MATERIAL

See the supplementary material for the geometry of the ISB
absorption measurement and material parameters used in the next-
nano simulations of ScAIN/GaN band-structures.
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