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ABSTRACT: Transparent conductors are a unique class of
materials that simultaneously exhibit optical transparency and
high electrical conductivity, a rare combination critical for many
optoelectronic applications. Traditionally, most transparent con-
ductors are oxides or two-dimensional materials, where a wide
band gap ensures transparency, while doping-induced free carrier
concentrations lead to electrical transport. Here, we present an
emerging class of transparent conductors based on III-nitrides,
exemplified by electron-doped rocksalt aluminum scandium nitride
(r-Al0.56Sc0.44N), which exhibits very high optical transparency of
∼98.8% at 550 nm and room temperature electrical conductivity of
19.1 S.cm−1. Molecular beam epitaxy deposited, single-crystalline r-
Al0.56Sc0.44N exhibits a direct optical band gap of 3.3 eV, facilitating
high visible-range solar transparency of ∼85.5% and a small visible spectrum haze ratio of ∼11.6%. Further, high electron
concentration arising from oxygen-doping makes r-Al0.56Sc0.44N moderately conductive. Our work establishes electron-doped r-
Al0.56Sc0.44N as a promising transparent conducting nitride for solar cells, light-emitting-diodes, liquid-crystal-displays, touchscreens,
transparent-heaters, UV-photodetectors, and power electronics applications.

1. INTRODUCTION
Transparent conductors (TCs) are essential materials that
combine optical transparency with electrical conductivity,
enabling various applications in modern technologies.1−3

TCs play a crucial role in applications such as touchscreens
(see Figure 1a),1,4 liquid-crystal-displays (LCDs),5,6 organic
light-emitting diodes (OLEDs),7 smart windows,8 solar cells,5,9

flexible electronics,10,11 transparent-heaters,12,13 and UV-
photodetectors.14 The performance of a TC is typically
determined by its sheet resistance and optical transmittance,
with an optimal balance necessary for specific applications. For
example, in solar cells, TCs collect charge carriers as
electrodes,5,15 while the front TC film serves as an
antireflection coating.16 Similarly, in light-emitting diodes
(LEDs),17 liquid-crystal and transparent displays,1,10 TCs act
as electrodes and touch sensors in resistive or capacitive touch
panels.10,11 In transparent-heaters or defogging systems, under
applied voltage, the heater exhibits a steady rise in temperature,
with the heating rate and power consumption closely governed
by its sheet resistance.12,13 However, for widespread industrial
applications, along with the high transparency and con-
ductivity, TCs must also exhibit low light absorption,3 low
refractive index,17 toughness,11 lower surface energies, thermal
and chemical stability.18,19

Traditionally, the most well-studied and practically used
TCs are oxides, often known as the transparent conducting
oxides (TCOs). Among these, indium tin oxide (ITO) is the
most commercially used TCO due to its low electrical
resistivity and high optical transparency.5,20 However, alter-
natives such as aluminum-doped zinc oxide (AZO), gallium-
doped zinc oxide (GZO), and fluorine-doped tin oxide (FTO)
have gained significant interest due to their lower cost and
earth-abundant composition.7,19,21 While oxygen vacancies
have often been proposed as the primary cause of conductivity,
defect formation energy calculations with hybrid-functional
indicate that these vacancies typically act as deep donors in
materials such as ZnO, SnO2, and β-Ga2O3, and therefore
cannot fully account for their n-type conductivity.22−25

Detailed microscopic studies suggest that unintentional
hydrogen impurities, either interstitial (Hi) or oxygen-substitu-
tional (HO), act as shallow donors and are the dominant
source of n-type conduction in many oxides.26 In contrast, the
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electrical properties of some moderate band gap oxides, such as
CdO and Ba1−xLaxSnO3, exhibit intrinsic n-type behavior
primarily due to free carriers introduced through extrinsic
doping or shallow oxygen vacancies,27−29 while others display
enhanced surface conductivity arising from the lower
formation energy of surface oxygen vacancies compared to
the bulk, as demonstrated for the (111) surface of In2O3.

30

The performance of oxide-based TCs depends on several
factors, such as carrier concentration, electron mobility, and
film thickness, which influence the trade-off between electrical
conductivity and optical transparency. As the demand for
efficient and sustainable TCs increases, recent research has
focused on optimizing deposition techniques, enhancing
mechanical flexibility, and integrating TCOs with comple-
mentary metal oxide semiconductor (CMOS) devices for
emerging optoelectronic applications.3,11,31−33

However, unlike the TCOs, transparent conducting nitrides
(TCNs) have remained relatively unexplored for practical
applications. The primary reason is the intrinsic electronic
structure of nitrides, which generally do not support high free
carrier concentrations while maintaining high optical trans-
parency in the visible range.34 Additionally, depositing stable,
good-quality nitride films with high electrical conductivity and
visible transparency poses significant challenges due to
complex growth conditions and material stability issues.
While some studies have investigated the effect of doping on
group-III nitrides, such as aluminum-doped gallium nitride,
their conductivity and transparency trade-offs remain sub-
optimal compared to TCOs.35−39 As a result, TCNs have yet
to emerge as viable alternatives to widely used TCOs such as
ITO or AZO.5,7 In this work, we present the first experimental
demonstration of plasma-assisted molecular beam epitaxy (PA-
MBE) deposited epitaxial and high-temperature-stable ∼100
nm thick r-Al0.56Sc0.44N thin film that simultaneously exhibits
moderate electrical conductivity and high optical transparency

in the visible spectral range, promising to serve as an
alternative to TCOs.

Aluminum scandium nitride (AlxSc1−xN), a solid-state alloy
of wurtzite aluminum nitride (AlN) and cubic scandium
nitride (ScN), adopts wurtzite or rocksalt crystal structures
depending on the Al concentration.40 At higher Al
concentrations, wurtzite-AlxSc1−xN (w-AlxSc1−xN) has
emerged as an excellent piezoelectric and ferroelectric material
with large c-axis polarization and is extensively researched for
bulk and surface acoustic devices.41−45 Ferroelectric response
in w-AlxSc1−xN has been utilized recently to develop negative
capacitance field effect transistors integrated with 2D MoS2
monolayers and ferroelectric tunnel junction devices.46,47 Even
at higher Al composition, r-AlxSc1−xN has been utilized to
lattice-match with other metallic transition metal nitrides, such
as TiN. Consequently, epitaxial TiN/r-AlxSc1−xN metal/
semiconductor superlattices have been demonstrated to exhibit
optical hyperbolic metamaterial properties.48 Recent theoreti-
cal study using the coherent potential approximation shows r-
AlxSc1−xN exhibiting a relatively high X−X direct band gap
with moderate Al concentration.49 Furthermore, experimental
research highlights a moderate electron concentration (∼1.1 ×
1020 cm−3) due to the presence of substitutional oxygen
impurities (ON),

50 making it a potential candidate for TCs. In
this work, we present the first conclusive experimental
demonstration of r-AlxSc1−xN as a potential TCN for various
device applications.

2. RESULTS AND DISCUSSION
Epitaxial and nominally single-crystalline r-AlxSc1−xN with x
ranging from 0.47 to 0.56 are deposited inside an ultrahigh
vacuum PA-MBE, operating at a base pressure of 8.8 × 10−11

Torr and substrate temperature of 650 °C (see Section 4.1 in
the main text). To ensure the epitaxial nature, (001) MgO
substrates exhibiting a rocksalt crystal structure and closely

Figure 1. Optical and electrical characterization of r-Al0.56Sc0.44N thin film on (001) MgO substrate. (a) Schematic illustration of a transparent
conducting film demonstrating high transparency and suitability for touchscreen applications. (b) The transmission spectrum of r-Al0.56Sc0.44N on a
double-sided polished (001) MgO substrate shows excellent transparency in the visible spectral range. (c) The Tauc plot of r-Al0.56Sc0.44N reveals a
direct optical band gap of 3.3 eV. (d) Optical images of the r-Al0.56Sc0.44N film under ambient conditions prove its strong transparency in the visible
region for practical applications. (e) The haze ratio of the r-Al0.56Sc0.44N shows a low haze value and minimal light scattering. (f) Temperature-
dependent electrical conductivity measurement reveals an increase of electrical conductivity with rising temperature, representing an activation-type
transport in semiconducting r-Al0.56Sc0.44N.
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matched lattice parameters are utilized. The Sc metal source is
deliberately exposed to the ambient for oxygen physisorption,
so that such oxygen is incorporated inside r-AlxSc1−xN as a
dopant during deposition and provides high carrier concen-
tration, causing n-type doping inr-AlxSc1−xN thin films. More
details on the structural, optical, and electrical characterization,
as well as first-principles density functional theory (DFT)
calculations, are presented in the Supporting Information.

Transmission measurements in the near-ultraviolet (UV) to
near-infrared (NIR) spectral range exhibit high optical
transparency of ∼98.8% at 550 nm (see Figure 1b) in r-
Al0.56Sc0.44N, marking one of the highest transmission values
for a TC in the middle of the visible spectrum. The visible-
range solar transmittance (Tsolar) is calculated from the
transmission spectrum using eq 1

=
×

T
T I

I

( ) ( ) d

( ) d
solar

380 nm

720 nm

380 nm

720 nm
(1)

where T(λ) represents the film’s transmission spectrum and
I(λ) corresponds to the solar spectral irradiance at the 1.5 AM
solar spectrum. The calculated visible-range solar transmittance
of 85.5% in r-Al0.56Sc0.44N is also very high (see Figure S5 in
Supporting Information). A nearly constant transmission of 68
to 70% for the 100 nm film in the near-infrared (NIR) region,
covering the tail of the solar spectrum until 2500 nm, as shown
in Figure 1b, is observed. The reduction in transmission in the
NIR region is attributed to optical losses arising from doping-
induced free carrier absorption, as discussed in Supporting
Information Section III.51

The direct band gap of 3.3 eV, as obtained from the Tauc
plot, further confirms the suitability of r-Al0.56Sc0.44N for TCNs
(see Figure 1c). The absorption coefficient (α) is calculated
from the reflection and transmission spectra using eq 2

Ä

Ç
ÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑ

=
t

R
T

1
ln

(100 )
(2)

where t is the thickness of the film, R is the reflection, and T is
the transmission. The absorption coefficient (α)-vs-energy plot
is shown in the inset of Figure 1c. A sharp decrease in α near
∼2.23 eV (∼557 nm) coincides with high optical transmission.
Notably, the slope of h as a function of photon energy
(hν) (see Figure S4 in Supporting Information) yields a value
of 2.25 eV, highlighting the indirect band gap nature of r-
Al0.56Sc0.44N, where the transmission maximizes, and absorp-
tion starts to increase. The experimental absorption onset is

lower than its direct band gap, highlighting the phonon-
assisted weak optical absorption (see Supporting Information
Section III for more details). As shown in the optical images
(see Figure 1d), r-Al0.56Sc0.44N remains highly transparent in
most parts of the visible spectral range, except for the violet
region, due to the commencement of band edge absorption. A
slight yellowish tone is observed in the film on a white
background.

Another key parameter, the haze ratio, quantifies the clarity
of transparency in TC materials by determining how much
light is scattered during transmission.52 The 100 nm r-
Al0.56Sc0.44N thin film exhibits a low haze ratio of ∼11.6% in
the visible spectral range, indicating minimal light scattering
and high optical transparency (see Figure 1e). A zoomed-in
haze ratio plot is shown in the inset of Figure 1e with further
details of the haze ratio measurement provided in Section II.5
and Figure S6 in Supporting Information. Further, the
temperature-dependent electrical conductivity of r-
Al0.56Sc0.44N is measured to determine electrical properties.
At room temperature, r-Al0.56Sc0.44N exhibits an electrical
conductivity and carrier concentration of 19.1 S.cm−1 and 2.3
× 1020 cm−3, respectively. Such a moderate electrical
conductivity and carrier concentration in r-Al0.56Sc0.44N
originate from the intentional oxygen incorporation due to
the exposure of Sc source metal to ambient conditions. Since
substitutional oxygen at nitrogen sites (ON) acts as an electron
dopant in r-Al0.56Sc0.44N, it leads to an increase in carrier
concentration and, thereby, conductivity. Temperature-de-
pendent (50−400 K) electrical transport measurement shows
that the conductivity increases with an increase in temperature
(see Figure 1f), with a soft activation nature. The activation
energy is calculated as 4.2 meV from the Arrhenius equation
(see Figure S10a in Supporting Information), further
confirming the semiconducting nature of the film. A video
demonstration of conductivity test is included in the
Supporting Information.

Further, optical properties, including the dielectric permit-
tivity and angle-dependent transmission spectrum of r-
Al0.56Sc0.44N, are measured using a variable-angle spectroscopic
ellipsometer. The imaginary part of dielectric permittivity (ε″),
representing optical loss, is low in the longer wavelength
regime, while it starts increasing around 375 nm (3.3 eV),
representing the direct band gap of r-Al0.56Sc0.44N (see Figure
2a). ε″ shows a peak at 285 nm, corresponding to the
absorption maximum due to the interband transition from the
valence band to a higher unoccupied conduction band at the
Γ-point, as shown from the DFT calculations (see Section III

Figure 2. Optical characterization and comparisons of optical properties related to the TC response of r-Al0.56Sc0.44N. (a) The real (ε′) and
imaginary (ε″) components of the dielectric permittivity of r-Al0.56Sc0.44N on (001) MgO substrate. (b) Angle-dependent transmission spectra of r-
Al0.56Sc0.44N. Transmission is maximum at a zero-degree incident angle, as expected and notably does not reduce much at higher angles of
incidence. (c) Comparison of the transmission spectrum of 100 nm r-Al0.56Sc0.44N with those of transparent conducting ITO and wide-band gap
semiconducting Mg3N2, each with a similar thickness of 100 nm.
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and Figure S22d of Supporting Information). However, ε″
exhibits a slight increase in the short-wavelength infrared
spectral range due to free electron Drude absorptions. The real
part of permittivity (ε′) decreases slightly in the near-infrared
region, whereas it shows a maximum around the band gap
energy as the ε′ and ε″ are connected through the Kramers−
Kronig relationship, consistent with the DFT calculation on
oxygen-doped r-Al0.5Sc0.5N (see Section III in Supporting
Information). The transmission at zero-degree (0°) incident
angle reveals a maximum visible transparency at 550 nm (see
Figure 2b), consistent with the UV−vis−NIR spectrometer
transmission spectrum. Notably, transmission retains its high
values at larger angles of incidence, which is necessary for TC
applications.

A comparative plot of the optical transmission of 100 nm r-
Al0.56Sc0.44N with the widely used TCO, such as ITO,20 as well
as wide band gap semiconducting magnesium nitride
(Mg3N2)

53 with a similar thickness of 100 nm, is shown in
Figure 2c. While the 100 nm ITO and Mg3N2 thin film exhibits
a visible transmission of 85.5% and 65.8% respectively, at 550
nm, the r-Al0.56Sc0.44N film shows a higher visible transmission
value of 98.8% at the same wavelength. Note, a separate MBE-
grown 180 nm Mg3N2 film exhibits higher overall transmission
than the 100 nm film reported in Figure 2c.54 Although the
transmission at 550 nm for the 100 nm r-Al0.56Sc0.44N film is
higher than the 180 nm Mg3N2, the NIR region transmission is
lower due to the free carrier absorption in 100 nm r-
Al0.56Sc0.44N with a carrier concentration of ∼2.3 × 1020 cm−3.
Overall, these comparisons highlight the potential of r-
Al0.56Sc0.44N as a high-performance transparent-conducting
nitride, especially across the visible range. However, to provide
a broad overview of the transmission, sheet resistance,
thickness, doping levels, carrier concentration, and related
properties of r-AlxSc1−xN and to contextualize these values
within the broader transparent-conductor literature, we have
compiled all relevant data in Table S1 in Supporting
Information.

Furthermore, the Figure-of-Merit (FoM) for a transparent
conducting material serves as a key parameter to quantify the
trade-off between optical transparency and electrical con-
ductivity.55 The 100 nm r-Al0.56Sc0.44N film shows the FoM of
1.70 × 10−4, indicating that the oxygen doping enhances its
electrical performance compared to undoped r-AlxSc1−xN (see
Figure S13 in Supporting Information). While this work marks
the first proof-of-concept demonstration, electrical conductiv-
ity in r-Al0.56Sc0.44N can be improved further by incorporating a
higher concentration of oxygen (ON), leading to a higher
electron concentration (∼1021 cm−3) with improved electrical
conductivity.

The carrier concentration of the electron-doped r-
Al0.56Sc0.44N thin film, as presented in Table 1, is approximately

an order of magnitude higher than that of the intentionally
undoped r-Al0.5Sc0.5N film. This significant increase in free
electron density results in a marked enhancement of electrical
conductivity in the doped films, underscoring the critical role
of intentional doping in tuning the electronic transport
properties of r-AlxSc1−xN alloys. Additionally, the transparent
conducting Figure-of-Merit (FoM) for the doped film exhibits
an improvement of nearly 2 orders of magnitude relative to the
undoped counterpart, emphasizing the efficacy of electron
doping in optimizing the electrical performance of these
materials for transparent conducting applications.

Similarly, a comparative analysis of the optical and electrical
properties of oxygen-doped r-AlxSc1−xN thin films with Al
concentrations of 56% and 47% is summarized in Table 2.
Among the compositions studied, the oxygen (electron)-doped
r-Al0.56Sc0.44N film exhibits the highest electrical conductivity,
lowest sheet resistance, and the highest transparent conducting
Figure-of-Merit (FoM) (see Figure S13, Supporting Informa-
tion). These attributes highlight its superior ability to balance
optical transparency and electrical conductivity, establishing r-
Al0.56Sc0.44N as a promising candidate for transparent
conducting applications within the oxygen-doped r-AlxSc1−xN
material system.
r-AlxSc1−xN films can also be synthesized using more cost-

effective deposition techniques such as magnetron sputtering
and other physical vapor deposition methods on a range of
substrates, including Al2O3, SrTiO3, etc. Indeed, the wurtzite
phase of AlxSc1−xN is already widely employed in industry for
piezoelectric sensors, MEMS devices, and ferroelectric
functionality-based integrated circuits using sputtering, MBE,
and MOCVD-based growth.41−44 Therefore, while MBE was
employed here to demonstrate the transparent conducting
properties, other scalable deposition methods are equally
feasible for producing r-AlxSc1−xN films.

The structural properties of r-Al0.56Sc0.44N, analyzed using a
high-resolution X-ray diffractometer (HRXRD) (see Figure
3a), show that the thin film grows with a (002) orientation on
(001) MgO substrates, forming an epitaxial and nominally
single-crystalline layer. The (002) diffraction peak at 41.56°
corresponds to an out-of-plane (c-axis) lattice constant of 4.34
Å. The rocking curve (ω-scan) corresponding to the (002)
diffraction plane exhibits a full-width-at-half-maximum (fwhm)
of 0.23° (see Figure 3a, inset), indicating high crystallinity of
the film. Furthermore, the Pole figure analysis of the
asymmetric (111) plane reveals a 4-fold symmetry, with four
equally spaced peaks at an χ angle of 54.7° (see Figure 3b),
highlighting the epitaxial nature of the film. The reciprocal
space X-ray mapping (RSM) of the asymmetric (113) plane of
r-Al0.47Sc0.53N is performed to understand the epitaxy and
growth details further. As shown in Figure 3c, the centers of
the diffraction peaks for the film and substrate are slightly

Table 1. Electrical Parameters of Oxygen (Electron)-Doped r-Al0.56Sc0.44N and Undoped r-Al0.5Sc0.5N Films

r-AlxSc1‑xN carrier concentration (cm−3) conductivity (S.cm−1) sheet resistance (Ω/□) TC figure-of-merit (×10−4)

oxygen-doped r-Al0.56Sc0.44N 2.3 × 1020 19.1 5.2 × 103 1.70
undoped r-Al0.5Sc0.5N 2.8 × 1019 5.1 2.5 × 104 0.83 × 10−2

Table 2. Optical and Electrical Parameters of Electron-Doped r-AlxSc1−xN with x = 0.56 and x = 0.47

% Al transmission at 550 nm (%) haze ratio (%)
carrier concentration

(cm−3)
conductivity
(S.cm−1)

sheet resistance
(Ω/□)

TC figure-of-merit
(×10−4)

56 98.8 11.6 2.3 × 1020 19.1 5.2 × 103 1.70
47 94.5 7.0 7.6 × 1020 12.9 7.8 × 103 0.70
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shifted from the vertical line at the same Qx, as indicated by the
dashed line. Such a small shift in Qx confirms that the film has
undergone partial strain relaxation, with its in-plane lattice
parameter (a∥‑film = 4.25 Å) differing slightly from the substrate
(a∥‑substrate = 4.21 Å). However, since the spread of the
diffraction peak covers the vertical line, a small portion of the
film’s in-plane lattice parameter aligns with that of MgO and
remains pseudomorphic. This mixed behavior indicates that
the film undergoes nonuniform strain relaxation. However, the
out-of-plane lattice constant (a⊥‑film = 4.37 Å), obtained from
the RSM, is slightly higher than the in-plane and MgO lattice
constants. This is further corroborated by strain mapping from
the high-resolution transmission electron microscopy
(HRTEM) data, as discussed in Figure 4d,e. Additionally,
the long-term stability and performance of the film have been
explored after keeping the film in the ambient for a prolonged
time of 16 months without any surface capping layer, as
discussed in the Supporting Information Section II.11 and
Figure S15.

The field emission scanning electron microscopy (FESEM)
plan-view image of r-Al0.56Sc0.44N shows the granular-shaped
morphology of the surface, as shown in Figure 3d. The
thickness of the film, as determined from cross-sectional
FESEM imaging, is ∼100 nm (see Figure S2 in Supporting
Information). Furthermore, the atomic force microscopy
(AFM) imaging of r-Al0.56Sc0.44N confirms the granular-type
morphology with a root-mean-square (RMS) surface rough-
ness of 3.7 nm, as shown in Figure 3e.

The microstructure of r-Al0.47Sc0.53N thin film is analyzed
using transmission electron microscopy (TEM), high-angle
annular dark field scanning transmission electron microscopy

Figure 3. Structural characterization of r-Al0.56Sc0.44N thin film on
(001) MgO substrate. (a) Symmetric 2θ-ω X-ray diffraction pattern
of (002) oriented r-Al0.56Sc0.44N thin film on (001) MgO substrate.
The rocking curve with fwhm is shown in the inset. A small peak
around 44.03°, as marked by an asterisk, corresponds to the stage
peak of the instrument. (b) The pole figure of the asymmetric (111)
plane of r-Al0.56Sc0.44N shows four equally spaced diffraction spots,
highlighting the 4-fold symmetric cubic epitaxial nature of the film.
(c) The reciprocal space mapping (RSM) of the asymmetric (113)
plane of r-Al0.47Sc0.53N. (d) Plan-view FESEM image of r-Al0.56Sc0.44N
showing the granular-shaped surface morphology. (e) The atomic
force microscopy image of r-Al0.56Sc0.44N exhibits a granular-shaped
surface with an average root-mean-square roughness of 3.7 nm.

Figure 4. High-resolution transmission electron microscopy imaging of r-Al0.47Sc0.53N on (001) MgO substrate. (a) The TEM image shows a
coherent growth of r-Al0.47Sc0.53N on the (001) MgO substrate with a sharp interface. The inset shows the selected area electron diffraction
(SAED) pattern along the [100] zone axis of r-Al0.47Sc0.53N, confirming the epitaxial growth on MgO. (b) A high-resolution HAADF-STEM image
highlights the coherent layer-by-layer growth of r-Al0.47Sc0.53N on MgO substrate. (c) Zoomed-in HAADF-STEM data of r-Al0.47Sc0.53N showing
the column of atoms. geometric phase analysis (GPA) strain mapping of r-Al0.47Sc0.53N (d) along the y-axis, εyy and (e) along the z-axis, εzz
obtained from HAADF-STEM data. EDS elemental mapping of (f) Al, (g) Sc, (h) N, and (i) O shows a uniform distribution of elements inside the
film.
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(HAADF-STEM), energy-dispersive X-ray spectroscopy
(EDS) mapping, and selected area electron diffraction
(SAED). The TEM image (see Figure 4a) shows a well-
defined sharp interface between the r-Al0.47Sc0.53N and (001)
MgO substrate, indicating high-quality epitaxial growth. The
SAED pattern (see the inset of Figure 4a) shows the cubic
diffraction pattern of the film. Due to the similarity of the
crystal structure and closely matched lattice constants between
r-Al0.47Sc0.53N and (001) MgO substrate, the film appears
homogeneous and uniform without grain boundaries. The
high-resolution STEM image (see Figure 4b) further confirms
the cubic epitaxial growth with an orientational relationship of
[001] (001) r-Al0.47Sc0.53N || [001] (001) MgO. Due to the Z-
contrast in HADDF-STEM, where heavier atoms appear
brighter, the r-Al0.47Sc0.53N layer appears brighter than the
underlying (001) MgO substrate. A zoomed-in HAADF-
STEM image of r-Al0.47Sc0.53N is presented in Figure 4c,
showing the underlying cubic nature of the lattice.

Geometric phase analysis (GPA) strain mapping of εyy
(strain along the in-plane y-axis) and εzz (strain along the
out-of-plane z-axis) are presented in Figure 4d,e. εyy hotspots
appear as small vertical lines, highlighting in-plane distortion of
the unit cells. In contrast, εzz exhibits maxima at the interface
and progressively decreases inside the film. On average, ∼5%
εzz is found at the r-Al0.47Sc0.53N and (001) MgO interface.
Furthermore, EDS mapping demonstrates the uniform
distribution of constituent atoms Al, Sc, and N within r-
Al0.47Sc0.53N thin film, as shown in Figure 4f−h, respectively.
Additionally, EDS mapping (see Figure 4i) confirms the
presence of uniformly distributed oxygen atoms in the film,
which act as dopants in r-Al0.47Sc0.53N, introducing excess
electrons and making it n-type, thereby enhancing its electrical
conductivity. From the HRTEM-EDS analysis, ∼5.4 ± 1.1%
atomic percent of oxygen is found inside the film.

To understand the electronic and optical properties of r-
AlxSc1−xN, first-principles density functional theory (DFT)
calculations are performed as implemented in the Vienna ab
initio simulation package (VASP).56 The projected augmented
wave pseudopotentials with local density approximation
(LDA) exchange−correlation functional of Ceperley and
Alder are utilized for all the calculations.57,58 The LDA
underestimation of the band gap is corrected using the recently
developed LDA-1/2 method.59−61 Cation-disordered quasi-
random supercells (see Figure 5a) are generated using the
special quasirandom structures (SQS) generation algorithm as
implemented in the alloy theoretic automated toolkit (ATAT)
package.62 The detailed computational methodology is
presented in Section III of Supporting Information. The
LDA-optimized lattice constant of r-Al0.5Sc0.5N, a representa-
tive of experimental r-Al0.56Sc0.44N, is 4.25 Å, consistent with
the previous literature report using LDA functional.49,63

However, the obtained lattice constant is slightly lower than
the experimental lattice constant of 4.37 Å due to the
overbinding of atoms in the LDA exchange−correlation
functional.40,49

The self-interaction corrected LDA-1/2 electronic band
structure of the 4 × 4 × 4 supercell of r-Al0.5Sc0.5N in the
supercell Brillouin zone (SCBZ) reveals a direct gap of 2.3 eV
at the Γ-point. However, the obtained value is lower than the
experimentally observed direct band gap of ∼3.3 eV,
suggesting the possibility of an indirect fundamental gap in
this system. Therefore, an effective band unfolding method is
used to unfold the supercell band structure into the primitive
cell Brillouin zone.64 The 128-atom cation-ordered structure
shows an indirect Γ-X band gap of 1.85 eV between Γ-X and a
direct gap of 2.8 eV at high-symmetry point X (see Figure 5b).
In comparison, the random alloy SQS structure exhibits a
fundamental Γ-X indirect band gap of 2.3 eV and a direct X−X
gap of 3.0 eV (see Figure 5c), close to the experimental direct

Figure 5. First-principles DFT calculated electronic band structure, real space wave function, and total and projected density of states of r-
Al0.5Sc0.5N. (a) Cation-ordered and cation-disordered 4 × 4 × 4 supercells of the primitive cell structure of r-Al0.5Sc0.5N, containing 128 atoms. Al,
Sc, and N atoms are represented by orange, yellow, and blue colors, respectively. (b) Unfolded effective electronic band structure of cation-ordered
r-Al0.5Sc0.5N along the Γ-X path of the primitive FCC BZ. (c) Effective band structure of cation-disordered SQS structure of r-Al0.5Sc0.5N along the
Γ-X path of the primitive FCC Brillouin zone. The size of the dots represents the spectral weight during unfolding and has a value between 0 to 1
for disordered alloy systems. (d) The real space wave function character of the valence band maximum and conduction band minimum at
respective Γ and X points in the BZ. (e) Total and orbital projected DOS of pristine r-Al0.5Sc0.5N. (f) Total and O-2p projected DOS of ∼5.47%
oxygen-doped r-Al0.5Sc0.5N, showing the degenerate semiconducting nature with the Fermi level inside the conduction band.
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gap of 3.3 eV. However, the disordered SQS band structure
shows the k-dependent smearing of bands due to the breaking
of translational symmetry and long-range ordering.65 The
band-like feature with an almost sharp spectral function is
preserved near the valence band maxima and conduction band
minima at Γ and X high-symmetry points, respectively.

However, a key factor contributing to the high optical
transparency is a specific feature of the electronic structure,
namely, a sufficiently large energy separation (greater than
∼3.1 eV) between the first occupied conduction-band states
and the next higher conduction bands in n-type transparent
conductors.23,24 This wide separation suppresses optical
transitions of donor electrons within the conduction band
under visible-light excitation, which is crucial for maintaining
device transparency and functionality. A similar principle also
applies to p-type transparent conductors.66−68 A detailed
analysis confirms that these features are also present in the
calculated electronic structure of r-Al0.5Sc0.5N (see Figure 5b
and Figure 5c). The observed conductivity originates from the
donor electrons occupying the X-valley, which is significantly
away from the next higher lying conduction band states,
satisfying the key criterion for transparent conductors. This
large energy separation suppresses optical absorption in the
visible spectral range.

The real space wave function analysis suggests the valence
band edge of r-Al0.5Sc0.5N is dominated mainly by N-2p
orbitals. At the same time, the conduction band edge shows Sc-
3d character (see Figure 5d) and is also evident from the
projected density of states (PDOS) as shown in Figure 5e. The
charged-defect formation energy calculation69 reveals the
thermodynamic favorability of the formation of ON and its
role as a shallow donor in r-Al0.5Sc0.5N for both N-rich as well
as Sc- and Al-rich conditions, as shown in Figure S21a,b in
Supporting Information, respectively. The shallow donor
nature of oxygen is similar to other nitride semiconductors,
such as ScN and GaN.69,70 This highlights the role of oxygen as
an electron dopant in r-Al0.5Sc0.5N to achieve moderate
electrical conductivity. Furthermore, the electronic density of
states calculation reveals that the incorporation of moderate
oxygen doping (∼5.47%) in r-Al0.5Sc0.5N shifts the Fermi level
into the conduction band (see Figure 5f), leading to an n-type
electronic transport with moderate electrical conductivity. The
oxygen impurities (ON) have no states inside the band gap of
r-Al0.5Sc0.5N, as shown from the PDOS of the oxygen-doped
(ON) system in Figure 5f. This further suggests that the
transmission in the visible range is not significantly affected by
the incorporation of oxygen impurity, which eventually donates
carriers to the conduction band and improves the electrical
conductivity.

3. CONCLUSIONS
In conclusion, we demonstrate electron-doped r-Al0.56Sc0.44N
as an emerging transparent conducting nitride that could be an
alternative to traditional TCOs for specific optoelectronic
applications. Molecular beam epitaxy deposited epitaxial and
single-crystalline r-Al0.56Sc0.44N exhibits ∼98.8% transmission
at 550 nm, along with a visible-range solar transmittance of
85.5% and a room-temperature electrical conductivity of 19.1
S.cm−1. Additionally, it maintains a low haze ratio of ∼11.6% in
the visible spectral range, with minimal light scattering during
transmission. Such higher visible range transmission and
moderate electrical conductivity lead to a high transparent
conducting Figure-of-Merit, indicating r-Al0.56Sc0.44N as a

promising candidate for transparent conductors. Therefore,
our findings represent a significant step in developing nitride-
based transparent conductors for CMOS-compatible optoelec-
tronic platforms, including touchscreens, solar cells, LCDs,
LEDs/OLEDs, transparent-heaters, UV-photodetectors, and
next-generation power electronic devices. Moreover, the
demonstration of r-AlxSc1−xN as a transparent conductor
represents a significant leap toward broadening the techno-
logical scope of AlxSc1−xN, complementing its established
potential in piezoelectric and ferroelectric devices.

4. METHODS AND EXPERIMENTAL PROCEDURES
4.1. Thin Film Growth. r-AlxSc1−xN (x = 0.56 and 0.47) thin

films are deposited on double-sided polished (001) MgO substrates
(1 cm × 1 cm) with a plasma-assisted molecular beam epitaxy (PA-
MBE) system within an ultrahigh vacuum (UHV) growth chamber
with a base pressure of 8.8 × 10−11 Torr. Before deposition, the MgO
substrates are cleaned in acetone and methanol using an ultrasonic
bath. The MgO substrates are dried under nitrogen gas and thermally
degassed in the PA-MBE preparation chamber at 600 °C for 30 min.
During the deposition, the substrate temperature is fixed at 650 °C,
and the N2 (99.99999% purity) flow rate is set at 1.5 sccm. For the
growth of r-Al0.56Sc0.44N, the Al (99.99999% purity) and Sc (99.95%
purity) Knudsen-cell (K-cell) temperatures are set to 1150 and 1292
°C, respectively. N2 plasma is generated using 375 W forward and 15
W reflected RF power. The deposition time is 60 min, and the
thickness of the films is 100 nm. For r-Al0.47Sc0.53N deposition, the Al
K-cell temperature is set to 1135 °C while the Sc K-cell temperature
remains fixed at 1292 °C, respectively.

4.2. Measurements & Characterizations. Optical transmission
and haze ratio measurements are performed using a PerkinElmer
Lambda 500 UV−vis−NIR spectrometer. A double-sided polished
(001) MgO substrate is used for the baseline measurement. Room
temperature electrical properties are measured using the Ecopia
HMS-3000 Hall measurement system with the Van der Pauw method
under a magnetic field of 0.58 T. The temperature-dependent
electrical measurement (50−400 K) is performed using Quantum
Design’s VersaLab with the linear contact method. Angle-dependent
transmission spectra (0°−50°) and dielectric permittivity are
measured using a J.A. Wollam RC2 Ellipsometer. HRXRD measure-
ments are performed using a Rigaku SmartLab X-ray diffractometer
(Cu−Kα, λ = 1.54 Å). Pole figure measurement is carried out in
Bragg−Brentano (BB) geometry by varying the χ angle from 0° to
75°, and RSM measurements are conducted in 0D continuous mode.
The FESEM and AFM imaging are performed using the FEI Inspect
F50 FESEM system and Asylum Research MFP-3D Origin system.
The HAADF-STEM and EDS mapping are performed using the FEI
Themis-Z instrument (Sydney) operated at 300 kV, equipped with a
ChemiSTEM EDS detector system for ultrahigh-count rates. TEM
sample preparation has been performed in the Tescan Amber X 2
Plasma FIB. The XPS measurements are performed using the Thermo
Fisher Scientific K-Alpha system, with an Al−Kα monochromatic X-
ray source. Before measurement, the surface oxide layers are removed
using a 1 keV Ar+ ion sputtering gun. Detailed experimental
procedures are discussed in the Supporting Information Section I.

4.3. Computational Methodology. The first-principles density
functional theory calculations are carried out using the Vienna ab
initio simulation package. The projected augmented wave pseudopo-
tential and local density approximation (LDA) exchange−correlation
functional of Ceperley and Alder are used for electronic structure
calculations. The band gap underestimation is corrected using the
LDA-1/2 method. The electronic structure calculations are performed
on the cation-disordered quasi-random supercells containing 128
atoms, created using the special quasirandom structures (SQS)
generation algorithm as implemented in the alloy theoretic automated
toolkit (ATAT) package. The optical property calculations were
carried out with a 2 × 2 × 2 supercell containing 16 atoms with a k-
mesh size of 16 × 16 × 16 using the GW version of pseudopotentials
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as available in VASP. The formation energy of the substitutional
oxygen on nitrogen site (ON) is calculated as a function of the Fermi
level position using the screened Heyd, Scuseria, and Ernzerhof
(HSE06) hybrid functional with GGA exchange−correlation and
PAW pseudopotentials as implemented in the Vienna Ab initio
simulation Package (VASP). The formation energies are calculated
using the recently developed Python package PyDefect, integrated
with VASP. A 2 × 2 × 2 supercell containing 64 atoms is used for the
pristine as well as charged defect calculations. The detailed
computational methodology, parameters, and additional discussions
are incorporated in the Supporting Information Section III.
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