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ABSTRACT

N-polar AlGaN is an emerging wide-bandgap semiconductor for next-generation high electron mobility transistors and ultraviolet light emit-
ting diodes and lasers. Here, we demonstrate the growth and characterization of high-quality N-polar AlGaN films on C-face 4H-silicon car-
bide (SiC) substrates by molecular beam epitaxy. On optimization of the growth conditions, N-polar AlGaN films exhibit a crack free,
atomically smooth surface (rms roughness ~ 0.9 nm), and high crystal quality with low density of defects and dislocations. The N-polar crys-
tallographic orientation of the epitaxially grown AlGaN film is unambiguously confirmed by wet chemical etching. We demonstrate precise
compositional tunability of the N-polar AlGaN films over a wide range of Al content and a high internal quantum efficiency ~74% for the
65% Al content AlGaN film at room temperature. Furthermore, controllable silicon (Si) doping in high Al content (65%) N-polar AlGaN
films has been demonstrated with the highest mobility value ~65cm?/V-s observed corresponding to an electron concentration of
1.1 x 10" cm ™, whereas a relatively high mobility value of 18 cm?/V-s is sustained for an electron concentration of 3.2 x 10" cm >, with an
exceptionally low resistivity value of 0.009 Q-cm. The polarity-controlled epitaxy of AlGaN on SiC presents a viable approach for achieving
high-quality N-polar III-nitride semiconductors that can be harnessed for a wide range of emerging electronic and optoelectronic device

applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0173637

In recent years, II-nitrides have deeply penetrated the realms of
photonic and electronic devices, catalyzing disruptive technological
advancements in high-power and high-frequency electronics, optoelec-
tronics, and clean energy.' * Within this expansive domain of applica-
tions, two notable areas have garnered significant interest. First, the
utilization of III-nitride semiconductors in deep ultraviolet (UV) opto-
electronics, including light-emitting diodes (LEDs) and lasers, has
emerged as a compelling solution for sterilization and water/air purifi-
cation.” ® Second, there has been significant progress in developing
next-generation ultra-wide-bandgap high-electron mobility transistors
(HEMTs) that possess high breakdown fields and efficient thermal
management.”” " The successful implementation of these promising
technologies relies on the utilization of tunable aluminum content
AlGaN layers with a precise control over doping levels spanning multi-
ple orders of magnitude. The upper range of doping enables the reali-
zation of high electrical conductivity in injection layers for deep UV
LEDs and lasers, whereas the lower range facilitates the creation of

low-doped drift regions in HEMTs.”'” While the majority of studies
have been focused on metal-polar II-nitride semiconductors, there
has been a recent surge in interest regarding the distinct advantages
offered by their nitrogen (N) polar counterparts.'”'* In the realm of
HEMTs, the N-polar GaN/AlGaN heterostructure naturally forms a
back barrier, contributing to enhanced carrier confinement, reduced
contact resistance, and improved gate control compared to metal-
polar devices.'”'® On the other hand, for optoelectronic devices like
LEDs and laser diodes, the N-polar configuration offers notable advan-
tages, such as reduced electron overflow and enhanced electrical effi-
ciency, surpassing the performance of their metal-polar
counterparts. " To date, however, the realization of high-quality N-
polar Al(Ga)N has remained extremely challenging.'® Previous reports
of N-polar Al(Ga)N grown on substrates, such as sapphire and silicon,
are plagued with the presence of high densities of dislocations, due to
the large lattice mismatch and the formation of inversion domains and
poor surface morphology.'” ”' In contrast, the direct epitaxy of
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N-polar Al(Ga)N on an AIN bulk substrate encounters severe limita-
tions primarily due to the prohibitively high cost associated with the
substrate, making this approach unscalable.”””’

Prior investigations utilizing MOCVD techniques have demon-
strated the successful attainment of N-polar III-nitrides on 4H-silicon
carbide (SiC) substrates with a C-face orientation.”* *° SiC is especially
promising in this application space owing to its excellent thermal con-
ductivity, wide bandgap, low cost, and, importantly, minimal lattice
mismatch (~1%) between AIN (3.112 A) and 4H-SiC (3.08 A), which
allows for the seamless epitaxial growth of high-quality III-nitride
layers with minimal defects and dislocations.””* In contrast to
MOCVD, molecular beam epitaxy (MBE) growth presents significant
advantages, including significantly reduced impurity incorporation,
precise control over doping, and the flexibility to tune the composition
especially in Al-rich AIGaN.”* *” Previous reports have demonstrated
the epitaxy of metal-polar AlGaN on Si-face of 4H-SiC substrates by
MBE and MOCVD. However, growth of N-polar III-nitride is more
involved than its metal-polar counterpart, primarily due to the small
adatom diffusion length owing to a high binding energy on the N-
polar surface.”* This promotes the formation of islands and other sur-
face irregularities.”””""* As such, there have been no reports on the
epitaxy of N-polar AlGaN on C-face SiC by MBE.

In this study, we present a detailed experimental investigation of
the epitaxy and structural, optical, and electrical properties of N-polar
AlGaN on C-face 4H-SiC substrates with compositions varying across
the entire alloy range. The epitaxially grown N-polar surface is atomi-
cally smooth and free of pits or cracks. The N-polar orientation of the
epitaxial AlGaN layers has been confirmed by wet chemical etching.
The strain-state analysis by XRD reciprocal-space mapping reveals an
in-plane compressive stress in the epitaxially grown AlGaN films,
which reduces with increasing Al content. The Al content in AlIGaN
has been systematically varied from 0% (GaN) to 20%, 40%, 65%, and
100% (AIN) to enable a precise control over the bandgap, leading to
tunable photoluminescence (PL) characteristics. Temperature-
dependent PL measurements conducted on the AlGaN alloy with a
high aluminum (Al) content of 65% demonstrate a high internal quan-
tum efficiency (IQE) of 74% at room temperature. Precise control over
Si doping spanning multiple orders of magnitude has been achieved in
high aluminum (Al) content (65%) AlGaN films. The measured Hall
mobility reaches up to 65cm?/V-s at an electron concentration of
1.1 x 10" cm >, and a relatively high mobility value of 18 cm?/V-s is
sustained for an electron concentration of 3.2 x 10'° cm ™, accompa-
nied by an exceptionally low resistivity of 0.009 Q-cm.

Prior to loading in the MBE chamber, the samples were cleaned
via a standard solvent cleaning process. The substrates were then baked
and outgassed at 200 and 600 °C in the MBE load-lock and preparation
chamber, respectively. Prior research has underscored the significance of
surface cleaning before MBE growth of AIN for preventing polarity
inversion on the oxidized regions.”””” The samples were then annealed
for 10 min inside the growth chamber at a thermocouple temperature of
1000 °C to further promote the desorption of surface oxides, resulting in
the generation of a pristine growth front. A Veeco GENxplor MBE sys-
tem equipped with a radio frequency (RF) nitrogen (purity 99.9999%)
plasma source and Knudsen effusion cells for Ga (purity 99.999 99%)
and Al (purity 99.999 95%) was utilized to epitaxially grow 200 nm AIN
buffer, followed by 200 nm AlGaN films on the C-face of 4H-SiC sub-
strates with a miscut of 4°, schematically shown in Fig. 1(a).

pubs.aip.org/aip/apl
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FIG. 1. (a) Schematic illustration of the AIGaN/AIN/SIC heterostructure. (b) RHEED
patterns recorded at the end of AlGaN layer growth showing clear reconstruction
lines indicative of a smooth surface morphology. (c) AFM image of the AlGaN sur-
face showing atomically smooth surface with an rms roughness of 0.9nm for a
10 x 10 um< scanning area. (d) SEM image showing featureless AlGaN surface.
Inset: post-TMAH etching SEM image confirms the N-polar crystallographic orienta-
tion of the epitaxially grown AlGaN.

Due to the relatively small lattice mismatch of ~1% between AIN
and SiC, AIN serves as a favorable template for the epitaxial growth of
AlGaN. Furthermore, this layer serves to inhibit the incorporation of
undesirable impurities, such as Si, O, and C, in the subsequently grown
AlGaN epilayers. Reflection high energy electron diffraction (RHEED)
was utilized to monitor the entire growth. Figure 1(b) illustrates the
observed RHEED patterns of the AlGaN epilayer along two different
azimuths. The presence of bright, streaky lines accompanied by a 2 x 2
reconstruction signifies the attainment of an atomically smooth sur-
face. To further characterize the AlGaN epilayers, atomic force micros-
copy (AFM) measurements were conducted, revealing a root mean
square (rms) roughness of 0.9nm across a scanning area of
10 x 10 um? for the 65% Al content AlGaN sample, as depicted in
Fig. 1(c). The growth of N-polar III-nitrides is characterized by ada-
toms exhibiting a restricted diffusion length on N-polar surfaces,
which can be attributed to their high binding energy. This phenome-
non often gives rise to island formation, leading to a rough surface that
renders device fabrication infeasible. In our growth studies, we system-
atically optimized the III/N ratio and growth temperature to identify
an optimum growth window that facilitates the achievement of an
atomically smooth surface without formation of islands.

Owing to the presence of a 4° miscut in the SiC substrates, the
surface morphology is prone to step bunching, often resulting in a
high surface roughness (rms > 3 nm) as has been observed in previous
reports of epitaxy of AIN on similar miscut SiC substrates.”* In this
context, the measured surface roughness of 0.9 nm for a large scanning
area (10 x 10 um?) in our N-polar AlGaN films, depicted in Fig. 1(c),
is exceptionally low. Figure 1(d) shows an SEM image of the N-polar
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FIG. 2. SEM image of the N-polar AIGaN surface at different growth temperatures along with RHEED patterns (insets). (a) Low growth temperature leads to the formation of
pits. (b) Smooth surface morphology at a relatively high growth temperature. (c) Too high growth temperature leads to a rough surface.

AlGaN surface, further confirming the absence of any significant pits
or features on the surface. The N-polar crystallographic orientation of
the epitaxially grown AlGaN film is unambiguously confirmed by wet
chemical etching, as shown in the inset in Fig. 1(d). The sample for
Figs. 1(b)-1(d) has been grown at the optimized temperature ~800°C
along with a III/V ratio of 3:1, which will be discussed later.

As shown in the SEM images of the 65% Al content AlGaN sam-
ple in Figs. 2(a) and 2(c), the surface morphology evolves drastically
with variations in growth temperature. A relatively low growth tem-
perature, in the same range used for metal polar AlGaN growth by
MBE, leads to the formation of pits, as seen in Fig. 2(a). Owing to the
low adatom mobility on the N-polar surface, the metal atoms coalesce
in some regions that leads to localized low growth rates in these
regions compared to the bulk. On the other hand, a very high growth
temperature, although avoiding the formation of pits, leads to a rough
surface morphology due to high desorption of Al atoms. This is also
reflected in the RHEED patterns observed during the AlGaN growth
as shown in the insets in Fig. 2. Thus, to obtain an atomically smooth
surface morphology, an optimum growth temperature ~800°C is
used along with a III/V ratio of 3:1, wherein the adatom mobility is

(a) (b)

enhanced owing to the high temperature, but the desorption of the
metal atoms is relatively low. This is underscored by the presence of
bright and streaky RHEED patterns, depicted in Fig. 2(b) and the inset,
along with the emergence of reconstruction lines.

In order to comprehensively examine the strain state of the
AlGaN films grown on AIN/SiC, we measured the reciprocal-space
maps (RSMs) derived from the x-ray diffraction patterns performed
using a Bruker D8 Discover with Cu Ko radiation x-ray source
(A=1.5418 A). Figures 3(a)-3(c) display the RSM spectra acquired
around the SiC (108)/AIN (104) peaks for three separate samples: (i)
grown on C-face 4H-SiC. The vertical and tilted dashed lines represent
fully strained and fully relaxed positions of the AlGaN films grown on
AIN layer, respectively. The presence of a well-defined center in the
mosaic spread of both the AIN and AlGaN spots suggests that the
growth of the AIN and AlGaN epilayers was characterized by a high
degree of crystalline alignment and structural coherence. It can be
observed that with increasing Al content from 40% to 65%, the out-of-
plane reciprocal-space lattice constant Q, moves closer to the AIN
peak. Moreover, with an increase in Al content, it is observed that the
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FIG. 3. XRD asymmetrical reciprocal-space maps (RSMs) for (a) AIN/SIiC, (b) Aly4GaggN/SiC, and (c) Alps5Gan 3sN/SiC showing the fully relaxed and fully strained lines and
the corresponding position of the maximum reflection intensity of AlGaN reciprocal lattice points.

Appl. Phys. Lett. 123, 182106 (2023); doi: 10.1063/5.0173637
Published under an exclusive license by AIP Publishing

123, 182106-3

0€:22:12 ¥20T Udo1en G0


pubs.aip.org/aip/apl

Applied Physics Letters

maximum reflection intensity of AlGaN reciprocal lattice points
(RLPs) gets closer to the fully strained position, indicating more pseu-
domorphic behavior.

AlGaN is well suited for DUV optoelectronics due to its direct
ultrawide bandgap and the ability to cover the UV-A, UV-B, and UV-
C spectra through precise alloy composition tuning,™* Figure 4(a)
shows the room temperature photoluminescence characteristics of the
AlGaN samples. For photoluminescence experiments, the sample was
excited with a 193nm ArF excimer laser, and photoluminescence
emission was collected and analyzed by a Horiba iHR550 spectrometer
equipped with a UV-sensitive Symphony II CCD detector.

By adjusting the Al/Ga flux ratio, the Al composition in the N-
polar AlGaN films was systematically tuned from 0% (GaN) to 20%,
40%, 65%, and 100% (AIN). This controlled variation was verified by
the shift in the band edge emission peak position observed in the cor-
responding photoluminescence spectrum. Despite significant advance-
ments in AlGaN-based materials and devices, the successful
integration of AlGaN-based optoelectronic devices, especially those
requiring high Al compositions, faces substantial hurdles, primarily
attributed to the formidable challenge of attaining high-quality mate-
rial. AlGaN alloys, when grown heteroepitaxially on sapphire and sili-
con substrates, commonly encounter a notable presence of both
extended and point defects owing to a large lattice mismatch.
Employing SiC as the substrate, as reported in this work, is an effective
approach to circumvent this challenge owing to a more favorable lat-
tice approximation with Al(Ga)N. Additionally, the formation of
three-dimensional (3D) island-like growth modes, particularly in N-
polar growth, is influenced by the high adhesion coefficient and low
surface migration velocity of Al atoms, leading to an elevated disloca-
tion density in AlGaN epilayers. These dislocations typically serve as
nonradiative recombination centers in active devices based on
AlGaN.” In the present study, a relatively high growth temperature
along with a high metal flux helps to enhance the adatom mobility and
yet maintain a residual metal flux to compensate for the adsorption at
elevated temperatures, resulting in high-quality N-polar AlGaN films.

To assess the radiative recombination efficiency of epitaxially
grown AlGaN, temperature-dependent photoluminescence measure-
ments were conducted. Figure 4(b) presents the PL spectra of
Al 65Gag 35N as the temperature decreases from 300 to 12K while

—~
Q
~
—~~
O
~
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maintaining a pumping power of 30 uW. The estimation of internal
quantum efficiency (IQE) values was achieved by comparing the inte-
grated intensity of the photoluminescence emission at room tempera-
ture (RT) to that at low temperature (12 K), assuming that IQE at 12K
is 100% due to the inactivation of defect-related nonradiative recombi-
nation centers.”” As shown in Fig. 4(c), a high IQE ~74% was
observed for the Aly 65Gag 35N sample, demonstrating a large radiative
recombination rate and suggesting an absence of significant defects or
dislocations in the epitaxially grown films. The formation of Ga-rich
nanoclusters has been commonly observed in AlGaN epilayers.”” The
resulting charge carrier localization and quantum-confinement con-
tributes to the significantly enhanced photoluminescence intensity and
high IQE.” The formation of Ga-rich nanoclusters in the AIGaN epi-
layers also leads to significant asymmetric broadening of the PL spec-
trum to higher wavelengths for AlGaN epilayers compared to GaN or
AN, as observed in Fig. 4(b).

To seamlessly integrate with existing electronic and optoelec-
tronic platforms, successful doping and precise control of conductivity
are crucial. While achieving controllable n-doping in low Al content
AlGaN films is well documented, it proves to be challenging to attain
highly conductive AlGaN with a high Al content.” This difficulty pri-
marily arises from factors such as dislocation densities, high donor
activation energy, compensation effects caused by acceptor-like defects,
negatively charged Al, Ga vacancies, and Si DX centers.'”"" Therefore,
our study focuses on Si doping in high Al content (65%) N-polar
AlGaN films. We employed Hall-effect measurements in a standard
van der Pauw geometry to thoroughly investigate the electrical
properties.

The carrier concentrations measured in AlyesGag 35N epilayers
are shown in Fig. 5(a) for five different Si cell temperatures, ranging
from 1125 to 1225 °C. Effective modulation of the electron concentra-
tion is achieved, spanning several orders of magnitude, which greatly
enhances the versatility of Si-doped N-polar AlGaN in various applica-
tion domains. The relationship between mobility and Si cell tempera-
ture is also illustrated in Fig. 5(a). The highest mobility value of
~65cm?/V-s is observed corresponding to an electron concentration
of 1.1 x 10'7 cm™>. Notably, even at the higher range of doping, a rela-
tively high mobility value of 18 cm®/V-s is sustained for an electron
concentration of 3.2 x 10'° cm ™. This finding highlights the feasibility

(c)

Wavelength (nm)

_ x=0:GaN e

3 x=02 ~t —n2k | 310r Goggy °
= x=04 5 —300K| & i R
G %=060 st 2 :

% 1.0} —x=1:AIN é‘ g 0.9 ‘:
e al g o IQE=74 %

. o -— 1
a E T :'
S 05} Sr w08 o
i a ? |

£ I 2 ®
200 =07}

200 250 300 350 400 210 240 270 300 330 0 10 20 30 40 50

Wavelength (nm)

1000/T (1/ K)

FIG. 4. (a) Normalized photoluminescence (PL) intensity plots showing compositional tunability in N-polar Al,Ga;_,N, from x = 0% (GaN) to 20%, 40%, 65%, and 100% (AIN).
(b) Temperature-dependent PL spectra of the 65% Al content AlGaN sample at 12 and 300K. (c) Variations of the integrated PL intensity vs temperature for a 200 nm

AlggsGag 35N epilayer.
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FIG. 5. (a) Plot of carrier concentration and Hall mobility for Si-doped AlGaN epilayers with varying Si cell temperature. (b) Bulk resistivity as a function of silicon cell tempera-

ture for the 200 nm 65% Al content AlGaN epilayer.

TABLE I. Benchmarking of resistivity for high Al content AlGaN films.

REFERENCE COMPOSITION THICKNESS p puik (© CM) GROWTH METHOD
42 Alp77Gag 3N 1.5 um 0.033 MOCVD

43 Al 2Gag3sN 1.3 um 0.0066 MOVPE

44 AlysGag 4N 1.05 um 0.04 MOVPE

45 AlpsGag 4N 1 um 0.05 MOCVD

46 Aly,Gag N 150 nm 0.044 MBE

39 Aly;Gag 5N 400 nm 0.05 MOVPE

20 Aly 54Gag 46N 600 nm 0.014 MOCVD

This work Al 5Gag 35N 200 nm 0.009 MBE

of maintaining desirable mobility characteristics across a wide range of
doping levels. The Si-doped AlGaN films demonstrated exceptional
electrical conductivity [shown in Fig. 5(b)], as indicated by the lowest
resistivity value of 0.009 Q.cm reported for AlGaN in a similar compo-
sitional range. Table I presents a comparison with some of the lowest
resistivity Si-doped high Al content AlGaN films reported in the
literature.

The benchmarking results shown in Table I demonstrate that the
Si-doped high Al content N-polar AlGaN epilayers in this study
exhibit remarkably low resistivity values within the specified thickness
range, which also suggests that the formation of V 5} + nSi,; complexes
and other self-compensating factors is suppressed.””*’ Moreover, such
a low resistivity obtained for the Si-doped AlGaN films suggests a tran-
sition to a metallic conductivity state in the higher doping range, as
has been demonstrated recently for highly doped n-Aly,Gag 3N films
(>10" cm™?) with vanishing effective dopant activation energy, sug-
gesting almost all the Si dopants are effectively activated in this range
of doping,*®

In summary, we demonstrate high-quality N-polar AlGaN films
on C-face 4H-SiC substrates with compositions varying across the
entire alloy range, which exhibit atomically smooth surface, high lumi-
nescence emission efficiency in the deep UV, and excellent charge

carrier transport properties. The achievement of N-polar AlGaN
directly on SiC wafers, with exceptional structural, electrical, and
optical attributes, provides a promising trajectory for future develop-
ments of high-power, high-frequency, and high-temperature elec-
tronics. Furthermore, this study is instrumental for substantial
progress in achieving high efficiency deep UV optoelectronics and
photonics.
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