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ABSTRACT
We investigate the polarity dependent properties of Si-doped n-type AlGaN epilayers grown via metal organic chemical vapor deposition 
on Al- and N-polar AlN bulk substrates. While X-ray diffraction confirmed comparable crystalline quality for both polarities, photolumi
nescence spectroscopy revealed distinct optical signatures, suggesting varying levels of defect complexes involving aluminum vacancies and 
oxygen impurities. Electrical characterization via Hall-effect measurements showed a sharp contrast in transport properties. The N-polar 
epilayer exhibited a slight reduction in free electron concentration, but a significant decrease in electron mobility by over an order of magni
tude compared to the Al-polar epilayer. Microstructural analysis through scanning transmission electron microscopy and energy-dispersive 
spectroscopy identified polarity-specific features at the AlGaN/AlN interface including increased lattice distortion and the presence of local
ized oxygen impurities in the N-polar samples, despite uniform Al and Ga distribution. These findings highlight substrate polarity as a key 
factor influencing the overall material quality and the performance of AlGaN-based devices, offering useful insights for optimizing n-type 
conductivity in polarity-engineered applications such as AlN and AlGaN-based vertical p-n diodes, vertical photoconductive semiconductor 
switch devices, and high electron mobility transistors.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0331854

AlGaN and AlN wide and ultra-wide bandgap semiconductors 
have attracted significant attention over the past decade due to their 
critical roles in deep-ultraviolet (DUV) optoelectronic and electronic 
applications.1–5 These include photodetectors, light-emitting diodes 
and laser diodes, and high-power electronic devices. Because of their 
large direct energy bandgap translating to high critical field, high ther
mal conductivity, strong chemical stability, and excellent radiation 
hardness, AlGaN alloys with high Al-contents are especially suited for 
applications in high voltage/power/temperature environments.6–8 The 
full miscibility of AlGaN alloys across the entire composition range 
enables continuous bandgap tuning from GaN to AlN.9 This makes 
them versatile materials for DUV photonics and high-frequency elec
tronics devices.10 Despite these advantages, the performance of AlGaN- 
based devices is often limited by polarity dependent growth behavior, 
defect formation, and doping efficiency.11–20 These issues are particu
larly severe in AlGaN alloys with high Al-compositions. Native point 
defects, such as aluminum and gallium vacancies and their complexes 
with oxygen and other impurities, introduce deep electronic states 
within the bandgap.9,12–14,21–26 These defects adversely affect the carrier 
transport and optical properties. They act as carrier traps and scattering 
centers, reducing electron mobility, lowering conductivity, and 

degrading optical efficiency.12–14,21–26 Understanding the origin and 
behavior of such defects is essential for further improving material 
quality and advancing device development.

Crystal polarity plays a critical role in governing surface kinetics, 
impurity incorporation, and defect formation in the epitaxial growth 
of III-nitride materials.27 Al-polar and N-polar surfaces show funda
mentally different adatom diffusion, bonding configurations, and 
incorporation pathways. This results in pronounced differences in 
structural, optical, and electrical properties. While polarity dependent 
growth behavior has been extensively studied in GaN, only a limited 
number of studies have explored polarity effects in high Al-content 
AlGaN epilayers grown on bulk AlN substrates, with prior works 
largely focused on heterostructure-based transport or device demon
strations.18–20 A systematic comparison of material properties under 
identical growth conditions is still needed. Critically, the III-nitride 
community recognizes that achieving high crystalline quality AlGaN 
epilayers is significantly more challenging on N-polar than on 
Al-polar surfaces. The fundamental origins of this disparity remain 
poorly understood. Specifically, direct comparative studies of Si- 
doped, high Al-content AlGaN grown on Al- and N-polar bulk AlN 
substrates are scarce, as epitaxial growth has focused primarily on 
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Al-polar templates. In this work, we present a comparative study of 
n-type Al0.4Ga0.6N epilayers grown on Al-polar and N-polar bulk AlN 
substrates. We focus on polarity dependent structural, optical, electri
cal, and microstructural properties. Through a combination of X-ray 
diffraction (XRD), photoluminescence (PL), Hall-effect measure
ments, electron microscopy, and compositional analysis, we elucidate 
how polarity fundamentally dictates the structural, optical, and elec
trical properties of Si-doped AlGaN.

Si-doped Al0.4Ga0.6N epilayers were grown on 4-in. bulk AlN 
substrates with both Al-polar and N-polar orientations by metal 
organic chemical vapor deposition (MOCVD). Trimethylaluminum 
(TMAl), trimethylgallium (TMGa), and ammonia (NH3) were used 
as the Al, Ga, and N precursors, respectively, with hydrogen serving 
as the carrier gas. For Si doping, silane (SiH4) was transported into 
the reactor. The Al0.4Ga0.6N epilayers were deposited with a thickness 
of approximately 0.3 lm under identical growth conditions on both 
Al-polar and N-polar substrates to enable a direct comparison of crys
talline quality and surface morphology. The freestanding c-plane AlN 
bulk substrates with a thickness of approximately 600 lm were pro
duced by Crystal IS by the physical vapor transport (PVT) method. 
Under the PVT growth conditions, Al stabilization on the top surface 
is a self-reinforcing kinetic process.5,8 Prior to epitaxial growth, the 
substrates were treated by chemical mechanical polishing (CMP) 
processing using 0.2 lm colloidal SiO2 and used without the deposi
tion of any intermediate buffer layers with the aim to directly assess 
the polarity dependent growth behavior. The AlGaN epilayer pre
serves the polarity of the underlying AlN substrate surface. This is 
because wurtzite AlN and AlGaN share the same crystal structure, 

and the AlGaN epilayer tends to inherit the atomic stacking sequence 
and surface termination (polarity) of the AlN substrate during homo
epitaxial growth. A Rigaku SmartLab X-ray diffractometer (with an 
angular resolution of about 100 arc sec) was utilized for XRD charac
terization to evaluate the structural properties of the epilayers. Room- 
temperature and 10 K PL emission spectroscopy were employed to 
probe the optical properties. The PL system consists of a frequency- 
quadrupled femtosecond (fs) Ti:sapphire laser (kexc¼ 195 nm, 
6.35 eV) operating at 76 MHz with an average optical power of 1 mW, 
with a laser spot size of about 20 lm in diameter, providing an excita
tion power density of about 320 W/cm2 and a 1.3 m monochromator 
in conjunction with a microchannel plate photomultiplier tube 
(MCP-PMT). Hall-effects measurements were performed to deter
mine the carrier concentration, mobility, and resistivity of the sam
ples. Microstructural and compositional analyses were performed 
using a JEOL NEOARM 200CF atomic resolution aberration cor
rected scanning transmission electron microscope (STEM/TEM), 
equipped with a cold field emission gun (FEG) and an ultrahigh- 
resolution pole piece. SEM and TEM modes were utilized to examine 
the surface features and cross-sectional microstructures of the AlGaN 
epilayers. Selected-area electron diffraction (SAED) patterns were col
lected to evaluate epitaxial alignment and crystalline quality. 
Elemental analysis was carried out using the integrated JEOL SDD 
100 mm2 energy-dispersive x-ray spectroscopy (EDS) detectors, sup
ported by the Oxford Instruments Aztec software.

The schematic layer structures of the AlGaN epilayers are shown 
in Fig. 1(a), where (a1) and (a2) illustrate AlGaN epilayers grown on 
Al- and N-terminated AlN bulk substrates, respectively. Figure 1(b) 

FIG. 1. (a) Schematic layer structures of AlGaN epilayers. X-ray diffraction spectra in (b) x–2h and (c) rocking-curve (x) scans confirm the epitaxial growth of n-Al0.4Ga0.6N 
on both Al-polar and N-polar of AlN bulk substrate. The optical images for the samples are also shown in the insets in (c).
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compares the XRD spectra in x–2h scans covering the AlGaN (002) 
diffraction peak for epilayers grown on both Al-polar and N-polar 
substrates. The observed peak in both epilayers at 2h �35.13� clearly 
separates from the AlN substrate peak at �36.03�. This confirms a 
coherent epitaxial growth without the formation of secondary phases 
for both polarities. The Al composition in the AlxGa1−xN epilayers 
estimated from the 2h peak position using Vegard’s law by a linear 
interpolation between AlN and GaN is about x¼ 0.4. The absence of 
peak splitting or asymmetrical behavior indicates a uniform alloy 
composition and well controlled strain within the (0.3 lm) AlGaN 
epilayers. Rocking-curve measurements (or x-scans) were also uti
lized to probe crystal tilt and mosaicity of the AlGaN (002) peak, as 
shown in Fig. 1(c), yielding an identical full width at half maximum 
(FWHM) of approximately 612 arc sec for both Al-polar and N-polar 
samples, implying comparable mosaic spread and similar threading 
dislocation density.

Figure 2 shows the PL spectra of Si-doped Al0.4Ga0.6N epilayers 
grown on Al-polar and N-polar AlN substrates measured at 300 and 
10 K under 195 nm excitation. At room-temperature, as shown in 
Fig. 2(a), both samples exhibit a band edge emission around 4.23 eV, 
accompanied by sub-bandgap emission lines in the region of 
2.7–2.9 eV (2.75 eV for the Al-polar sample and 2.89 eV for the 
N-polar sample) due to deep-level recombination processes. Similar 
defect-related emission features have been reported in high purity 
AlN and doped AlN epilayers, where Al-vacancy (VAl) related defects 
dominate the sub-bandgap optical transitions.28,29 In AlGaN, emis
sion in this energy range has been widely associated with Al-vacancy- 
related defects, with moderate energy shifts compared to AlN due to 
alloy and bandgap bowing effects. A clear polarity-dependence is 
observed in the near-band edge region. The Al-polar sample exhibits 

a pronounced near-band edge emission at 4.23 eV, indicating that 
band edge recombination is the dominant radiative transition, 
whereas the N-polar sample shows a suppressed band edge emission 
at 4.23 eV with the defect-related transition near 2.89 eV being more 
dominant. The N-polar sample also exhibits an additional peak at 
3.78 eV, which is related to the recombination of (VAl-ON)-related 
defect complexes. This interpretation is based on a previous experi
mental study, demonstrating that (VAl-ON) defect complexes in 
AlGaN introduce emission lines in the same energy range.12 

Consequently, the results shown in Fig. 2 imply a higher defect and 
impurity density in the N-polar epilayer.24

The low temperature (10 K) PL spectrum shown in Fig. 2(b) 
resolved two band edge emission lines in the Al-polar sample, includ
ing a strong emission line at �4.21 eV, attributed to the excitonic 
recombination and another weaker emission line at a higher energy 
position near 4.30 eV, most likely associated with the band-to-band 
recombination. In contrast, the excitonic emission peak near 4.21 eV 
is absent in the N-polar sample. Instead, it exhibits multiple peaks at 
approximately 2.89, 3.78, and 4.30 eV, confirming that defect-assisted 
recombination dominates, with weaker band edge contributions in 
comparison to the Al-polarity epilayer. Although the epilayers are Si- 
doped, a distinct Si-related recombination peak was not resolved. 
This is likely because the localization energy of the excitons is compa
rable to the donor binding energy of Si in AlGaN alloys,22,30 resulting 
in significant spectral overlap between localized excitonic transitions 
and Si donor-related emission. Overall, the PL results indicate that 
the band edge transitions dominate in the Al-polar epilayer, while 
defect-related recombination lines dominate in the N-polar epilayer, 
highlighting the critical role of substrate polarity in defect formation 
and optical recombination mechanisms in Si-doped AlGaN epilayers.

FIG. 2. (a) Room-temperature (T¼ 300 K) 
and (b) low temperature (T¼ 10 K) photolu
minescence spectra excited by a fs laser 
(kexc¼ 195 nm) of n-Al0.4Ga0.6N epilayers 
grown on Al-polar and N-polar AlN 
substrates.
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To characterize and compare the electrical properties of n- 
AlGaN epilayers deposited on Al- and N-polar substrates, van der 
Pauw samples were fabricated. As schematically shown in the inset of 
Fig. 3, ohmic contacts consisting of Ti (15 nm)/Al (10 nm)/Ti 
(20 nm)/Au (35 nm) layers were deposited on the four corners of the 
samples using e-beam evaporation via identical masks followed by 
rapid thermal annealing in N2 at 900 �C for 2 min. Current voltage 
(I–V) characteristics between contacts 1 and 2 were measured and 
compared for both samples. In comparison, the Al-polar sample 
exhibits a markedly higher current than the N-polar sample. This 
behavior suggests reductions in the free electron concentration and 
mobility due to enhanced carrier scattering and compensation in the 
N-polar epilayer.

To further assess the influence of substrate polarity on charge 
transport and to minimize the contributions of contacts to the mea
surement results, Hall-effect studies were conducted using van der 
Pauw samples. Table I summarizes the room-temperature electrical 
properties of Si-doped AlGaN epilayers grown on Al-polar and 
N-polar AlN substrates, probed by Hall-effect measurements. A 
pronounced polarity dependence is observed in all electrical parame
ters. The Al-polar sample exhibits a relatively high electron mobility 
of 33.4 cm2/V s, which is more than an order of magnitude larger 
than a value of 1.24 cm2/V s for the N-polar sample. Nevertheless, the 
exact mechanism underlying the mobility reduction warrants further 
investigation, and temperature-dependent Hall-effect measurements 
could provide valuable insights. The significant difference observed 
between Al- vs N-polar AlGaN alloys in terms of electron mobility 
corroborates the PL results of Fig. 2 and again indicates the presence 
of higher numbers of defects and impurities in N-polar AlGaN. 
Correspondingly, the Al-polar epilayer possesses a much lower 

resistivity of 0.012 X cm compared to 0.55 X cm for the N-polar sam
ple. The electron concentrations of the two samples are of the same 
order of magnitude, with n¼ 1.50� 1019 cm−3 for the Al-polar sam
ple and n¼ 0.91� 1019 cm−3 for the N-polar sample, indicating that 
the large difference in resistivity is primarily governed by the carrier 
mobility rather than the carrier concentration. The significantly 
reduced mobility in the N-polar epilayer suggests enhanced carrier 
scattering and compensation effects, likely arising from higher densi
ties of defect and impurity related complexes. This interpretation is 
consistent with the PL results, which reveal stronger defect-related 
emissions in the N-polar sample due to enhanced defect-assisted non
radiative and radiative recombination pathways. The lower electron 
concentration observed in the N-polar sample further supports the 
presence of enhanced carrier compensation and reduced free-carrier 
transport efficiency.

Figures 4(a) and 4(b) show the cross-sectional STEM images of n- 
AlGaN epilayers grown on Al-polar and N-polar AlN substrates, 
respectively. Both samples exhibit an abrupt and coherent AlGaN/AlN 
interface with continuous lattice fringes across the heterointerface, con
firming high-quality epitaxial growth without interfacial amorphous 
layers or secondary phases. The Al-polar sample shows uniform lattice 
contrast throughout the AlGaN layer, whereas the N-polar sample 
exhibits slightly enhanced contrast variations, which may be associated 
with local strain fluctuations or increased point-defect-related disorder. 
These observations are consistent with the polarity dependent optical 
and electrical characteristics discussed earlier.

Figure 5(a) shows the SAED patterns obtained from the AlN 
substrate (a1) and the overgrown n-AlGaN epilayer of the Al-polar 
orientation (a2). The diffraction spots from the n-AlGaN epilayer are 
relatively uniform and nearly circular, indicating good crystallo
graphic ordering and minimal in-plane lattice distortion. In addition, 
the reduced reciprocal space spacing of the n-AlGaN reflections com
pared to AlN is consistent with a larger real space lattice constant of 
the AlGaN alloy. In contrast, the SAED patterns of the N-polar epi
layer sample shown in Fig. 5 reveal noticeably broadened and elon
gated diffraction spots in the n-AlGaN layer. Such spot spreading 
indicates increased lattice distortion and local rotational disorder, sug
gesting a higher degree of strain relaxation and defect-related disorder 
under N-polar growth conditions. The smaller reciprocal space spac
ing of the AlGaN reflections again indicates the larger lattice constant 

FIG. 3. Current voltage (I–V) characteristics of n-AlGaN epilayers grown on bulk AlN substrates with (a) Al-polar and (b) N-polar orientations, probed between contacts 1 
and 2. The inset shows the schematic of van der Pauw samples fabricated for I–V characteristics and Hall-effect measurements.

TABLE I. Electrical properties probed by Hall-effect measurements (electron mobil
ity, electron concentration, resistivity, and Hall coefficient) of Si-doped AlGaN epi
layers grown on Al-polar and N-polar AlN substrates. 

Parameter Al-polar N-polar

Electron mobility (cm2/V s) 33.4 6 2.1 1.24 6 0.08
Carrier concentration (�1019 cm−3) 1.50 6 0.06 0.91 6 0.19
Resistivity (X cm) 0.012 6 0.001 0.55 6 0.11

Appl. Phys. Lett. 128, 241907 (2026); doi: 10.1063/5.0331854                                                                                                                                                        128, 241907-4 
Published under an exclusive license by AIP Publishing

Applied Physics Letters                                                                                             ARTICLE pubs.aip.org/aip/apl 

 
1
8
 
J
u
n
e
 
2
0
2
6
 
1
6
:
1
4
:
0
9

pubs.aip.org/aip/apl


of the AlGaN layer relative to AlN. Overall, the SAED results confirm 
coherent epitaxial alignment for both polarities while revealing 
increased lattice distortion in the N-polar n-AlGaN epilayer.

Figure 6(a) shows the EDS line-scan profile across the Al-polar 
n-AlGaN/AlN interface. A sharp transition in Al and Ga concentra
tions is observed at the heterointerface, indicating an abrupt composi
tional change and uniform alloy composition within the n-AlGaN 
layer. The oxygen and carbon signals remain low and relatively con
stant across the scan, suggesting minimal impurity incorporation and 
a chemically abrupt interface. In contrast, the N-polar sample shown 
in Fig. 6(b) exhibits a noticeable enhancement of the oxygen signal 
localized near the n-AlGaN/AlN interface, as highlighted by the yel
low circle. This localized oxygen enrichment, accompanied by a more 
gradual compositional transition, suggests increased interfacial impu
rity incorporation under N-polar growth conditions. Such behavior is 

consistent with reports on N-polar GaN and AlGaN epilayers, where 
N-face growth is known to promote enhanced impurity incorporation 
and interfacial nonstoichiometry due to distinct surface bonding con
figurations and growth kinetics.12–14

In summary, Si-doped Al0.4Ga0.6N epilayers were grown on Al- 
polar and N-polar bulk AlN substrates under identical MOCVD condi
tions to examine polarity dependent growth behavior. Structural char
acterization confirms coherent epitaxial growth for both polarities, 
while optical and electrical measurements reveal pronounced polarity 
driven differences. The Al-polar epilayer exhibits strong near-band 
edge emission and superior electron transport, whereas the N-polar 
epilayer shows stronger defect-related luminescence and reduced car
rier mobility, consistent with polarity dependent impurity incorpora
tion and defect formation previously reported in N-polar GaN and 
AlGaN systems. These results establish substrate polarity as a key 

FIG. 4. Cross-sectional STEM images of 
n-AlGaN epilayers grown on bulk AlN 
substrates with (a) Al-polar and (b) N- 
polar orientations.

FIG. 5. Selected-area electron diffraction 
patterns and corresponding STEM images 
acquired from the AlN substrate and the 
n-AlGaN epilayers for (a) Al-polar and (b) 
N-polar heterostructures.
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parameter governing defect formation, optical recombination, and 
charge transport in AlGaN epilayers, providing a more complete exper
imental framework for polarity-controlled growth of AlGaN epilayers.
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