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The development of next-generation power electronics requires semiconductors that
surpass the fundamental material limits of silicon, motivating the exploration of gallium nitride
(GaN) due to its wide bandgap, high critical electric field, and robust thermal characteristics.
While metal-polar GaN high-electron-mobility transistors (HEMTs) have been extensively
developed, N-polar GaN/AIN heterostructures offer unique advantages, including superior
scalability for high-frequency operation due to the excellent carrier confinement provided by the
AIN back barrier, superior thermal management and high breakdown voltage, and high-current
operation enabled by the formation of a high-density two-dimensional electron gas (2DEG).
Although the effectiveness of N-polar GaN HEMTs has been demonstrated in previous theoretical
and experimental studies, the practical realization of high-performance N-polar GaN HEMTs
remains challenging because metalorganic vapor-phase epitaxy (MOVPE), the industry-standard
growth technique, suffers from narrow growth windows that often lead to rough surface
morphologies and significant incorporation of impurities, such as carbon (C), oxygen (O), and
hydrogen (H), on the N-polar face. Therefore, it is important to systematically elucidate the
relationships among MOVPE growth conditions, material defects, and field-effect transistor (FET)
performance, and to establish design guidelines for high-performance devices based on these
findings. Accordingly, this study aims to establish design guidelines regarding material, structural,
and surface control of N-polar GaN HEMTs.

This dissertation focuses on three primary areas essential for improving N-polar
GaN/AlGaN/AIN FET performance, namely GaN channel growth optimization, HEMT structural
optimization, and leakage current suppression. The HEMT structures were fabricated on 2.0°
off-angle cplane sapphire substrates via MOVPE. Material characterization was performed using
atomic force microscopy to evaluate surface roughness, X-ray diffraction to analyze crystalline
twist/tilt components and strain, and secondary ion mass spectrometry (SIMS) for impurity depth
profiling. Prior to device fabrication, a 2 nm SiO:z masking layer was deposited via
plasma-enhanced chemical vapor deposition to prevent the surface etching of the N-polar GaN
channel during lithography. FET fabrication involved mesa isolation, TV/AI/T/Au ohmic contact
formation, and Ni/Au Schottky gate formation. Device performance was evaluated through DC
electrical measurements.

First, optimization of the MOVPE growth parameters for the GaN channel layer revealed

that low growth temperatures effectively suppress three-dimensional growth, yielding smooth
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surfaces with a minimum root-mean-square roughness of 0.7 nm at 650 °C. Systematic variations
of the V/III ratio and the carrier gas F-value (H2/(H2+N2)) showed that high V/III ratio with an
optimum range of 30000-35000, effectively suppress the incorporation of C and H impurities.
Furthermore, optimization of the carrier gas F-value to 0.46 was shown to maximize carrier
mobility by promoting a transport regime dominated by phonon scattering rather than
ionized-impurity scattering. In addition, the TMGa pulsed supply method demonstrated effective
reduction of the O concentration by approximately one order of magnitude compared with
continuous precursor supply while preserving surface flatness. Although low-temperature
facilitates the 2D step-flow growth required for high-quality interfaces, it also enhances impurity
incorporation. This research demonstrates that extremely high V/III ratios and optimized H2
partial pressures can successfully mitigate these effects.

Second, buffer-layer engineering was investigated to reduce the dislocation density in
N-polar GaN/AIGaN/AIN heterostructures. An Al-polar tiny-pit AIN layer was introduced as the
underlying template, enabling the growth of thicker N-polar AIN layers. This approach improved
crystalline quality by reducing threading dislocations, particularly the twist component, thereby
increasing carrier mobility and producing a twofold increase in the maximum drain current (/pmax)
compared with structures without the tiny-pit layer. Furthermore, interface characterization
using energy dispersive X-ray spectroscopy (TEM-EDX) and SIMS revealed an approximately 8
nm interdiffusion layer at the GaN/AlGaN interface. Band simulations suggested that this
interdiffusion layer broadens the 2DEG distribution and reduces the potential well depth. In
addition, the role of the AlGaN interlayer was re-evaluated. Although it was found not to block C
impurities originating from the underlying AIN layer, it functions as a trap-suppression layer by
mitigating carrier trapping associated with AlN-related defects, thereby preserving the sheet
carrier density and mobility of the GaN channel.

Third, the dominant leakage current mechanisms in N-polar GaN/AlGaN/AIN FETs were
clarified, and effective suppression strategies were investigated. The off-state leakage current was
found to be governed primarily by reverse gate leakage and surface-related leakage pathways
assisted by defect states, whereas leakage through the AIN buffer layer was negligible.
Furthermore, deposition of a 20 nm SiO:z passivation layer effectively suppressed these leakage
pathways, reducing off-state leakage by approximately 68% and improving the ON/OFF ratio by
nearly 190%. Finally, cathodoluminescence analysis revealed emission peaks associated with
carbon-related (Cn) defects and nitrogen vacancies (Vn) in the GaN channel. These defects are
considered to be the most probable physical origin of observed leakage current.

In conclusion, this work establishes practical design guidelines for realizing high-performance
N-polar GaN/AlGaN/AIN FETs, through comprehensive investigations of crystal growth, device
structure, and surface/interface engineering. The results clarify how growth conditions, impurity
control, AIN buffer-layer design, and device fabrication processes collectively determine FET
performance. By bridging fundamental material optimization with functional device

demonstration, this work provides a practical and scalable framework for advancing N-polar GaN
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technology and accelerating its application in next-generation power electronics.
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