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Fig. 1. AlGaN/GaN heterojunction and polarization effects
with vertical energy band structure.
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Fig. 2. (a) Schematic of 20 nm gate-length HEMT device structure and small-signal characteristics; graph of transmission delay
versus gate lengthl'%; (b) structure of a recessed-gate HEMT device and the device's small- and large-signal characteristics!'!.
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Fig. 3. Trend of AlGaN/GaN gate length with frequency.
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Fig. 4. (a) Innovative AlGaN/GaN HEMT structure with a graded InGaN sub-channel; (b) transfer characteristic curve of this

structurel'?; (c) high-performance InGaN channel device based on trench-gate oxide technology and SEM image of the gate part!'?);

(d) large-signal characteristics of this structurel’?); (¢) InGaN double-channel epitaxial structurel); (f) N-face composite ultrathin In-

GaN channel epitaxial structurel',
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Fig. 5. (a) SiN,/InAIN/AIN/GaN MIS-HEMT structurel'; (b) multi-threshold coupled InAIN/GaN DC HEMT structurel®’;
(c) HEMT device with gate recess oxidation process and TEM imagel?!].
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Fig. 6. (a) Carrier density as a function of barrier thickness?¥; (b) small-signal characteristics of HEMTs with a ScAlGaN quatern-
ary alloy barrier?!; (¢) TCAD simulations comparing the gate-drain electric field distributions under different bias conditions for
BZN and conventional passivations®); (d) large-signal characteristics of high-quality AlScN/GaN HEMTs grown by MOCVDI0);

(e) cross-sectional TEM image showing the device morphology utilizing the n* GaN selective area regrowth process??.

F 1 3SR 2ME GaN HEMT #22 b A R Bt S H AR X L
Table 1.  Physical characteristics and technical comparison of three wide-bandgap barrier materials in GaN HEMT barrier

material systems.
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Fig. 7. (a) Device structure featuring a recessed gate with a PECVD SiN passivation layer introduced in the access region!;
(b) narrow T-gate stem filling utilizing an ALD)Ru gate metallization process®?; (c) four-finger (4 x 25 pm) N-polar HEMT based
on air-bridge technology; (d) device structure utilizing a TiN/Ru metal stack as the Schottky contact layer for a deeply recessed
gatel; (e) structure proposed by Aksoy et al. [ reducing the vertical gate-to-2DEG distance and optimizing the Schottky barrier.
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Fig. 8. (a) Schematic diagram of a three-dimensional gate structurel”; (b) schematic diagram of an enhanced (E-Mode) Fin-struc-

tured HEMTEY; (c) transfer characteristic curve of the three-dimensional gate structurel; (d) comparison of transfer characteristic

curves between conventional structure and Fin-structured HEMTP0!,
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Fig. 9. (a) Schematic diagram of the Fin-like structure device®); (b) transfer characteristic curves of HEMTs with different struc-

tures®®l; (c) small-signal model of the 'Fin-like' deviceP? (d) linearity comparison of devices with different numbers of fins!’);

(e) schematic diagram of the 'Divergent' fin structurel*!l.
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SPECIAL TOPIC— Semiconductor physics and devices

A review of the research and development of high-frequency,
high-power gallium nitride radio-frequency electronic devices”

REN Weiyu  CHANG Zhijie LV Tao HOU Bin WU Mei
ZHANG Meng LU Hao YANG Ling? MA Xiaohua HAO Yue

(National Engineering Research Center for Wide Bandgap Semiconductors, School of Integrated Circuits,
Xidian University, Xi’an 710100, China)

( Received 30 November 2025; revised manuscript received 23 March 2026 )

Abstract

The relentless push toward 6G communications and advanced radar systems demands unprecedented power
and frequency metrics from radio-frequency (RF) front-ends. While gallium nitride (GaN) remains the
undisputed cornerstone of high-power RF electronics, traditional lateral architectures are colliding with
fundamental physical scaling limits. This review systematically maps the evolutionary trajectory of GaN RF
devices, spotlighting the critical paradigm shift from lateral surface conduction to vertical bulk and quasi-
ballistic transport mechanisms. We first critically assess the physical bottlenecks of lateral high-electron-
mobility transistors (HEMTs)—specifically the severe short-channel and localized thermal hotspot effects near
the 20-nm gate limit. To mitigate these, we evaluate recent structural interventions, including polarization-
driven barrier engineering and 3D FinFET topologies. To transcend planar constraints, we detail the transition
toward vertical architectures designed to fundamentally decouple breakdown voltage from the device footprint.
For heterojunction bipolar transistors (HBTs), recent breakthroughs in non-destructive epitaxial growth and
tunnel-junction contacts are highlighted for conquering long-standing p-GaN ohmic challenges. Furthermore, we
explore the frontier of hot-electron transistors (HETS), where nanometer-scale bases enable quasi-ballistic
transport to unlock the terahertz (THz) regime. Ultimately, the future of GaN RF electronics hinges not on
further geometric miniaturization, but on vertical topological innovations and system-level heterogeneous

integration, forging the indispensable hardware foundation for next-generation extreme-power applications.
Keywords: GaN, high electron mobility transistor, heterojunction bipolar transistor, hot electron transistor
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