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(uninterruptible power supply, UPS). ZHi(appliances). {4 [>(datacenter). ififid#is(adapter). HLEF A (robot)Fl1E Hi(audio) 5N FH5e, DA K
S 45 (Si thyristor) . SRR #44:(Si bipolar). Si IGBT. Si MOSFET. SiCHIGaNZEHIRE A, (b) # FGaN HEMTHY E2E 50 4,
AFEEFHEARRE . A 2514 (metal-insulator-semiconductor, MIS-HEMT) . p-GaN#HHEMT 12K 5% (cascode)ZEH4); (c) GaNLIREE AL 437 2%
{f(discrete device). FRHZE4E(System-in-Package, SiP)E| I R4 (System-on-Chip, SoC)Hi##EHEAE. Fl(a), (c)MZ: H SCHR[131F13CRk[15]

Figure 1 Application range, normally-off approaches, and integration forms of GaN power devices. (a) Typical application range of different power
devices in terms of switching power and operating frequency, covering grid, wind, rail, photovoltaic, electric vehicle, uninterruptible power supply,
appliances, datacenter, adapter, robot, and audio application scenarios, as well as Si thyristor, Si bipolar, Si IGBT, Si MOSFET, SiC, and GaN power
device technologies. (b) Main approaches for normally-off GaN HEMTs, including ion-implanted gate devices, recessed-gate metal-insulator—
semiconductor HEMTs (MIS-HEMTs), p-GaN gate HEMTs, and cascode structures. (c) Evolution of GaN power integration from discrete devices to

System-in-Package (SiP) and System-on-Chip (SoC). Figures (a) and (c) are adapted from Ref. [13] and Ref. [15], respectively
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Figure 2 Comparison of substrate and isolation structures in GaN power integration platforms. The figure compares GaN-on-Si''”), GaN-on-SOI*?],
and GaN-on-sapphire!™! platforms in terms of device integration, isolation structure, and substrate effect. GaN-on-Si offers higher process maturity but
suffers from substrate coupling and back-gating effects. GaN-on-SOI improves on-chip isolation through the buried oxide layer and local isolation.
GaN-on-sapphire reduces substrate coupling by using an insulating sapphire substrate
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Table 1 Comparison of key characteristics of different GaN-based integration platforms
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Figure 3 GaN HEMT physical compact model and parameter extraction framework. (a) Relationship between device modeling and circuit simulation.
(b) Equivalent circuit of the MVSG modhao deel, including the intrinsic transistor, parasitic resistances, capacitances, gate leakage branches, and
breakdown-related branches. (c) Parameter extraction flow based on fitting transfer, output, and dynamic characteristics. The p-GaN module describes
p-GaN gate-related behavior, the gate leakage diodes describe gate leakage paths, and the channel breakdown diodes describe breakdown-related paths.

Figures (a) and (b) are adapted from Ref. [15] and Ref. [38], respectively
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Figure 4 Functional hierarchy of GaN power ICs. The figure shows the functional partition of GaN power ICs, including power devices, drivers,
sensing, protection, control, and interface modules. Power devices provide the energy conversion path, drivers control switching operation, sensing
modules provide state information, protection modules respond to abnormal conditions, and control/interface modules connect on-chip logic with

external systems
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Table 3 Performance comparison of monolithically integrated GaN power conversion circuits
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Gallium nitride (GaN) lateral heterostructures provide an enabling technology for monolithic power integrated circuits (ICs), as their
planar device geometry allows power devices and auxiliary circuits to be co-fabricated on the same chip. Compared with discrete
implementations, monolithic GaN integration can shorten gate-drive and switching-loop interconnections, reduce parasitic effects, and
increase functional density in high-frequency power conversion systems. With the growing commercial adoption of GaN power devices
in low-to-medium-voltage and high-frequency applications, including fast chargers and data centers, systematic design guidelines for
GaN monolithic power ICs have become increasingly important. This review summarizes recent advances in monolithically integrated
GaN power ICs from three coupled dimensions: integration platforms, device modeling and simulation, and hierarchical functional
modules.

First, the three mainstream GaN integration platforms, namely GaN-on-Si, GaN-on-SOI, and GaN-on-sapphire, are compared in terms
of process maturity, isolation capability, thermal characteristics, and device library diversity. GaN-on-Si is the most industrially mature
technology platform because of its compatibility with large-diameter silicon substrates and established silicon manufacturing flows.
However, its conductive substrate introduces substrate biasing and back-gate modulation, which must be considered when evaluating
isolation and biasing in monolithic power ICs. GaN-on-SOI improves on-chip electrical isolation through buried oxide layers and deep
trench isolation, but this improvement comes at the cost of increased thermal resistance. GaN-on-sapphire provides strong substrate
insulation, while its lower thermal conductivity and lower manufacturing scalability limit its broader deployment. The commercialization
trajectories of heterogeneous system-in-package (SiP) and monolithic system-on-chip (SoC) approaches are also compared by clarifying
their respective characteristics in integration granularity and system-level trade-offs.

Second, GaN device modeling and simulation methodologies are reviewed as the link between device behavior and circuit-level
design. The review discusses how device-level analysis, device-circuit co-simulation, and compact modeling support different stages of
GaN power IC development. Detailed physical simulation is useful for understanding device mechanisms and device-circuit interaction,
whereas compact models are required for efficient circuit-level verification of integrated power stages and auxiliary circuits. The main
modeling challenges are related to GaN-specific dynamic effects and thermal behavior, because these effects influence the bias-
dependent current, charge, and switching characteristics used in circuit simulation. Therefore, accurate and computationally practical
models are essential for translating measured device behavior into circuit-design parameters.

Third, functional integration is reviewed through a 0-to-4 level hierarchical roadmap. This roadmap progresses from monolithic power
stages to integrated gate drivers, on-chip current and temperature sensing, protection circuits, and closed-loop control modules. Lower
integration levels are more mature because they directly reduce parasitic drive loops and improve switching performance. Higher
integration levels remain more difficult because sensing, protection, logic, and control functions require reliable low-voltage devices,
isolation, passive elements, and device models compatible with circuit simulation. GaN power ICs still require further development of
device libraries, circuit design methods, and design tools to support large-scale power and control circuit implementation at the level of
mature silicon BCD technologies.

This review clarifies the technical scope, current limitations, and design trade-offs of GaN monolithic power integration. It provides a
structured reference for circuit designers working toward high-power-density all-GaN power conversion systems. Future progress
depends on interface standardization, complementary logic enablement, and dynamic-effect-aware design-tool optimization.
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