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Review Article

Dynamic On-Resistance and Charge Trapping in Gallium Nitride Power Devices

ABSTRACT
Aims: This review examines how charge trapping and electrical stress history influence dynamic on-resistance in gallium nitride power devices and considers the implications for measurement and converter-loss estimation.
Study design: A focused narrative review synthesising device-level mechanisms, pulsed and continuous-switching measurements, and converter-oriented interpretation.
Methodology: Published journal studies were compared according to device architecture, stress conditions, measurement timing, reported findings and limitations on transferring results. Targeted literature searches were updated on 8 October 2026. No new device experiments or pooled quantitative analysis were undertaken.
Findings: The reviewed evidence associates dynamic on-resistance with charge trapping in buffer, surface and gate-related regions, together with temperature and preceding bias conditions. Reported resistance changes depend on the applied blocking voltage, gate bias, pulse sequence, sampling delay and reference-resistance definition. Double-pulse tests reveal responses after defined stress intervals, whereas continuous-switching measurements examine the effects of repeated electrical histories. The relationship with voltage or switching frequency is not necessarily monotonic and cannot be assumed to be transferable between device architectures. Measurement artefacts and thermal effects can also influence the reported resistance ratio. Consequently, a single dynamic-resistance multiplier does not adequately represent all converter operating conditions.
Conclusion: Dynamic on-resistance should be characterised using reproducible, device-specific procedures that document electrical history, measurement uncertainty and thermal conditions. Converter-loss estimates should reflect the relevant current waveform and switching sequence rather than relying exclusively on static resistance values.
Keywords: Gallium nitride; high-electron-mobility transistors; dynamic on-resistance; charge trapping; current collapse; buffer trapping; gate instability; double-pulse testing; continuous switching; converter conduction loss.


1. INTRODUCTION
GaN HEMTs support high-frequency switching because of low charge and high carrier transport capability. These devices can nevertheless show higher on-state resistance after turn-on than its dc value. This dynamic on-resistance increases conduction loss and can alter thermal design. Yang et al. (2019) connect the phenomenon to buffer traps, surface traps and gate instability. An earlier investigation of GaN-based transistor driving circuits considered the device characteristics and gate-drive requirements relevant to practical power conversion (Ma & Gu, 2016).
The distinction between static and dynamic resistance becomes important when a GaN transistor is used as a fast commutation device. Static RON is measured after a defined low-voltage bias and thermal settling sequence, whereas dynamic RON reflects the electrical history immediately preceding the on-state measurement. The two values can lead to different conduction-loss estimates even when the gate voltage and current are nominally identical.Investigations of gate-injection GaN HEMTs under gate-overdrive stress have also associated threshold-voltage instability with changes in electron and hole trap populations (Ning et al., 2025).
At the converter level, a temporary increase in RON raises conduction loss during the same interval in which switching stress may already be high. The additional loss changes junction temperature, and temperature changes trap emission, threshold voltage and carrier mobility. Dynamic resistance should therefore be treated as a state variable of the device and not as a fixed correction factor applied to a data-sheet value. Power-cycling tests on p-GaN-gate HEMTs have shown that dynamic on-resistance and detected trap populations can evolve together during repeated electrical and thermal stress (Pan et al., 2026).
Converter-oriented reliability testing has additionally incorporated inline dynamic on-resistance monitoring during repeated drain-voltage ringing, allowing resistance changes to be observed throughout the specified stress sequence (Muhammed Ajmal et al., 2026).
However, differences in device architecture, stress history and sampling conditions continue to limit the direct comparison of reported dynamic-resistance values and their transfer to converter-loss estimates. This indicates a need to interpret measurement results within clearly defined device and operating conditions.
The objective is to connect device mechanisms with the measurement conditions needed for a defensible converter-loss interpretation. The review compares architecture-dependent trapping, separates transient recovery from ageing and identifies where quantitative results cannot be transferred. Its contribution is a structured comparison of evidence and reporting requirements, rather than a universal resistance multiplier or a newly fitted device model.
2. REVIEW APPROACH AND EVIDENCE BOUNDARIES
This focused narrative review was updated on 8 October 2026 through targeted web searches of publisher records and institutional repositories, with bibliographic checks against Crossref. Publisher sources included IEEE, Wiley, Elsevier and MDPI; source availability varied, and no exhaustive search of Scopus or Web of Science is claimed. Search combinations included GaN dynamic on resistance AND charge trapping; carbon iron buffer AND GaN; p-GaN AND hard switching; MIS-HEMT passivation; cascode dynamic resistance; trap compact model AND ageing. Reference follow-up was used to locate related studies. The search was purposive rather than a prospectively registered systematic review.
The retained set contains 18 published journal articles. Inclusion required direct relevance to the stated review question, an identifiable publication record and sufficient accessible information to support the claim extracted. The update prioritised 2024–2026 publications, retaining older studies for foundational mechanisms or methods. Duplicate records, unrelated applications without a transferable mechanism, conference-only reports and unverified claims were excluded. Source selection did not use a numerical quality score; inaccessible details were not inferred from article titles.
For each study, the synthesis records the device or converter structure, measurement or modelling approach, reported operating conditions, principal result and transfer limitation. Quantitative claims are retained only with an attributable source and a clear evidence level. Full text, publisher abstracts and institutional records were consulted according to availability; abstract-only evidence supports only the explicitly reported findings. Heterogeneous hardware, sampling windows and performance definitions prevent a pooled numerical ranking. Bibliographic metadata were checked separately from scientific claims.
No exhaustive screening counts, formal risk-of-bias assessment or meta-analysis are claimed. Selection and access limitations can leave relevant or conflicting studies unrepresented. The tables distinguish reported measurements from simulations and the authors’ engineering interpretation. Explanatory equations and proposed assessment workflows are not new experimental results. No unpublished converter data or new device experiments are included.
3. PHYSICAL ORIGINS
Off-state drain bias can populate traps in the buffer or surface region. During turn-on, trapped charge reduces available channel charge and produces current collapse. Gate stress can shift threshold voltage and change on-state voltage. The response depends on capture and detrapping time constants, field distribution and temperature.
Charge trapping can occur at the surface, in buffer layers, near the barrier or around field-management structures. The observable effect depends on the energy distribution and density of traps, the electric field during the off-state and the time available for capture and emission. A device may consequently show a rapid transient increase followed by partial recovery, or a slower memory effect that persists across switching cycles.
The measured on-state voltage contains contributions from the channel, access regions, contacts, package resistance and the measurement loop. Separating these terms requires a carefully defined current path and, when possible, a reference measurement at low drain stress. Otherwise, an apparent dynamic RON increase may include probe inductance, common-source inductance, clamp recovery or current-sensor delay.
Temperature adds another state dependency. Higher temperature can alter carrier mobility and trap emission rates, while self-heating during the measurement changes the voltage used to calculate RON,dyn. A useful protocol either limits the pulse energy enough to keep temperature nearly constant or records the temperature trajectory and incorporates it into the interpretation.
The relation RON,dyn = VDS,on / ID is therefore an operational definition. It becomes meaningful only after the sampling instant, bandwidth, voltage reference, current reference and allowed transient have been specified. Reporting only a ratio without the sampling window can hide the most important difference between two experiments. Zulauf et al. (2020a) discuss the importance of a consistent characterisation framework.
3.1 Charge occupancy and the electrical meaning of memory
The term dynamic on-resistance describes a state-dependent electrical response, rather than a second fixed resistance that can be read independently of the test sequence. A trap can capture or release charge as the local electric field, carrier population and temperature change. The resulting charge alters the electrostatic environment experienced by the conducting channel. Consequently, two measurements taken at identical terminal voltages and currents can differ if the preceding bias history differs. Yang et al. (2019) organise the problem around buffer trapping, surface trapping and gate instability. These mechanisms should be distinguished because they imply different stress conditions and different routes for mitigation.
A simple explanatory occupancy model is dx/dt = (1 − x)/τ_c − x/τ_e, where x is the occupied fraction of a trap population and τ_c and τ_e are capture and emission time constants under a specified bias and temperature. This expression is a conceptual rate model; it is not a fitted result for the devices reviewed here. Under changing bias, its coefficients change, and several populations can contribute simultaneously. A resistance model might then contain a term proportional to one or more occupancy variables. The usefulness of such a model lies in retaining electrical history. Its limitation is that different combinations of populations and time constants can reproduce similar terminal waveforms.
This non-uniqueness matters when interpreting a recovery curve. A multiexponential fit can describe the observation without uniquely identifying the physical trap location or energy. A change in current can also include temperature relaxation, access-region electrostatics or a threshold-voltage shift. Additional experiments are therefore needed to distinguish mechanisms. Drain stress, gate stress, temperature sweeps and suitable optical or spectroscopic measurements probe different aspects of the problem. Zou et al. (2023) review trap-characterisation methods and their scopes. Their classification supports using complementary measurements rather than assigning every resistance transient to one assumed trap solely because a fitted time constant appears plausible.
3.2 Why off-state voltage does not give a universal monotonic trend
The intuitive expectation that a greater blocking voltage always produces greater dynamic resistance is incomplete. Wang et al. (2021) examined a commercial p-GaN-gate device using double- and multiple-pulse tests and reported a non-monotonic dependence on off-state voltage. For their device, the highest normalised resistance was about 1.22 at intermediate stress voltages, while higher voltages did not produce the same degradation. Their interpretation relates the response to competing charge and leakage processes. The important lesson is not the numerical ratio, which belongs to that device and protocol, but the possibility that increased field changes both trapping and discharge pathways.
For a converter designer, this result changes the meaning of a single worst-case test. Testing only at the maximum bus voltage may fail to capture the largest resistance increase if the device has a non-monotonic response. A voltage sweep should therefore include intermediate points and preserve stress duration, gate bias and measurement delay. A similar caution applies to extrapolation across device families. Field plates, buffer compensation and substrate bias alter the internal field distribution, so the same external voltage need not produce the same internal stress. Gill et al. (2024) review the interaction between dynamic stress and field distribution, providing a broader context for this dependence.
Recent physical evidence also challenges overly local explanations of buffer charging. Butej et al. (2024) combined threshold-voltage and dynamic-resistance observations to examine charge redistribution during off-state stress. Their interpretation includes lateral hole transport and electron injection under the gate. The use of multiple terminal indicators is significant because a threshold shift and access-region resistance provide different information. Nevertheless, the resulting model belongs to the investigated structure and measurement conditions. It should not be imposed unchanged on a cascode or another gate architecture. The study strengthens the case for structure-aware interpretation, while leaving open how many internal state variables a practical converter model needs.
3.3 Surface treatment and the limits of a material-level remedy
Kim et al. (2023) compared in situ and ex situ silicon-nitride passivation in normally-on and normally-off AlGaN/GaN MISHEMTs. Their in situ-passivated devices showed smaller dynamic-resistance increases under the reported conditions, with different improvements in the two device configurations. This supports the role of surface and interface preparation in suppressing trapping. It does not establish that one passivation process eliminates every source of dynamic resistance. Buffer charging and gate instability can remain, and process changes can also affect leakage, threshold behaviour and manufacturability. The appropriate conclusion is mechanism-specific improvement, assessed alongside the other device properties.
The distinction between normally-on, normally-off and cascode arrangements is consequently more than a label. Their gate control, internal voltage distribution and current paths differ. A cascode measurement can include behaviour from both the low-voltage control device and the GaN element, as well as internal package interconnections. Elangovan et al. (2023) investigated a multi-chip cascode module and observed a response that cannot be reduced to a generic expectation of increasing resistance under harsher switching. Such evidence argues against transferring a dynamic-resistance percentage from one architecture to another. It also suggests reporting the actual device structure whenever it is available rather than presenting all GaN devices as a homogeneous population.
3.4 Buffer compensation and device architecture
Uren and Kuball (2021) analyse carbon-related buffer behaviour in GaN-on-Si power switches and GaN-on-SiC RF HEMTs, including the role of leakage paths and electrical isolation of the buffer. Their model explains why substrate type alone cannot predict dynamic resistance: compensation, internal leakage and bias history also matter. Bergsten et al. (2018) report dynamic resistance three to four times the DC value in their carbon-doped microwave devices, despite similar DC performance to Fe-doped reference devices. This is evidence of a buffer-dependent trade-off in that RF population, not a resistance penalty to assign to commercial power switches.
Chang et al. (2025) compare a single carbon-doped buffer with a composite carbon/iron-doped buffer. In their structures, the single carbon-doped buffer gave better dynamic characteristics, whereas the composite provided higher vertical breakdown voltage and lower sheet resistance. This differs from any simple rule that one dopant is always superior. Growth conditions, dopant profile and migration, channel separation, and stress protocol determine the outcome. Together, these studies support comparing the complete epitaxial design and measurement protocol rather than ranking C-doped and Fe-doped labels in isolation.
Table 1. Architecture-dependent interpretation of dynamic resistance
	Structure or mechanism
	Relevant evidence
	Interpretation limit

	C-doped and C/Fe composite buffers
	Chang et al. (2025): dynamic behaviour and breakdown trade-off
	Dopant profile and epitaxial structure must be matched

	GaN-on-Si and GaN-on-SiC
	Uren and Kuball (2021): buffer isolation and leakage pathways
	Substrate label does not identify the trap population

	p-GaN gate HEMT
	Wang et al. (2021); Sun et al. (2025): stress and threshold effects
	Gate bias and threshold shift affect the resistance denominator

	MIS-HEMT
	Kim et al. (2023): passivation-dependent response
	Surface improvement does not exclude buffer or dielectric traps

	Multi-chip cascode
	Elangovan et al. (2023): architecture-specific instability
	Measured response includes internal device and package interactions


4. MEASUREMENT PROTOCOLS
Yang et al. (2019) review wafer- and board-level approaches. Zulauf et al. (2020b) report continuous measurements up to 5 MHz under ZVS and show why blocking time, on-time, temperature and frequency must be controlled together.
A robust double-pulse test begins by defining the off-state drain bias and its duration, the gate bias during blocking, the first-pulse current, the second-pulse current, the delay to the voltage sample and the thermal starting condition. The fixture should minimise common-source inductance and provide sufficient bandwidth without introducing excessive ringing that is later interpreted as channel voltage.
The sampling delay is a central decision. Sampling too early includes commutation transients and parasitic inductive voltage; sampling too late allows the device temperature and trap occupancy to change. A sweep of sampling delay can reveal whether a reported penalty is an instantaneous effect, a short transient or a slowly varying state.
Continuous switching tests complement double-pulse measurements because they expose memory across many cycles. Frequency, duty ratio, dead time, hard- or soft-switching condition and recovery interval should be varied independently where possible. The same device can show different dynamic resistance under an isolated stress pulse and under a steady converter waveform.
Electrical thermometry, infrared observation where the package permits it, and calibrated loss measurements can help separate trapping from heating. Reference devices and repeated stress-recovery sequences are also useful for detecting instrument drift. The report must contain enough detail to reproduce the waveform and timing.
4.1 Defining a measurement that another laboratory can reproduce
A reproducible result requires a defined initial state, stress interval, transition sequence and observation window. The initial state can be established by an explicitly reported rest or conditioning procedure; it should not be described simply as “fresh” if previous electrical exposure is unknown. The stress interval includes drain and gate bias, temperature and duration. The transition sequence establishes whether the device undergoes hard or soft switching and whether reverse conduction occurs. Finally, the observation window specifies when voltage and current are sampled relative to the physical transition. These definitions determine which part of the recovery response is represented by the quoted resistance.
The ratio R_dyn/R_ref is useful only when the denominator is equally well defined. The reference resistance should correspond to a stated gate voltage, current and temperature, with a controlled electrical history. Comparing a hot dynamic measurement with a cold low-current reference mixes thermal and trapping contributions. Comparing different gate voltages changes channel enhancement. A report should therefore state both the absolute resistance and the ratio, together with the reference conditions. This makes it possible to distinguish an apparently large percentage caused by a small denominator from a practically important increase in conduction loss. Fig. 1 identifies these measurement intervals conceptually without presenting experimental waveforms.
The on-state voltage presents a demanding dynamic-range problem. An instrument must survive or reject a large blocking voltage and then resolve a much smaller conducting voltage shortly after a fast transition. A clamp circuit can protect the sensitive measurement path and improve usable resolution, but its own settling, leakage and parasitic capacitance become part of the measurement. A delayed sample can reduce switching artefacts while simultaneously allowing the device to recover. There is therefore no universal delay that is both artefact-free and representative of the earliest conducting state. The delay must be justified against the instrument response and the physical question.
4.2 Uncertainty in the voltage-to-current ratio
For R = V/I, a first-order uncertainty approximation for uncorrelated voltage and current errors is u_R/R ≈ [(u_V/V)² + (u_I/I)²]^(1/2). This relation is an uncertainty-propagation formula, not a device model. At small on-state voltage, even a modest voltage offset can dominate the relative error. At small current, the current-channel error becomes similarly important. Correlated noise, common timing errors and systematic offsets require additional treatment. Reporting only oscilloscope resolution is insufficient because probe gain, offset, bandwidth, clamp recovery and channel alignment also affect the result.
A practical uncertainty check should include a resistance or device state with an independently characterised response under conditions that the fixture can measure. Such a check cannot prove that every switching artefact has been removed, but it can reveal gross gain and offset errors. The fixture should also be assessed for unintended voltage pickup from power-loop inductance. An observed voltage immediately after turn-on can include L di/dt as well as the channel drop. If the sample is taken before that contribution settles, dividing by current produces an apparent resistance that is partly a circuit transient. Four-terminal sensing and careful placement reduce this problem without eliminating the need for timing analysis.
Channel synchronisation becomes especially consequential when current rises rapidly. A voltage sample divided by a current sample from a different physical instant can create a ratio that never existed in the circuit. Deskew should therefore be performed using a suitable common event, and its residual uncertainty should be considered alongside amplitude errors. Averaging many pulses reduces random noise but may obscure cycle-dependent recovery or drift. The publication should state whether each point is a single event, an average of identical prepared events, or a sample from a continuous switching sequence. These choices answer different questions and should not be silently interchanged.
4.3 Combining device spectroscopy with converter-oriented measurements
Trap spectroscopy and switching tests serve complementary purposes. Spectroscopic methods seek information about defect populations, energies or locations, while a converter-oriented measurement asks what resistance occurs under an operating waveform. A useful mechanism identified through spectroscopy may have limited impact at the temperatures and time scales of an application. Conversely, a large converter penalty may arise from several unresolved mechanisms. Connecting the two requires matching the relevant bias history and temporal range. The mechanism map in Fig. 2 is therefore deliberately separated from the measured ratio: a terminal observation constrains possible explanations but does not uniquely identify one.
Cusumano, Vella, and Sirchia (2025) used triangular gate pulses to study hysteresis and threshold-voltage behaviour, while Cusumano, Sirchia, and Vella (2025) used rectangular pulses to examine dynamic resistance and recovery. Their complementary pulse shapes show that the measurement stimulus itself determines which aspects of charge dynamics become visible. The reported responses should not be converted into a universal penalty for a high-voltage converter, especially when the stress voltage and gate sequence differ. Instead, they provide examples of how controlled waveform changes can reveal history dependence that a single static curve would miss.
Fig. 1 summarises the physical and measurement relationships discussed in this section.
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Fig. 1. Stress, switching and sampling intervals in a conceptual dynamic-resistance test. The observation window must be defined relative to the physical switching event. Original conceptual schematic; no experimental or simulated performance data are plotted.
5. TRAPPING AND FREQUENCY
The relation between switching frequency and dynamic resistance is not necessarily monotonic. Higher frequency shortens blocking and on-time, while repeated switching may accumulate charge. The net result depends on the trap distribution and stress sequence.
Cusumano, Sirchia, and Vella (2025) use rectangular gate pulses to study trapping, while Basile et al. (2024) examine current collapse in automotive-grade devices. Gate amplitude, drain stress, temperature and history should be reported together.
Frequency changes both the number of stress events per unit time and the duration available for charge capture and emission. The dynamic penalty may increase when switching becomes more frequent, but it may also approach a plateau if the relevant trap population reaches a quasi-steady occupancy. A monotonic frequency correction is therefore not justified without a device-specific experiment.
Duty cycle and blocking voltage can be as important as frequency. A short high-voltage off-state may populate a trap distribution differently from a longer lower-voltage stress, even when the average switching frequency is equal. Gate amplitude and gate resistance further modify the time spent in intermediate field conditions.
For converter modelling, the most useful representation is often a family of RON,dyn values indexed by stress voltage, current, temperature and recovery time, rather than a single multiplier. When data are limited, a bounded lookup table is preferable to an apparently precise fitted curve that is valid only for one laboratory waveform.
5.1 Single events and steady periodic operation
A double-pulse measurement commonly begins from a deliberately prepared state. Continuous switching evolves toward a history determined by the balance of capture and release over many cycles. The first event after a long off interval can therefore differ from the thousandth event under periodic operation. Neither observation is intrinsically more correct: start-up, burst operation and sustained power conversion each require their corresponding history. A device qualification intended for a converter should identify which of these regimes matters and how the test reproduces it. Otherwise a well-executed measurement can still be irrelevant to the intended duty.
Zulauf et al. (2020b) examined multi-megahertz operation and found that dynamic effects for the tested device did not continue increasing without bound as switching frequency rose. The work extends the measurement question beyond isolated pulses toward repetitive operation. Its significance is the demonstration of a device- and condition-dependent frequency response, not a guarantee that high switching frequency suppresses trapping in every GaN technology. Frequency also changes electrical loss and thermal conditions. A meaningful comparison should therefore distinguish a change caused by trap occupancy from a change caused by increased temperature or altered switching trajectory.
Duty ratio further prevents frequency from being a sufficient descriptor. At the same frequency, a longer off interval changes blocking exposure, while a longer conducting interval changes recovery opportunity and heating. Burst mode introduces a third time scale: a sequence of rapid pulses separated by a much longer pause. The state at the first pulse in each burst may repeatedly return toward a different condition from the later pulses. For loss estimation, averaging one resistance across the entire burst can therefore be misleading. The appropriate quantity is the resistance weighted by the actual current and the duration of conduction at each state.
5.2 Temperature and reversibility
Temperature modifies carrier mobility and trap kinetics simultaneously. A hotter device can have a larger baseline resistance while releasing some trapped charge faster. The net dynamic ratio may consequently move differently from the absolute resistance. A decrease in the ratio with temperature does not necessarily mean lower conduction loss, and a larger absolute resistance does not uniquely indicate more trapped charge. The measurement should ideally provide temperature-conditioned reference and dynamic values so that these contributions can be separated. This is a modelling requirement, rather than a claim that every mechanism has the same temperature dependence.
Reversible trapping should also be distinguished from persistent degradation. If a parameter recovers after a specified rest or thermal treatment, that observation supports a recoverable component under those conditions. It does not prove that no permanent change occurred elsewhere in the device. Conversely, a measurement made before a slow recovery completes should not automatically be labelled irreversible damage. A reliability experiment needs a defined recovery check and should report leakage, threshold behaviour and resistance where relevant. Basile et al. (2024) provide an automotive-device context for current-collapse investigation, but qualification of a different part still requires its own stress and recovery sequence.
6. CONVERTER IMPLICATIONS
Dynamic resistance should be inserted into the conduction-loss model at the time scale relevant to the switching sequence. In a hard-switched leg, the high-current interval and the preceding blocking stress may be strongly correlated. In a resonant or soft-switched stage, the voltage and current trajectories may reduce some stress while introducing a different recovery history. The device test should resemble the converter state sequence when the result is used for design.
A practical workflow is to measure RON,dyn over the expected operating envelope, fit conservative bounds, calculate the resulting conduction loss, and then repeat the measurement at the predicted junction temperature. This loop captures the feedback between resistance, loss and temperature without claiming that one test condition represents every mission profile.
Gate-driver layout and package inductance matter because a false VDS measurement can be mistaken for dynamic RON. Kelvin source connections, controlled probe grounding, calibrated current sensing and a defined reference plane should be treated as part of the device characterisation fixture, not as optional laboratory details.
6.1 From a resistance ratio to a conduction-loss estimate
The conduction loss over a representative period T can be expressed as P_cond = (1/T)∫i²(t)R_on(t)dt over conducting intervals. This expression explains why a single dynamic-resistance percentage is not a complete converter model. Resistance and current can vary together, and the largest resistance may occur when current is small or for only a short interval. Conversely, a moderate increase during the highest-current portion can have a large thermal consequence. A useful approximation divides the waveform into intervals with known current and an appropriately conditioned resistance. The accuracy of that approximation should be checked before adding further model complexity.
An illustrative algebraic comparison clarifies the weighting. If resistance increases by a fraction δ only during an interval contributing a fraction g of the original i²-weighted conduction integral, the incremental conduction loss is approximately δg of the baseline, provided other waveform quantities remain unchanged. This is a conditional calculation, not a numerical result from a converter. It shows why applying the maximum measured ratio throughout the entire cycle can be overly conservative, while using only a late recovered sample can be optimistic. The correct choice depends on the location of the sample relative to the current waveform and the application’s history.
Switching loss must remain distinct from this conduction estimate. A dynamic-resistance test may correlate with switching stress, but the ratio alone does not determine turn-on or turn-off energy. The current and voltage trajectories during switching, output capacitance and gate drive must be considered separately. Total device loss combines these terms, and the resulting temperature feeds back into both the baseline resistance and trapping kinetics. A reduced electrothermal model can represent this interaction, but its parameters should be calibrated against independent waveforms. Reproducing the same experiment used for fitting is a consistency check, not strong evidence of predictive performance.
6.2 Forward and reverse conduction and topology dependence
Xie et al. (2024) examined dynamic resistance under forward and reverse conduction using a multigroup double-pulse approach. This distinction is relevant to bridge converters because current direction and gate state can vary within a switching period. A forward-conduction ratio should not be assigned automatically to reverse conduction. The voltage drop can also contain contributions whose interpretation differs from a simple ohmic channel model. A converter study should therefore identify the conduction mode to which each parameter belongs and use the corresponding model rather than forcing all current directions into one resistance value.
Topology also changes the history presented to each switch. Two devices in the same bridge can experience different blocking durations, temperatures and transient events even when their nominal part numbers match. Synchronous operation, discontinuous current and burst control can alter those differences. The useful modelling boundary is consequently the individual device trajectory within the converter, rather than the converter’s average switching frequency alone. This does not imply that every switch requires an elaborate trap model. It means that simplification should follow evidence that the omitted history has little effect on the decision being made.
6.3 Mitigation choices and their competing consequences
Device selection, layout, gate drive and control can all change the observed dynamic penalty, but they act through different mechanisms. Selecting a device with a more suitable buffer or passivation targets the device physics. Reducing overshoot changes electrical stress. Modifying gate drive changes transition behaviour and may also alter measurement artefacts. Altering switching patterns changes dwell times and recovery. These options should be compared using the same mission profile and measurement definition. Otherwise a reported improvement may result from changing the observation window rather than improving the device’s behaviour under the original duty.
A control strategy that reduces trapping exposure may impose additional switching, conduction or control-complexity costs. Similarly, a slower transition can reduce overshoot while increasing switching energy. The decision should therefore be based on total loss, voltage margin and reliable operation together. The synthesis in Table 2 is intended to connect the measured quantity with the engineering decision it can support. It deliberately avoids ranking commercial technologies because the reviewed experiments are not a matched comparison. A universal ranking would require controlled samples, common temperature and stress conditions, and sufficient information about measurement uncertainty and device-to-device variation.
6.4 Compact models and long-term degradation
Sun et al. (2025) investigate a commercial 100 V Schottky-type p-GaN HEMT under hard switching and augment a static SPICE model with empirical dynamic behaviour. Their pulse-test and TCAD interpretation distinguishes threshold shift and hot-electron effects associated with gate-to-drain stress. This provides a device-specific path from characterisation to circuit modelling; it does not justify applying the fitted behaviour to other gate structures or to ZVS without validation.
Ma et al. (2024) incorporate ageing-dependent mobility changes into an ASM-HEMT-based compact model, using accelerated-stress evidence to represent dynamic resistance degradation. The reported 1.68% RMSE concerns agreement between measurement and simulation for their high-temperature reverse-bias stress data. It is not a lifetime-prediction uncertainty or a guaranteed error for arbitrary converter missions. Transient trap occupancy and irreversible ageing should remain separate model states unless the experiment establishes their relationship. A model intended for converter design should therefore be evaluated on bias histories and temperatures withheld from fitting, including recovery and repeat stressing.
Hard-switching, ZVS and reverse-conduction evidence should also remain separate. Zulauf et al. (2020b) examine repetitive ZVS operation up to 5 MHz, while Sun et al. (2025) address a 100 V device in hard switching and Xie et al. (2024) distinguish forward and reverse conduction. These protocols expose different electric-field and carrier histories. Their numerical results cannot be ranked by frequency or voltage alone. Table 2 makes those boundaries explicit; the reporting fields in Table 3 specify the minimum context needed for a useful comparison.
Table 2 compares selected device and modelling studies. Ratios, frequency limits and fitting errors represent different observables and are not combined into a pooled penalty.
Table 2. Quantitative evidence and its device-specific interpretation
	Study and test context
	Reported quantity or finding
	Limit on comparison

	Wang et al. (2021); commercial p-GaN, double/multiple pulses
	Normalised resistance about 1.22 at intermediate stress in the reported test
	Non-monotonic voltage dependence; fixed protocol essential

	Zulauf et al. (2020b); continuous ZVS GaN-on-Si
	Measurements up to 5 MHz
	Frequency ceiling of this study, not a universal device limit

	Bergsten et al. (2018); C-doped microwave HEMTs
	Dynamic resistance 3–4 times DC value
	RF epitaxial population; not a power-converter multiplier

	Chang et al. (2025); C and C/Fe buffers
	C-only better dynamic response; composite better breakdown and sheet resistance
	Competing metrics; no universal dopant ranking

	Sun et al. (2025); 100 V Schottky p-GaN
	Hard-switching empirical model supported by pulse tests and TCAD
	Fitted architecture and stress domain

	Ma et al. (2024); accelerated ageing and compact model
	1.68% RMSE for reported stress-data fit
	Fit metric, not remaining-life confidence

	Kim et al. (2023); MISHEMT passivation
	Reduced dynamic-resistance increase with in situ SiN
	Surface remedy does not resolve every buffer mechanism

	Xie et al. (2024); forward/reverse multigroup pulses
	Conduction-direction-aware characterisation
	Bias history and reverse interval must be retained


Table 3 defines the conditions needed to reproduce and interpret a dynamic-resistance result.
Table 3. Recommended reporting fields for a dynamic-resistance result
	Field
	Example reporting requirement
	Reason

	Device
	Part number, voltage class, structure and package
	Separates technologies and parasitic paths

	Stress
	Drain and gate bias, duration, temperature and switching mode
	Defines charge history

	Measurement
	VDS and ID references, bandwidth, deskew and clamp behaviour
	Controls ratio error

	Timing
	Sampling delay and recovery interval
	Determines which state is reported

	Model use
	Current waveform, interpolation and uncertainty
	Prevents unsupported loss extrapolation


Fig. 2 brings these considerations together as a conceptual assessment framework.
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Fig. 2. Connection between possible charge-trapping locations, terminal observations and converter-loss interpretation. A measured ratio alone does not uniquely identify a trap mechanism. Original conceptual schematic; no experimental or simulated performance data are plotted.
7. LIMITATIONS AND DIRECTIONS
The literature lacks a single measurement that represents every mission profile. Commercial devices differ in buffer design, gate structure, package parasitics and qualification history. A useful direction is a protocol combining steady-state switching, controlled recovery intervals and thermal tracking.
This review does not assign a universal dynamic-resistance penalty. Ratios belong to the tested device and method.
Published dynamic-RON values are difficult to compare because commercial devices differ in epitaxy, buffer design, gate structure, package and test fixture. Even when two studies use a nominally similar voltage class, their stress history and sampling definition may be different. A literature review can identify mechanisms and protocol requirements, but it cannot create a universal penalty from non-identical tests.
Future work should combine transient electrical measurement with thermal tracking and trap-aware compact models. A useful compact model would retain a small number of state variables for charge occupancy and recovery, while remaining simple enough to run inside a converter simulation. Such a model could connect device qualification data to control and lifetime studies.
Automotive and renewable-energy applications also require mission-profile testing rather than isolated laboratory pulses. Temperature cycling, variable load, long dwell periods and protection events can produce histories that are absent from a regular double-pulse test. Reporting these histories would make dynamic-RON data more valuable for system designers.
7.1 A more discriminating benchmark for future studies
Future studies would benefit from reporting a compact set of complementary histories rather than a single headline ratio. A prepared first-pulse condition characterises recovery from a stated rest state. A repetitive sequence characterises periodic operation. A burst sequence tests transitions between long rest and rapid switching. A temperature sweep separates thermal and kinetic influences. Forward and reverse measurements address bridge operation. These histories do not constitute a universal standard, but they expose different weaknesses in a proposed model. A model that predicts all of them without refitting has stronger evidence of transferability than one matched to a single pulse.
Validation should also separate device variation from instrument repeatability. Repeating the same measurement on one specimen characterises part of the measurement uncertainty. Testing several specimens reveals manufacturing variation, while repeating after stress probes stability. These are distinct distributions and should not be collapsed into one error bar without explanation. Reported uncertainty should state the population represented. When only one device is available, the resulting limitation should be acknowledged directly rather than implying a technology-wide conclusion. This makes modest but carefully controlled studies more useful than broader claims supported by limited specimens.
For compact models, the central challenge is balancing identifiable parameters with useful predictive behaviour. Adding many trap states can improve a fit while making parameter extraction ambiguous. A smaller model with explicit validity limits may be more useful in circuit simulation. Model evaluation should include an unseen stress sequence, the recovery trajectory and sensitivity to temperature. Computational cost should be measured in the intended simulation context. These reporting choices would connect semiconductor characterisation more directly to converter development while retaining the uncertainty inherent in translating internal defect processes into terminal electrical behaviour.
7.2 Reporting uncertainty and reproducibility
A reproducible dynamic-resistance comparison should distinguish variation between pulses from variation between devices. Repeating a pulse sequence on one specimen mainly characterises the repeatability of that specimen and measurement arrangement. It does not establish the distribution across a production lot. Conversely, testing several devices with inconsistent preconditioning can mix manufacturing variation with differences in the trapped-charge state. The report should therefore identify the number of specimens, the number of repeated sequences and the conditioning applied before each comparison.
Uncertainty also enters through the voltage and current channels. A small voltage offset can materially affect resistance when the on-state voltage is low. Timing misalignment between channels can distort a ratio during a rapid transition even if each channel is accurate under static calibration. A defensible analysis should identify the settled sampling interval, explain how channel alignment was established and show that the selected interval is not dominated by the clamp recovery. The objective is to demonstrate that the reported change exceeds plausible measurement artefacts.
Temperature control needs similar care. Holding the baseplate at a nominal temperature does not ensure identical junction temperatures after different stress sequences. The dissipated energy and relaxation time can differ between those sequences. For a comparison intended to isolate trapping, the investigator should explain how thermal differences were limited or estimated. For a converter-oriented comparison, thermal and trapping effects may legitimately coexist, but the resulting resistance should be described as an operating-condition-dependent quantity rather than a pure trap parameter.
A clear graphical presentation would show the stress waveform and sampling window alongside resistance as a function of the relevant delay or pulse condition. Such a presentation makes visible whether a single quoted ratio represents an early transient, a later plateau or an average over changing behaviour. It should retain the reference resistance definition and avoid combining curves normalised against different baselines without explanation. These reporting choices follow from the measurement limitations discussed above and are proposed as interpretation criteria, not as a new experimental standard.
At converter level, uncertainty should be propagated into the decision being made. If plausible dynamic-resistance values change the preferred cooling solution or device selection, additional characterisation is justified. If the design remains acceptable over that range, a conservative allowance may be sufficient. In either case, the literature review provides a framework for defining what must be measured; it cannot replace characterisation of the selected device under its intended switching and thermal history.
7.3 Evidence gaps and practical priorities
The expanded comparison leaves three distinct gaps. First, matched device populations are needed to separate substrate, buffer and gate-architecture effects; the present sources do not support a universal ranking. Second, a common protocol should link isolated pulses to continuous hard switching, ZVS and reverse conduction while controlling temperature and recovery. Third, ageing-aware compact models need evaluation on unseen stress histories and converter missions, rather than only fitting the characterisation data. The authors propose these priorities from the observed transfer limitations; they are not established improvements demonstrated by this review.
8. CONCLUSION
This review indicates that dynamic on-resistance in gallium nitride power devices is influenced by the interaction of charge trapping, electrical history, device architecture, temperature and measurement conditions. Buffer, surface and gate-related processes can affect the measured response, but their contributions cannot be established uniquely from a resistance transient alone. Comparisons across studies therefore require careful attention to blocking voltage, gate bias, stress duration, sampling delay, current, thermal conditions and the definition of the reference resistance. Double-pulse and continuous-switching measurements provide complementary evidence because they represent different preceding electrical histories. Neither method, considered in isolation, establishes a universal resistance penalty for all GaN device technologies or converter operating modes. For converter-level assessment, the resistance used in conduction-loss calculations should be associated with the actual current and switching history, while switching losses and electrothermal feedback are considered separately. The reviewed literature supports reproducible characterisation, explicit uncertainty reporting and device-specific validation as practical requirements for interpreting published findings. Future investigations would benefit from matched device comparisons and the evaluation of trap-aware compact models across independent stress and recovery sequences, without assuming that fitted parameters transfer beyond the conditions in which they were established.
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The reported dynamic resistance depends on the preceding history and sampling instant
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A terminal observation constrains mechanisms but does not uniquely identify one trap
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