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Abstract—Dynamic RON dispersion due to buffer traps is 
a well-known issue of GaN power HEMTs, critically 
impacting their performance and stability. Several works 
show that the dynamic RON reaches a maximum for some 
off-state drain-source voltage (VDS,OFF) value typically in the 
range of several hundred volts and then partially recovers 
to smaller values. In this work, we propose a quantitative 
explanation for this behavior, attributing it to the 
charging/discharging dynamics of Carbon-related buffer 
traps. We characterize the dynamic RON in packaged p-GaN 
gate AlGaN/GaN HEMTs with a custom measurement setup. 
We find that in these devices the relative RON increase 

reaches a maximum of 60% for VDS,OFF  100-200 V, partially 
recovering to about 30% as VDS,OFF is raised to 500 V. We 
ascribe this behavior to the partial neutralization of C-
related acceptor traps in the buffer due to trapping of holes 
produced by a high-field generation mechanism. This 
explanation is supported by calibrated 2D numerical 
simulations, that successfully reproduce the 
experimentally observed RON reduction only when 
including a hole generation mechanism.  

 
Index Terms—p-GaN HEMTs, Dynamic ON-Resistance, 

Carbon Doping, “Hole-Redistribution” Model 

I. INTRODUCTION 

ORMALLY-off operation (i.e., positive threshold voltage, 

VT) in AlGaN/GaN high electron mobility transistors 

(HEMTs) is highly desirable to simplify circuit design and for 

safety considerations [1]. Among technology solution that 

make this possible [2], p-GaN gate devices represent a very 

 
 

promising solution [3], [4]. Despite the huge academic and 

industrial interest in GaN HEMTs for power applications  

due to their high current and voltage capability [2], [5], critical 

issues related to device stability and reliability still need to be 

fully understood [1]. Among these, particular interest has been 

devoted to analyze VT instability and dynamic ON-Resistance 

(RON) degradation [6], [7], both being critical parameters 

influencing performance. 

One of the main sources of dynamic dispersion  is the 

charging and discharging of buffer traps as a result of OFF-to-

ON switching, and vice-versa [1], [8]–[11]. Buffer traps are 

typically related to the impurities intentionally introduced 

during device fabrication – such as Iron (Fe) or Carbon (C) – to 

reduce the off-state leakage and increase the breakdown voltage 

[8], [12], [13]. At the same time, however, the introduction of 

these traps make the device more prone to current-collapse 

effects and dynamic RON degradation [9]–[11], [14]–[16]. A 

widely reported – yet not definitely assessed – result in the 

literature is the non-monotonic dependence of RON on the 

adopted off-state drain voltage (VDS,OFF), that has indeed been 
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Fig. 1. Dynamic RON vs VDS,OFF data found in the literature [7], [17], [19]–
[21] and obtained from our measurements (see legend). The partial 
recovery behavior is observed on different GaN power HEMT 
technologies. 

mailto:nicolo.zagni@unimore.it


                                                                                                                                                                                                                                                                        2 

  

 

observed in different AlGaN/GaN power HEMT technologies 

[7], [17]–[21]. Some of this literature data is collected and 

shown in Fig. 1. 

 

While dynamic RON degradation is generally attributed to 

dispersion effects due to buffer traps, different interpretations 

for the observed partial recovery have been proposed: 

1. balancing of negative and positive buffer charge storage 

[19], [22] induced by leakage paths between the 2DEG 

and the carbon-doped buffer (either accounted for through 

heavily p-doped shorts [10], [17], [21] or band-to-band 

hopping transport [23]), 

2. generation of positive charge by ionization of donor traps 

in the UID GaN channel layer [24], 

3. charge redistribution within the structure due to increasing 

vertical drain-to-substrate leakage [25], 

4. partial reduction of negative substrate potential due to 

leakage of electrons from the substrate to the buffer and 

drain contact (applicable only to floating substrate 

conditions) [26], 

5. positive charge storage at the interface between the 

carbon-doped buffer and the strain-relief layers/nucleation 

layer due to the neutralization of ionized acceptors or to 

ionization of donors [10], [21]–[23], [25]. 

Nonetheless, a consistent and quantitative interpretation for the 

observed partial recovery of dynamic RON is still lacking.  

In this work, we present experimental data confirming the 

partial recovery of dynamic RON vs VDS,OFF in packaged p-GaN 

gate AlGaN/GaN HEMTs, and we analyze this phenomenon by 

means of calibrated 2D numerical device simulations. 

Simulations suggest that the observed behavior can be 

attributed to the partial neutralization of buffer acceptor traps 

(related to Carbon doping) induced by impact-ionization 

generated holes. Part of these holes get captured by acceptor 

states in the buffer, thus reducing the negatively ionized 

acceptors in the access region near the drain, this in turn 

allowing for the partial recovery of RON as observed in the 

experiments.  

The paper is organized as follows. In Section II, a description 

of the devices under test is provided. In Section III, we illustrate 

the adopted stress measurement methodology and the 

simulation setup. Results are presented and discussed in Section 

IV. Finally, conclusions are drawn in Section V. 

 

II. DEVICES DESCRIPTION 

Tested devices are packaged p-GaN gate AlGaN/GaN 

HEMTs grown by metal–organic chemical vapor deposition on 

a p-type Si substrate. A schematic view of the device cross-

section is shown in Fig. 2. The channel is composed of a Low-

Carbon-doped (LC, ~1016 cm-3) GaN layer of 0.3 µm. The GaN 

buffer layer instead is 4.7 µm thick and is highly C-doped 

(~1018 cm-3). The AlGaN barrier layer is 15 nm thick with 22% 

Al concentration. The p-type GaN layer is 100 nm thick and has 

a nominal Mg doping concentration in the range of 1019–5×1019 

cm-3. To define the p-Gate region, a Cl-based plasma etch was 

carried out [27]. The gate length is 1.5 µm. The depletion region 

forming due to the p-i-n diode corresponding to the 

pGaN/AlGaN/GaN heterostructure effectively suppresses the 

2DEG when no gate bias is applied thus obtaining VT > 0 V. 

Ohmic contacts were formed by Ti/Al-based metallization 

defined by means of a lift-off process [28]. Nominal 2DEG 

density and mobility are 8.6×1012 cm-2 and 1400 cm2/(Vs), 

respectively [29]. The characterization was performed on 

different devices finding good measurement repeatability.  

III. METHODS 

A. Measurement Methodology 

The switch-mode stability of devices under study was 

characterized by means of a custom measurement setup, 

described in [30]. OFF-state stresses were applied with 

increasing VDS,OFF values in the 50–500 range and VGS = 0 V up 

to a total stress time (tOFF) of 1000 s for each VDS,OFF value. The 

substrate contact is electrically shorted to the source contact 

inside the package. Before starting this stability 

 
Fig. 2. Sketch of the measured and simulated p-Gate GaN HEMT 
structure (not to scale). All dimensions are indicated in µm. 

 
Fig. 3. Typical VDS and VGS signals applied during the switch-mode 
characterization for monitoring dynamic RON evolution. 

 
Fig. 4. Comparison between measured (blue dots) and simulated 
(black solid lines) (a) ID-VGS curves and (b) ID, ISUB-VDS in the off-state. 
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characterization, the static RON was measured (VGS, VDS) = (6, 

0.5) V to set the reference value (RON0). During OFF-state 

stress, the Device Under Test (DUT) was periodically turned-

on to monitor the dynamic RON evolution over a 10–3–103 s time 

range. To this end, a short (5 µs) low drain bias (0.5 V) was 

applied to the DUT at logarithmically spaced time intervals, 

during which VGS was pulsed to 6 V to bring the DUT in its 

triode region (see Fig. 3). High/low and low/high drain voltage 

transitions were performed at negligible current (i.e., under 

soft-switching conditions) to avoid hot electrons effect that 

might increase the RON degradation at high VDS,OFF [31]. RON 

was thus computed as the ratio between the measured VDS and 

ID averaged over each 5 µs low voltage drain pulse.  

B. Simulation Setup 

The simulated device is sketched in Fig. 2, which resembles the 

DUT structure. The two-dimensional (2D) numerical device 

simulations were carried out with SDeviceTM simulator 

(Synopsys Inc.) [32]. The simulation deck was calibrated 

against measured DC ID–VGS and ID, ISUB–VDS in the off-state 

(VGS = 0 V) as shown in Fig. 4(a) and (b), respectively 

(measurement data in Fig. 4 were obtained from on-wafer 

devices with the same specifications as those of the packaged 

devices described in Section II). 

Charge transport was simulated by means of the drift-

diffusion model. The default strain model of the simulator was 

used to include the piezoelectric polarization at the 

heterointerfaces [32]. Similarly to previous TCAD studies [6], 

[33], incomplete ionization of magnesium acceptors was taken 

into account in the p-GaN gate region (the Mg ionization energy 

was set to 0.16 eV from the GaN valence band edge). A fully 

dynamic trap modeling approach was adopted, with one 

Shockley-Read-Hall (SRH) trap-balance equation for each 

level, describing the trap-occupation dynamics without any 

quasi-static approximation. A detailed description of the device 

physics modeling approach in AlGaN/GaN HEMTs can be 

found in [34]. To model the vertical leakage conduction through 

the substrate and nucleation layers, we employed a similar 

strategy to that discussed in [35], [36]. Impact-ionization 

coefficients for both electrons and holes in the GaN layers were 

set in agreement with recent Monte-Carlo calculations [37], and 

are reported in Tab. I.  

C doping in the GaN buffer was modeled by considering a 

dominant deep acceptor trap at 0.9 eV above EV [38], [39] 

partially compensated by a shallow donor trap at 0.11 eV below 

EC [40]. To reproduce the experimental results, the adopted trap 

concentrations were 4.3×1017 cm-3 and 4×1017 cm-3, for C-

related acceptors and donors, respectively. This corresponds to 

an effective acceptor density of 3×1016 cm-3 (about 1% of the 

nominal C-doping concentration in the buffer [41]). No 

additional traps were considered, while in all nitride layers an 

n-type doping density of 1015 cm-3 was assumed to account for 

the unintentional n-type conductivity due to shallow-donor 

impurities incorporated during growth [12], [42]. 

The C doping model employed in this work allowed us to 

explain measured current-collapse, threshold voltage shifts, and 

breakdown effects in different GaN power HEMTs [11], [13], 

[41], [43]–[47]. More details regarding the adopted C doping 

model, its dependability and its applicability limits are found in 

[11].  

IV. RESULTS AND DISCUSSION 

A. Experimental Results 

In Fig. 1 the dynamic RON values measured in the devices 

under study with the procedure described in Section III.A are 

compared with data from similar characterizations reported in 

the literature. Our data specifically refers to room temperature 

and maximum stress time of 1000 s. The acquired dynamic RON 

values were normalized to RON0 in order to allow for the 

comparison of different devices and technologies. From the 

data in Fig. 1, we observe that RON increases up until VDS,OFF  

reaches the 100-200 V range, and then starts decreasing for 

higher VDS,OFF. This observation suggests that a field-enhanced 

mechanism comes into play, counteracting the further dynamic 

RON increase leading to the reduction of this parameter.  

As widely pointed out in the literature, in present GaN power 

devices the increase in the dynamic RON compared to the static 

value can be attributed to the dynamics of buffer traps [7], [17], 

[19]–[21]. GaN HEMTs considered in this work feature a C-

doped buffer, so that the prime suspect is the CN state. To verify 

whether the measured dynamic RON dispersion is actually 

related to C-doping in the buffer, we performed OFF-state 

TAB. I CHYNOWETH’S LAW COEFFICIENTS FOR IMPACT IONIZATION IN 

GAN AS OBTAINED FROM MONTE CARLO SIMULATIONS [37] 

Parameter Value 

an (electrons) 3.46×106 cm-1 

bn (electrons) 1.58×107 V/cm 

ap (holes) 6.15×106 cm-1 

bp (holes) 1.69×107 V/cm 

 

 
Fig. 5. a) Measured and b) simulated normalized RON transients at 
different temperatures (from 30 °C to 110 °C, see legend) for an OFF-
state drain-source voltage (VDS,OFF) of 25 V. b) Arrhenius plot 
corresponding to the thermally activated process. The linear fit of the 
data gives an activation energy EA≈0.83 eV for both measurements and 
simulations. 
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stress characterization at different temperatures. A thermal 

chuck (thermally connected to the device via the back metal 

contact of the package) was used for setting the device 

temperature during the measurements. A low VDS,OFF value of 

25 V was adopted in order to reduce the influence of electric 

field that could potentially affect the estimation of the activation 

energy [48]. Typical, measured normalized (RON/RON0) 

transients obtained in the 30 °C to 110 °C temperature range at 

VDS,OFF = 25 V are reported in Fig. 5(a). Simulated transients for 

the same temperature range and VDS,OFF are shown in Fig. 5(b). 

To characterize the activation energy (EA) of the process, the 

time constants (τ) of the RON dynamics were first extracted from 

the measured and simulated transients at each temperature as 

follows. First, each transient was fitted with a stretched 

exponential function [49]; then τ was set in correspondence 

with the peak of the d(RON/RON0)/dlog10t signal at each 

temperature, yielding the Arrhenius plot shown in Fig. 5(c). The 

linear fit of the measurement/simulation points on the 

Arrhenius plot yields EA≈0.83 eV, which is consistent with 

values reported in the literature for the CN states [25], [41]. 

Accordingly, the observed RON transients can be ascribed to the 

emission of holes from CN traps [11], [41]. The corresponding 

increase of dynamic RON during transients can thus be 

interpreted as being due to the negative charge build-up in the 

buffer layer in the gate-drain access region [9], [11], [14]–[16].  

B. Simulation Results 

To quantitatively interpret the observed non-monothonic 

dynamic RON behavior, see Fig. 1, we performed 2D 

simulations with the simulation deck described in Sec. III.B. To 

mimic measurement conditions, stress was held for 1000 s at 

each VDS,OFF bias and then RON was evaluated after performing 

a fast sweep to bias the device in its triode region (VGS=6 V; 

VDS=0.5 V). Because of the relatively large time constant of RON 

transients (due to the slow hole emission process), a total stress 

time of 1000 s was adopted to properly evaluate the RON 

degradation induced by C-related acceptor traps. Simulation 

results are shown in Fig. 6 along with measurement data points 

(same already shown in Fig. 1), finding an overall good 

agreement for the explored VDS,OFF range. The simulations are 

consistent with the observed dynamic RON decrease that occurs 

for VDS,OFF ≥ 300 V, see Fig. 6. Interestingly, this behavior can 

be accounted for by the simulations only when including 

avalanche generation due to impact ionization, as it can be 

observed by comparing the blue squares with orange diamonds 

in Fig. 6. This occurs because of the partial neutralization of 

negatively charged acceptors in the buffer (i.e., 𝑁𝐴𝐶𝐶
− ) by 

impact-ionization generated holes that get trapped by these 

states. The partial reduction of the negatively ionized acceptors 

increases the 2DEG concentration in the access region, giving 

rise to the observed RON reduction. Conversely, when there is 

no impact ionization activated in the simulations, then the 

negatively ionized acceptors keep increasing with VDS,OFF, 

hence preventing the partial RON recovery, see Fig. 6.  

Figure 7 shows a contour plot of the net ionized acceptor trap 

concentration in the buffer, 𝑁𝐶,𝐸𝐹𝐹 , in the case with (a) and 

without (b) impact ionization activated at VDS,OFF = 500 V. In 

the first case, see Fig. 7(a), 𝑁𝐶,𝐸𝐹𝐹  is reduced in the gate-drain 

access region close to the drain contact compared to the second 

case, see Fig. 7(b). The region close to the drain conctact where 

𝑁𝐶,𝐸𝐹𝐹  decreases in the first case corresponds to the region 

where the generated holes are highest, consistently with the 

explanation for the RON reduction given above. This can be 

appreciated in Fig. 8(a) and (b), showing the contour plot of the 

avalanche generation rate and electric field magnitude, 

respectively. The peak of generation rate is located near the 

drain contact, where also the electric field magnitude is highest. 

Figure 9 shows 𝑁𝐶,𝐸𝐹𝐹  and the hole current density (Jp) along a 

vertical cutline in the buffer near the drain contact for the same 

conditions as in Figs. 7, 8 (i.e., VDS,OFF = 500 V). From Fig. 9 it 

is evident that only when impact ionization is activated, is there 

an appreciable amount of generated holes that reduces the 

ionized acceptor trap density compared to the case when no 

impact ionization is considered. 

 
Fig. 6 Comparison between simulated and measured dynamic RON vs 
VDS,OFF (see legend). Simulations were carried out with and without 
Impact Ionization (I.I.). Stress time is tOFF=1000 s for both experiments 
and simulations. 

 
Fig. 7. Simulated net ionized acceptor trap density (𝑁𝐶,𝐸𝐹𝐹 = 𝑁𝐴𝐶𝐶

− −
𝑁𝐷𝑂𝑁
+ ) in the Carbon-doped GaN buffer (a) with and (b) without Impact 

Ionization (I.I.) at VDS,OFF = 500 V. The vertical dashed lines indicate the 
distance from the drain contact (not in scale) of the cutlines used in Fig. 
9. 
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C. Discussion 

The concept of holes (or more generally, positive charges) 

compensating the adverse effect of negatively ionized acceptor 

traps and (partially) suppressing the buffer-induced dynamic 

RON degradation at high VDS,OFF was already proposed by other 

authors [10], [22], [31], [50]. However, the results presented 

here: i) clearly point to hole emission from Carbon acceptor 

traps as the cause for dynamic RON degradation [11], [41], see 

Fig. 5, and ii) show by means of calibrated device simulations 

that holes generated by impact ionization in the high-field 

region of the buffer and their capture into the same traps are a 

simple yet physically-sound explanation for the partial 

suppression of dynamic RON degradation at large VDS,OFF.  

Moreover, both experiments and simulations carried out in 

this work indicate that RON degradation cannot be associated to 

electron trapping for two reasons. First, RON degradation is a 

thermally activated process as shown in Fig. 5, which cannot be 

explained by a capture process [11]. Second, and more 

importantly, as shown in Fig. 4, the fact that leakage current at 

the drain contact starts increasing for VDS,OFF ≈ 300 V would 

lead to more electron trapping and hence to an increase in 

dynamic RON, which is opposite to the actual behavior, see Fig. 

6. 

In general, the degree to which partial dynamic RON recovery 

occurs (or does not occur altogether) depends on device 

technology, structure, Carbon doping auto-compensation (i.e., 

net acceptor trap concentration), switching mode, stress 

conditions, etc. In this sense, the physical interpretation of 

impact ionization being the root cause for the non-monotonic 

dynamic RON behavior is valid only for devices and/or stress 

conditions similar to those employed here.  

In this work, we limited the dynamic RON vs VDS,OFF analysis 

to room temperature only. Although extending the analysis to 

higher temperatures might clarify the role of impact ionization, 

the extraction of a clear and unambiguous signature of impact 

ionization from measurements might not be a trivial task due to 

the interplay between concurrent mechanisms (such as Poole-

Frenkel enhancement of hole emission from acceptor traps [48], 

[51] and substrate leakage increase [35]) that also are expected 

to influence the temperature-dependent dynamic RON vs VDS,OFF 

behavior. Therefore, temperature analysis of dynamic RON 

requires a thorough investigation which will be subject of future 

work. 

Finally, we observe that the reduction of the negative charge 

in the gate-drain access region due to hole injection through an 

ad-hoc p-type injector integrated into the device structure as the 

origin for reduced RON dispersion was experimentally 

demonstrated in [52], further validating our interpretation. 

V. CONCLUSIONS 

We provided a quantitative explanation for the non-

monotonic dynamic RON behavior with increasing OFF-state 

stress bias observed in p-GaN gate AlGaN/GaN power HEMTs. 

The characterization of the dynamic RON transients during OFF-

state stress allowed the extraction of a 0.83 eV activation energy 

that correlates very well with the generally assumed, dominant 

hole trap related to C doping in the device buffer. Based on this 

result, the increase in the dynamic RON over its static value has 

to be attributed to hole detrapping from these buffer traps within 

the gate-drain access region during the OFF-state phase of the 

pulse-mode tests. Conversely, the observed RON recovery at 

large drain stress bias finds a straightforward interpretation by 

assuming that holes generated by a high electric field 

mechanism get trapped in C-related traps thus partially 

neutralizing the negatively ionized acceptors. This explanation 

was supported by calibrated 2D numerical simulations that 

consistently reproduced the dynamic RON decrease for the 

explored VDS,OFF range only when including hole generation due 

to impact ionization.  
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