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Abstract 12 

This paper presents the electrical characterization of the on-resistance (RON) of on-wafer 13 

100-V p-GaN power High-Electron Mobility Transistor (HEMTs). This study assesses de-14 

vice degradation in the context of a monolithically integrated half-bridge circuit, consid-15 

ering both Low-Side (LS) and High-Side (HS) configurations. Since on-wafer samples 16 

have been characterized, a custom experimental setup was developed to emulate stress 17 

conditions subjected by the devices in the half-bridge circuit. A periodic signal (T = 10 18 

µs, TON = 2 µs) switching from the OFF- to ON-state was applied for a cumulative duration 19 

of 1000 s. Different OFF-state stress conditions were applied by varying the gate-source 20 

OFF voltage (VGS,OFF) between 0 V and −10 V. The on-resistance exhibited a positive drift 21 

over time for devices in either LS and HS configuration, with the laĴer showing a more 22 

pronounced degradation. Measurements at higher temperatures (up to 90 °C) were car-23 

ried out to characterize the dynamics of the physical mechanism behind the degradation 24 

effects. We identified hole emission from C-related acceptor traps in the buffer as the main 25 

mechanism for the observed degradation, which is present in both HS and LS configura-26 

tion. The additional degradation observed in the HS case was aĴributed to the back-gating 27 

effect, stemming from the non-null body-to-source voltage. Furthermore, we found that a 28 

more negative VGS,OFF further increases RON degradation, likely related to the higher elec-29 

tric field near the gate contact that enhances hole emission from C-related acceptor traps. 30 

Keywords: p-GaN HEMTs; OFF-state stress; dynamic RON; carbon doping; half-bridge 31 

 32 

1. Introduction 33 

The Gallium Nitride (GaN) High Electron Mobility Transistor (HEMT) is leading the 34 

next generation of power switches due to its high frequency and high power capability 35 

[1]. More specifically, GaN-on-Si is a particularly interesting platform thanks to its poten-36 

tial for monolithic integration [2]. Despite being already commercialized, GaN-on-Si 37 

power devices are still far from reaching their maximum theoretical performance due to, 38 

amongst other, trapping effects occurring during device operation [3]. So far device-level 39 

characterization has been extensively conducted, allowing for a deep understanding on 40 
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how the trapping mechanisms work in this type of devices [4], [5], [6], [7], [8], [9], [10], 41 

[11], [12], [13], [14]. However, trap dynamics characterization under realistic circuit oper-42 

ating conditions is far less investigated. For example, in monolithically-integrated half-43 

bridge circuits, the High side (HS) and Low Side (LS) devices experience different degra-44 

dation levels in terms of both on-resistance (RON) and threshold voltage (VTH), due to the 45 

non-null source-to-body voltage present in HS device [15], [16], [17]. The goal of this paper 46 

is to analyze the effect of OFF-state stress on the device performance from the trapping 47 

point of view. We find that the core mechanism causing the dispersion of device perfor-48 

mance is the hole emission from C-related acceptor traps inside the buffer layer. This 49 

mechanism is common for both HS and LS. The additional degradation experienced by 50 

the HS device is explained as being due to a purely electrostatic phenomenon due to the 51 

so-called back-gating effect. This conclusion is further confirmed by the fact that the time 52 

constants and the activation energies (EA ‘s) extracted from the HS and LS transient are 53 

essentially the same. Moreover, we find that the negative OFF-state gate voltage enhances 54 

the degradation caused by the high drain voltage, and this effect can be explained with 55 

the accumulation of negative charges in the AlGaN barrier that deplete the 2-DEG (two 56 

dimensional electron gas), thus increasing the magnitude of the observed dispersion [18], 57 

[19]. 58 

The paper is organized as follow. In section II the custom experimental setup and the 59 

Device Under Test (DUT) are presented. In section III the experimental results are pre-60 

sented, along with a discussion about the physical interpretation of the findings. Section 61 

IV draws the conclusions. 62 

2. Experimental Setup 63 

Figure 1 shows the cross-section of the DUT, which is a 100-V p-GaN HEMT. The LG 64 

is lower than 1 µm and the LGD is lower than 3 µm, allowing a relatively low voltage range 65 

operation (for comparison, the 650-V p-GaN technology typically involves LGD longer than 66 

15 µm). As customary for GaN power HEMTs, the buffer is C-doped to obtain a semi-67 

insulating layer with a C concentration between 5x1018 and 5x1019. The p-GaN region in the 68 

gate stack is used to deplete the 2-DEG under the gate at VGS = 0 V and thus achieve nor-69 

mally-off operation, i.e., VTH > 0 V. The circuit employed for the electrical characterization 70 

is shown in Figure 2. The drain voltage is supplied by a pair of isolated DC/DC converters 71 

that allow to generate a 50 V isolated voltage. The bulk of the device is connected either 72 

to ground or to the negative terminal of the VD for emulating respectively the LS and HS 73 

configuration. The only difference between LS and HS is the source-to-body voltage that 74 

is 0 V for the LS, while in HS a non-null VSB is present. This mimics the additional voltage 75 

stress experienced by the high side device of an integrated half-bridge structure. To im-76 

prove the Digital Store Oscilloscope (DSO) resolution we use the clamping circuit shown 77 

in Figure 2(b). The clamping circuit allows the VDS to be measured to rise as long as VDS<VZ. 78 

When VDS reaches the level set by the Zener diode (~ 4 V), diodes D1 and D2 start to con-79 

duct and prevent VDS from rising further. Effectively, the circuit clamps the maximum 80 

level of the VDS measured by the DSO [20]. This circuit is required only for improving the 81 

resolution of the voltage signal measured by the DSO, while the DUT experiences the full 82 

50-V signal as set by the DC/DC converters. 83 

 84 
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 85 

Figure 1. Schematic view of the cross section of the DUT. The p-GaN under the gate creates an 86 

effective ‘p-i-n’ junction towards the source, that depletes the 2DEG at VGS = 0 V and thus allows a 87 

normally-off operation (i.e., VT > 0 V). The Gate-Drain distance is such that the 100-V range operation 88 

can be withstood and the Carbon concentration in the buffer layer is between 5x1018 and 5x1019 to 89 

obtain a semi insulating layer. 90 

 91 

 92 

Figure 2. The measuring board (a) used for the measurement, VD is provide by means of a DC/DC 93 

isolated converters. The switch is connected either to ground (LS) or to the negative pin of the VD 94 

(HS). The clamping circuit (b) is used to block the rise of the VDS to be able to have a more precise 95 

measure with the DSO. We calculate the real VDS,ON with the voltage VA and VB (𝑉஽ௌ,ைே = 2 × 𝑉஺ −96 

𝑉஻). In panel c a picture of the measurement setup used in this paper is shown for reference. 97 

The typical DC output (ID-VDS) and transfer (ID,IG-VGS) characteristic are shown in Fig-98 

ure 3. From there curves we can extract the threshold voltage and the static on-resistance 99 

that are respectively VTH ≈ 2 V and RON ≈ 20 Ω. More details on the contact resistance and 100 

the device structure can be found in [21]. 101 
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Figure 3. Typical output (a) and transfer (b) DC characteristics of the DUT. From these measure-103 

ments we can extract the static value of the on-resistance (RON ≈ 20 Ω) and the threshold voltage (VTH 104 

≈ 2 V), respectively. 105 

The gate of the DUT is driven with a pulsed signal from a waveform generator that 106 

switches the device between VGS,ON (6 V) and VGS,OFF (0;-2;-5;-8;-10 V). The drain voltage 107 

applied to the device is VDS = 50 V during the OFF-state and ~ 200 mV during the ON-108 

state, The VDS,OFF has been chosen as 50 V to ensure a test condition comparable with the 109 

real application of a GaN HEMTs (e.g. 48 V DC/DC converter). The switching period is T 110 

= 10 µs with a TON = 2 µs. The RON measure is performed by extracting the current during 111 

the ON-state. The total time taken by the experiment is 1000 s. Before the beginning of 112 

each measurement, the DUT is biased in the ON-state with low VDS (~ 200 mV) and VSB = 113 

0 V for 100 s to guarantee a common stress-free initial condition for both LS and HS con-114 

figuration. Figure 4 shows the first period of the stress cycle to illustrate the setup.  115 

 116 

Figure 4. The first waveform of the stress period. In LS (b) the VDS switch between high and low 117 

accordingly to the value of the VGS and the VSB is always zero, regardless of the device condition. In 118 

HS (a) the VDS behave like in LS, but the VSB goes high during the TON, giving an additional stress 119 

component. 120 

3. Experimental Results 121 

Figure 5 shows the normalized dynamic on-resistance (RON/RON,0) for VGS,OFF varying 122 

from 0 V to -10 V for both LS and HS. The RON,0 is taken as the measurement of the first 123 

stress pulse. The baseplate temperature for this experiment was set to 60 °C. We can see 124 

that for both HS and LS configuration increasing the negative VGS,OFF causes an increased 125 

magnitude of the degradation. More specifically, degradation increases from ~20 % at 0 V 126 

to ~55% at -10 V (LS) and from ~65 % at 0 V to ~120% at -10 V (HS). Interestingly, we find 127 

that while the OFF-state gate voltage has a significant effect on the magnitude of the deg-128 

radation, it does not appear to have significant effect on the time constant of the transient. 129 

This is discussed further when presenting the data at different temperatures. 130 
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Figure 5. The transient for different VGS,OFF in LS (a) and HS (b). An higher OFF-state gate voltage 132 

(in absolute value) increase the degradation suffer from the device. While the OFF-state gate volt-133 

age has a strong effect on the magnitude of the degradation it appears to have no significant effect 134 

on the time constant of the transient. 135 

Stress measurements have been carried out at different temperatures (60 °C to 90 °C 136 

with ΔT = 10 °C) for each of the VGS,OFF (from 0 V to -10 V). In Figure 6 are shown the 137 

transients at the different conditions for the LS device. As it can be seen, for VGS,OFF = 0 V 138 

the maximum degradation increases from ~17% at 60 °C to 28% at 90 °C. It is noticeable 139 

that the increasing temperature has not only the effect of increasing the amplitude of the 140 

dynamic on-resistance, but also to accelerate it. Figure 7 shows the results of the charac-141 

terization on the HS device. Similar considerations as those observed for the LS device can 142 

be drawn, with the main difference being the increased degradation of the HS device. The 143 

degradation at VGS,OFF = 0 V increases from ~65 % ( at 60 °C) to ~80% (at 90 °C). The tem-144 

perature accelerates the transient in a manner similar to what occurs in the LS configura-145 

tion. Figure 8 shows the Arrhenius plot constructed by using the time constants (τ) ex-146 

tracted from the temperature transients, the exact values of the τ’s can be found in table I 147 

and II. It can be seen how the extract τ’s for HS and LS at each VGS,OFF are essentially the 148 

same, indicating that the main mechanism responsible for the degradation is the same, 149 

specifically hole emission from CN state in buffer. In figure 9 the dynamic has been nor-150 

malized between 0 and 1 to highlight the independence of the time constant from the con-151 

ditions (LS or HS) and the OFF-state gate voltage applied. As observed in our previous 152 

works [4], [22], hole emission increases the negative charge due to ionized acceptor traps 153 

in the buffer, thus reducing the 2-DEG concentration. The activation energy extracted (0.53 154 

eV) is slightly lower to the one normally extracted for the C-related acceptor traps inside 155 

buffer layer, i.e., 0.9 eV above the valence band [23], [24], [25], [26], [27]. However it might 156 

be possible that field-enhancement mechanisms such as the Poole-Frenkel effect, that 157 

cause a lowering of the energy barrier for carrier emission at high VDS voltage, explain the 158 

lower EA’s extracted from the data [23], [28], [29]. 159 

 160 
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 162 

Figure 6. Temperature transient for VGS,OFF varying from 0 to -10 (a-e) for LS configuration . We can 163 

observe that regardless of the OFF-state gate voltage applied, the increasing temperature enhance 164 

the magnitude of the degradation and accelerate it. 165 

The increased magnitude of the degradation in HS can be aĴributed to the back-gat-166 

ing effect, that is present when the substrate and the source are at a different potential. 167 

Under this condition, the 2-DEG is more depleted compared to the condition where the 168 

VSB = 0 due to the higher relative shift between EC and EF. Moreover, the negative substrate 169 

potential promotes the hole emission from CN states resulting in a larger amplitude of the 170 

RON dynamic. Nevertheless, the dynamics governed by the trapping process is the same 171 

for both LS and HS devices [17], [23], [30], [31].  172 

Concerning the increase in degradation magnitude observed when a negative VGS,OFF 173 

is applied, could be attributed the enhancing of the vertical electric field under the gate 174 

during the OFF-state. The band bending induced by the field enhance the hole emission 175 

from the C-related acceptor traps located inside the buffer layer. As a consequence an 176 

higher number of holes are emitted from such traps, this results in a buffer layer that be-177 

comes even more negatively charged respect to the condition with a VGS,OFF = 0,resulting in 178 

a stronger depletion of the 2DEG and thus an higher amplitude of the dynamic on-re-179 

sistance. In figure 10 a sketch of the energy band illustrates this point.  180 

 181 

 182 
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 184 

Figure 7. Temperature transient for VGS,OFF varying from 0 to -10 (a-e) for HS configuration. We can 185 

observe that regardless of the OFF-state gate voltage applied, the increasing temperature enhance 186 

the magnitude of the degradation and accelerate it. 187 

 188 

Figure 8. Arrhenius plot extracted from the time constant (τ’s) of the transient at different tempera-189 

tures and VGS,OFF. We can see that both HS and LS are comparable in terms of τ’s and activation 190 

energy. This means that the root cause responsible for the degradation in both cases is the same (i.e. 191 

CN states inside buffer layer). 192 

Table I. Time constant for LS measurements 193 

Tau (τ) V GS = 0 V V GS = -2 V V GS = -5 V V GS = -8 V V GS = -10 V

T = 60 °C 12.2425 s 9.7503 s 9.3168 s 12.2731 s 11.5096 s
T = 70 °C 7.7952 s 6.6061 s 4.5267 s 7.7675 s 9.5766 s
T = 80 °C 3.3383 s 3.8005 s 2.9578 s 4.5387 s 4.5094 s
T = 90 °C 2.0492 s 1.6519 s 1.7821 s 2.5488 s 2.3630 s

LOW SIDE

 194 

 195 

 196 

 197 
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Table II. Time constant for HS measurements 198 

Tau (τ) V GS = 0 V V GS = -2 V V GS = -5 V V GS = -8 V V GS = -10 V

T = 60 °C 14.9764 s 14.5044 s 19.0595 s 17.4038 s 16.3329 s
T = 70 °C 10.0116 s 8.7010 s 9.3086 s 10.0694 s 8.7972 s
T = 80 °C 5.1196 s 4.2657 s 5.1934 s 5.4441 s 5.1049 s
T = 90 °C 2.7645 s 2.5311 s 3.2619 s 3.3459 s 3.3459 s

HIGH SIDE

 199 

 200 

Figure 9. Dynamic on-resistance normalize between 0 and 1 for a baseplate temperature of 60 °C. 201 

This graph clearly shows the independence of the dynamic from the condition (LS and HS) and 202 

from the OFF-state gate voltage. 203 

 204 

 205 

Figure 10. Sketch of the energy band in OFF-state when the VGS is lower than 0 (a). When the nega-206 

tive VGS is applied, the vertical field applied promotes the hole emission from the C-related acceptor 207 

traps inside the buffer that are aĴracted by the negative potential applied to the gate contact. In the 208 

panel b the equilibrium condition is shown as a reference 209 

4. Conclusions 210 

In this paper, we characterized the dynamic on-resistance of a on-wafer 100- V p-211 

GaN HEMTs by means of a custom measurement setup able to replicate low- and high-212 
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side biasing conditions of devices to be employed in monolithically integrated half-bridge 213 

circuits. Particularly, the setup allows considering the non-null source-to-body voltage 214 

experienced by the HS device during operation. The root cause for RON degradation in 215 

both LS and HS is found to be the hole emission from CN states inside buffer layer, as 216 

confirmed by the extracted activation energies that are compatible with C-related acceptor 217 

traps. The additional degradation experienced by the device in HS (with respect to the LS 218 

case) is due to the negative bias applied between the substrate and the source, which 219 

causes an electrostatic back-gating effect. Finally, it was found that increasing the magni-220 

tude of the negative gate voltage applied during OFF-state stress further increases dy-221 

namic RON, in both LS and HS cases. This was aĴributed to the higher electric field near 222 

the gate contact that enhances hole emission from C-related acceptor traps thus leading to 223 

a larger dynamic RON variation. 224 
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