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Degradation Mechanisms of GaN HEMTs With
p-Type Gate Under Forward Gate

Bias Overstress
M. Ruzzarin , M. Meneghini , A. Barbato, V. Padovan, O. Haeberlen , M. Silvestri,

T. Detzel, G. Meneghesso , and E. Zanoni

Abstract— This paper investigates the degradation of
GaN-based HEMTs with p-type gate submitted to posi-
tive gate bias stress. Based on combined electrical and
optical testing, we demonstrate the existence of different
degradation processes, depending on the applied stress
voltage VGstress: 1) for VGstress < 7 V, no significant degra-
dation is observed, thus demonstrating a good stability
of the analyzed technology; 2) for 7 V < VGstress < 11.5 V,
a negative shift in threshold voltage (Vth) is observed,
well correlated with a decrease in the gate leakage current
and of the luminescence signal associated with hole injec-
tion. The negative Vth shift is ascribed to the trapping
of holes in the AlGaN and/or p-GaN/AlGaN interface; and
3) for VGstress ≥ 12 V, threshold voltage recovers its initial
value. This is ascribed to a net-negative charge, gener-
ated either by the trapping of electrons injected from the
2-D electron gas to the AlGaN or to the de-trapping of the
holes injected in 2). The results described within this paper
provide relevant information for understanding the degrada-
tion dynamics of normally off GaN transistors submitted to
extremely high gate voltage levels far beyond maximum use.

Index Terms— Gallium nitride, HEMT, leakage currents,
stability, threshold voltage.

I. INTRODUCTION

L
ATERAL enhancement-mode transistors are promising

for power applications, thanks to the low on-resistance

(lower than 50 m� on 30-A/650-V devices [1]), the low

on-resistance × gate charge product (Ron ∗ Qg smaller

than 290 m�nC for 30-A/650-V device, see [1] and
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references therein), and the high breakdown voltage

(>650–1000 V [1], [2]). The preferred approach for E-mode

operation consists in placing a p-type GaN or AlGaN layer

on the top of the AlGaN/GaN heterostructure. This leads to

the depletion of the channel at null gate bias, and to positive

threshold voltages in the range of 1–1.5 V [1]. For such

technology, the issue of dynamic-Ron has been solved through

a careful optimization of the epitaxial stack and of the back

end: transistors with negligible dynamic Ron up to 850 V have

already been demonstrated [3].

The reliability of transistors with p-type gate is still under

investigation. There are two different approaches for fabri-

cating contacts on p-type GaN: one approach is to use a

Schottky junction [4], for instance by using TiN as a gate

metal. This approach guarantees a substantial reduction of gate

leakage, since the metal/p-GaN junction is reversely biased

when the transistor is operated at high gate bias. However,

devices with a Schottky junction on p-GaN may suffer

from limited reliability, due to the time-dependent breakdown

of the metal/p-GaN-AlGaN stack. Tallarico et al. [4] and

Rossetto et al. [5] suggested that the high field reached at the

metal/p-GaN junction may contribute to device degradation.

A second approach for fabricating devices with a p-GaN gate

is to use an ohmic contact on p-GaN [7]. In this case, the gate

leakage may be slightly higher, but the absence of a depleted

region (having a high peak field) at the metal/p-GaN interface

can significantly improve reliability. A number of papers

(see for instance [4], [5], [8]) on the stability of transistors

with a Schottky-gate metal have been published; on the other

hand, no extensive study on the stability of transistors having

a ohmic contact on p-GaN has been published to date in the

literature.

The aim of this paper is to contribute to the understanding

of the reliability of GaN-based transistors with p-GaN gate.

For the first time, we present an extensive analysis of the

degradation of transistors having an ohmic contact on p-GaN,

based on combined electrical characterization and electrolu-

minescence (EL) analysis.

We demonstrate the following relevant results.

1) When the devices are submitted to positive gate-step

stress, no significant change in device characteris-

tics (Vth, Ron, and gate leakage) is observed up to

VGS = 7 V, indicating a good stability of the analyzed

technology (in real-life applications, the gate is driven
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Fig. 1. Schematic of one of the analyzed devices.

with typical average currents of 10 mA for a 70-m�

device, which corresponds to a gate voltage of 3.5 V,

maximum gate peak currents of 2 A correspond to

voltage spikes of 5.5 V).

2) For gate voltages between 7 and 11.5 V, a negative shift

of threshold voltage is observed. This effect is correlated

with a decrease in the gate leakage current and of the

hole-related luminescence signal, and is ascribed to the

trapping of holes in the AlGaN or at the p-GaN/AlGaN

interface.

3) For higher voltages, the threshold voltage shifts posi-

tively, due either to the trapping of electrons in the

AlGaN layer or to the de-trapping of the holes trapped

in phase 2).

A capacitance–voltage analysis was carried out, indi-

cating an enhanced trapping for stress voltages higher

than 7 V. Finally, we demonstrated that the observed degra-

dation process is partly recoverable through stress-recovery

experiments.

II. EXPERIMENTAL DETAILS

The structure of tested device is similar to that of a

conventional GIT [7] with in addition the p-GaN region

formed the next to the drain connected to the drain terminal

(see Fig. 1). Hole injection from the drain helps reducing

dynamic Ron which—in these devices—is almost 0 at 600 V,

150 °C (not shown here for brevity). The operating principle

of the GIT is presented in [3]; the tested device shows

e-mode operation thanks to the upward shift of the band

diagram and significant increase in the drain current due to

the conductivity modulation. The devices have a gate width

WG = 200 µm, a gate–source distance LGS = 2 µm, gate–

drain distance LGD = 12 µm, and gate length of 0.8 µm.

The devices were submitted to dc characterization and step-

stress experiments by means of a semiconductor parameter

analyzer. EL measurements carried out during the execution

of the step-stress experiments, by using a cooled-CCD camera

mounted on an optical microscope.

Fig. 2. I–V of the gate–source diode on one of the analyzed devices.
Inset: schematic band diagram of the analyzed structures.

III. RESULTS

A. I–V Curves of the Gate Diode

Fig. 2 reports the current–voltage (I–V ) curve of the gate–

source diode of one of the analyzed devices. The curve can

be divided in three main regions: for V < 1 V (region 1),

the 2-D electron gas (2-DEG) is not formed, and the AlGaN

layer blocks the flow of current from the p-GaN layer toward

the 2-DEG. For voltages in the range between 1 and 5 V

(region 2), a significant conduction takes place, thanks to the

joint contribution of holes injected from p-GaN toward the

channel, and electrons flowing from the 2-DEG toward the

gate. For higher voltages (region 3), the contribution of series

resistance becomes dominant, and the slope of the I–V curves

decreases. It is worth noticing that during real-life operation;

the devices never reach region 3, since here the gate current,

e.g., for a 70-m� device already exceeds 2 A. However,

the study of the degradation mechanisms taking place in this

voltage range can be of interest for device optimization.

B. Results of Step-Stress Experiments: Three Regimes
are Observed

Fig. 3 shows the gate leakage current measured during

the execution of a step-stress experiment. The gate voltage

was increased by 0.5 V every 120 s; the staircase represents

the stress voltage, while the colored lines represent the gate

leakage measured at each stage of the stress experiment.

As can be noticed, with increasing stress voltages, three

different regimes can be identified. For stress voltages lower

than 7 V, gate leakage current increases with increasing stress

voltage. During each stage of the step-stress experiment,

leakage is stable (for lower voltages), or slightly increasing

(for higher voltages). In the same voltage range, the EL
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Fig. 3. Step-stress performed by increasing the gate voltage of 0.5 V
step from 0 V up to failure, with VD = VS = 0 V. The device fails when
the gate current reaches the value of 0.5 A/mm after 14 V of gate bias
of stress.

Fig. 4. EL emission in false colors taken at different steps of stress
(9 and 14 V). The device starts to emit from the active region at 7 V.
At the step of stress at 9 V, the light is clearly visible. The image at 14 V
shows the EL taken before the failure. The light observed out of the active
region is probably the results of light rays bounding off reflective surfaces.

signal emitted by the forward-biased gate also increases nearly

exponentially (Fig. 4). Since EL signal originates from the

recombination of holes injected from p-GaN and electrons

injected from the 2-DEG toward the p-GaN [9], these results

indicate that for 0 V < VGstress < 7 V, an increasing carrier

injection takes place (holes injected from the metal contact and

electrons injected from 2-DEG to p-GaN through thermionic

emission [see Fig. 7(a)]). In the same stress voltage range,

no change in the ID–VGS curves and IG–VGS curves of the

devices is observed [in Fig. 5 (left) and (right) are reported

the ID–VGS and IG–VGS from 6.5 V of gate stress], and the

threshold voltage (minimum gate-to-source voltage needed to

create the conductive channel) is stable over time (Fig. 6), indi-

cating a good stability of the analyzed technology. The value

of the threshold voltage is calculated evaluating the intercept

with x-axis (VG) of the linear interpolation of the linear

region of the IDVGat VD = 1 V. For voltages in the range

7 V < VGstress < 12 V, both leakage current (Fig. 3) and EL

Fig. 5. IDVG curves (left) and IGVG curves (right) at VD = 1 V monitored
at each step of stress. The IDVG characteristic is not affected by the
stress up to 8 V; at 8.5 V, we observe an increase of drain current up to
1 mA/mm. At 9.5 V of VGstress, the drain current decreases. The IGVG
plot shows a strong increase in the gate current after VGstress = 8.5 V
then continues to increase up to failure at 14 V.

Fig. 6. Threshold voltage variation calculated by linear interpolation on
the linear part of IDVG curves at VD = 1 V for different values of gate
voltage during stress.

(Figs. 4–6) show a nonmonotonic behavior: first, gate leakage

continues to increase (7 V < VGstress < 10 V, Fig. 3), then

a decrease is detected (10 V < VGstress < 12 V). We suggest

that the increase in gate leakage is due to increase in hole

injection. This hypothesis is supported by two facts: first,

the EL signal associated with the electron-hole recombination

increases for 7 V < VGstress < 11.5 V, consistently with

the observed increase in gate leakage in the same voltage

range. Second, a strong negative shift in threshold voltage is

observed for 7 V < VGstress < 11.5 V (Fig. 6), indicating

the trapping of positive charge (injected holes) under the gate
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Fig. 7. Schematic representation of the three different stress regimes
investigated within this paper. Notice that the picture is not exhaustive
regarding the exact bending of the layers. (a) VGstress < 7 V leakage
increases with voltage, absence of Vth shift indicates no trapping in the
AlGaN. (b) 8 V < VGstress < 11.5 V, negative Vth shift indicates hole
trapping in the AlGaN; as a consequence, hole leakage decreases
(repulsive effect of trapped holes). (c) VGstress > 12 V, positive trapped
charge lowers field in AlGaN; hole detrapping is favored (Vth shows full
recovery), and leakage current increases again).

(possibly at the p-GaN/AlGaN interface or in the AlGaN layer

[see Fig. 7(b)]). It is worth noticing that—in the same stress

voltage range—also a significant increase in the subthreshold

current [Fig. 5 (left)] and in the gate current [Fig. 5 (right)]

is observed from the ID–VGS curves taken after each stage of

the step-stress test. The trapping of positive charge under the

gate may lead to a temporary “normally on” behavior of the

devices that results in a conductive channel even at negative

gate bias. The normally on behavior can also originate from

the creation of a parasitic channel of defects created after stress

at the AlGaN/GaN interface.

Also this effect is explained by the trapping of holes

under the gate, which results in higher 2-DEG conductivity.

For higher voltages (VGstress > 12 V), the gate leakage and

the EL signal measured over stress time slowly increase

again (see Figs. 3 and 4). At the same time, the ID–VGS

curves [Fig. 5 (left)] and the threshold voltage (Fig. 6)

show a substantial recovery, and become very similar to

those measured before stress. This result indicates that the

trapped positive charge responsible for the Vth shift is

almost completely removed when the gate-stack is stressed

at high positive bias. As described by the schematic

in Fig. 7(c), we propose that when the devices are stressed

with VGstress > 12 V, the high amount of holes trapped at the

p-GaN/AlGaN interface may lower the electric field in the

AlGaN layer, which counteracts both injection of electrons

from the 2-DEG to the AlGaN, and the de-trapping of holes.

As a consequence, leakage current can slowly increase again,

Fig. 8. Curves of capacitance–voltage plotted go and back, carried out
after different steps of stress. (a) Preliminary capacitance–voltage plot
(1) with the plot of the same measurement performed after 7 V of gate
step of stress (2) are reported. (b) C–V plots after 9 (3) and 10 V (4) of
gate stress are reported. After 7 V of gate voltage of stress the curves
go and back start to show a hysteresis.

and threshold voltage shows an almost complete recovery,

thanks to the de-trapping of holes from the p-GaN/AlGaN

interface [10]. It is worth noticing that also defect gener-

ation/electron trapping in the AlGaN [11], [12], at the

AlGaN/GaN interface [13], or in the buffer may lead to the

observed behavior.

C. Capacitance–Voltage Characterization Confirms the
Trapping of Positive Charge

In Section III-B, we have suggested that when the stress

voltage is in the range between 9 and 11.5 V, a significant

threshold voltage shift takes place due to the trapping of

charges under the gate. To provide an experimental evidence

for this hypothesis, we have carried out capacitance–voltage

characterization of the devices after stress at increasing voltage

levels. A summary of this analysis is reported in Figs. 8

and 9. Fig. 8(a) reports the C–V curves measured before

stress (1); a forward sweep and a consecutive backward sweep

were measured to verify the presence of hysteresis, which is

indicative of charge-trapping phenomena. The forward sweep

is indicated by the solid line, while the backward sweep is

indicated through a dashed line; the speed of the voltage

ramp used for the C–V measurement is 50 mV/s. Before

stress, no significant hysteresis was observed in the C–V

curves, indicating the absence of charge trapping phenomena.

The same absence of hysteresis was observed also after stress

at 7 V (2); this is consistent with the data reported in Fig. 6

that indicate the absence of charge trapping (and threshold

voltage shift) for stress voltages lower than 7 V. Remarkably,

the C–V curves measured after stress at 9 (3) and 10 V

(4) showed a different behavior: in the upward sweep, the C–V

curve shows an early turn ON, which is consistent with the

negative Vth shift described in Fig. 6. During the backward

sweep, a hysteresis is noticed, consisting in a rightward shift

of threshold voltage. This hysteresis can be ascribed to the

change in the occupancy of the traps filled during stress and/or
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Fig. 9. Values of charge calculated from the hysteresis observed from
the curves go and back of capacitance voltage after several steps of
stress.

during the CV sweep (e.g., hole traps filled during stress, and

emptied during the CV sweep). De-trapping can be favored

by the long measurement times, and/or by the injection of

electrons from the 2-DEG to the p-GaN/AlGaN. Also trapping

in defects generated after stress in the buffer and/or at the

AlGaN/GaN interface (as proposed in [11]) may explain the

observed behavior of the C–V curves [14]. Fig. 9 quantifies

the hysteresis observed in C–V measurements carried out after

stress at increasing voltage levels, by showing the integral

of the difference between the forward and backward C–V

sweep. As can be noticed, no hysteresis is observed up to

VGstress = 8 V; for higher voltages, a significant hysteresis is

observed, indicating the storage of charge in the structure after

stress. This is well correlated with the Vth variation shown

in Fig. 6.

D. Is This a Recoverable Degradation Process?

After describing the degradation process, we carried out a

set of tests, to evaluate if the observed mechanisms are recov-

erable or permanent. As shown in Figs. 5 and 6, the strongest

degradation is observed for stress voltages between 9 and 10 V.

We, therefore, step-stressed devices up to VGstress = 9.5 V, and

then evaluated the recovery under zero bias [see Fig. 10 (left)].

The results indicate that the degradation mechanism described

within this paper is slowly recoverable. Both threshold voltage

and subthreshold current move back toward the values of the

untreated devices if a sufficiently long time elapses under

zero bias. This result indicates that the degradation process

described above (accumulation of positive charge under the

gate-stack) is mostly related to the trapping of mobile charges,

rather than to the generation of positively charged fixed

defects. Still, degradation is not fully recoverable, and some

permanent effect is supposed to contribute as well. Only

the IG–VGS plot does not show any recovery in the gate

current [Fig. 10 (right)], demonstrating that the mechanism

responsible of the gate current increase (electron injection) is

not yet fully exhausted after 14 days.

Fig. 10. IDVG characteristic (left) and IGVG characteristic (right) with VG
from −5 to 5 V performed during the step stress. The measurement was
carried out by applying a step stress of gate of 120 s with VD = VS = 0 V,
by increasing the gate bias (from 5 V) of 0.5 V for each step and by
stopping the stress before failure (at 9.5 V). In order to evaluate the
recovery, we tested the device after 4 days and after 14 days: we observe
a recovery only in the IDVG characteristic.

IV. CONCLUSION

In this paper, we have studied the forward bias gate degrada-

tion of GaN-based HEMTs with p-type gate. The devices were

submitted to dc characterization and step-stress experiments by

monitoring the EL. We demonstrate the existence of different

degradation processes, depending on the applied stress voltage

VGstress.

1) For VGstress < 7 V, no significant degradation is

observed, indicating a good stability of the analyzed

technology (which is operating at typical gate voltages

of 3.5 V with voltage spikes effectively self-clamped by

the gate diode to below 5.5 V).

2) Gate voltages between 7 and 11.5 V induce a negative

shift of threshold voltage, correlated with a decrease

in the gate leakage current and EL. This phenom-

enon can be ascribed to the trapping of holes in the

AlGaN or at the p-GaN/AlGAN interface.

3) For VGstress ≥ 12 V, threshold voltage recovers its initial

value due to the de-trapping of the holes previously

trapped.

Such a mechanism was confirmed by means of go–back

C–V measurements: up to 7 V of gate voltage the absence of

hysteresis (no charge trapping) was noticed. Once the holes are

trapped in the AlGaN or at the p-GaN/AlGAN interface for

higher VGstress, a significant hysteresis is observed in the C–V

plot. Finally, we demonstrated that the observed degradation

process is not permanent, but it shows a slow recovery.

REFERENCES

[1] K. Chen et al., “GaN-on-Si power technology: Devices and applica-
tions,” IEEE Trans. Electron Devices, vol. 64, no. 3, pp. 779–795,
Mar. 2017, doi: 10.1109/TED.2017.2657579.

http://dx.doi.org/10.1109/TED.2017.2657579


RUZZARIN et al.: DEGRADATION MECHANISMS OF GaN HEMTs 2783

[2] D. Shibata, R. Kajitani, M. Ogawa, K. Tanaka, S. Tamura, and

T. Hatsuda, “1.7 kV/1.0 m�cm2 normally-off vertical GaN transistor
on GaN substrate with regrown p-GaN/AlGaN/GaN semipolar gate
structure,” in IEDM Tech. Dig., Dec. 2016, pp. 248–251, doi: 10.1109/
IEDM.2016.7838385.

[3] S. Kaneko et al., “Current-collapse-free operations up to 850 V by GaN-
GIT utilizing hole injection from drain,” in Proc. IEEE 27th Int. Symp.

Power Semiconductor Devices ICs, May 2015, pp. 41–44.
[4] A. N. Tallarico et al., “Investigation of the p-GaN gate break-

down in forward-biased GaN-based power HEMTs,” IEEE Elec-

tron Device Lett., vol. 38, no. 1, pp. 99–102, Jan. 2017, doi:
10.1109/LED.2016.2631640.

[5] I. Rossetto et al., “Field- and current-driven degradation of GaN-based
power HEMTs with p-GaN gate: Dependence on Mg-doping level,”
Microelectron. Rel., vols. 76–77, pp. 298–303, Sep. 2017, doi: 10.1016/
j.microrel.2017.06.061.

[6] I. Rossetto et al., “Time-dependent failure of GaN-on-Si power HEMTs
with p-GaN gate,” IEEE Trans. Electron Devices, vol. 63, no. 6,
pp. 2334–2339, Jun. 2016, doi: 10.1109/TED.2016.2553721.

[7] Y. Uemoto et al., “Gate injection transistor (GIT)—A normally-off
AlGaN/GaN power transistor using conductivity modulation,” IEEE

Trans. Electron Devices, vol. 54, no. 12, pp. 3393–3399, Dec. 2007.
[8] T.-L. Wu et al., “Forward bias gate breakdown mechanism

in enhancement-mode p-GaN gate AlGaN/GaN high-electron mobility
transistors,” IEEE Electron Device Lett., vol. 36, no. 10, pp. 1001–1003,
Aug. 2015, doi: 10.1109/LED.2015.2465137.

[9] M. Meneghini et al., “Electron and hole-related luminescence processes
in gate injection transistors,” Appl. Phys. Lett., vol. 97, no. 3,
pp. 2013–2016, 2010, doi: 10.1063/1.3467039.

[10] T. F. Chang et al., “Phenomenon of drain current instability on p-GaN
gate AlGaN/GaN HEMTs,” IEEE Trans. Electron Devices, vol. 62, no. 2,
pp. 339–345, Feb. 2015.

[11] A. N. Tallarico et al., “PBTI in GaN-HEMTs With p-Type Gate:
Role of the aluminum content on 1VTH and underlying degradation
mechanisms,” IEEE Trans. Electron Devices, vol. 65, no. 1, pp. 38–44,
Jan. 2018, doi: 10.1109/TED.2017.2769167.

[12] X. Li, G. Xie, C. Tang, and K. Sheng, “Charge trapping related channel
modulation instability in P-GaN gate HEMTs,” Microelectron. Rel.,
vol. 65, pp. 35–40, Oct. 2016, doi: 10.1016/j.microrel.2016.07.040.

[13] K. S. Kim, “Interface trap of p-type gate integrated AlGaN/GaN
heterostructure field effect transistors,” Jpn. J. Appl. Phys., vol. 56,
pp. 091002-1–091002-5, Aug. 2017, doi: 10.7567/JJAP.56.091002.

[14] J. Osvald, “Influence of deep levels on capacitance-voltage character-
istics of AlGaN/GaN heterostructures,” J. Appl. Phys., vol. 110, no. 7,
p. 073702, 2011, doi: 10.1063/1.3643000.

Authors’ photographs and biographies not available at the time
of publication.

http://dx.doi.org/10.1109/LED.2016.2631640
http://dx.doi.org/10.1109/TED.2016.2553721
http://dx.doi.org/10.1109/LED.2015.2465137
http://dx.doi.org/10.1063/1.3467039
http://dx.doi.org/10.1109/TED.2017.2769167
http://dx.doi.org/10.1016/j.microrel.2016.07.040
http://dx.doi.org/10.7567/JJAP.56.091002
http://dx.doi.org/10.1063/1.3643000
http://dx.doi.org/10.1109/IEDM.2016.7838385
http://dx.doi.org/10.1109/IEDM.2016.7838385
http://dx.doi.org/10.1016/j.microrel.2017.06.061
http://dx.doi.org/10.1016/j.microrel.2017.06.061

