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This paper reports an analysis of the degradation mechanisms of GaN-based normally-off transistors submitted
to off-state stress, forward-gate operation and electrostatic discharges. The analysiswas carried out on transistors
with p-type gate, rated for 600 V operation, developed within the European Project HIPOSWITCH. DC measure-
ments, thermal analysis by transient interferometricmapping (TIM), and transmission line pulse (TLP)wereused
in combination to achieve a complete description of the degradation and failure processes.
The results of this investigation indicate that: (i) the analyzed devices have a breakdown voltage (measured at 1
mA/mm)higher than 600V; in off-state, drain current originates fromgate–drain leakage for drain voltages (VDS)
smaller than 500 V, and from vertical leakage through the conductive substrate for higher drain bias. (ii) step-
stress experiments carried out in off-state conditions may induce instabilities in both drain–source conduction
and gate leakage. Failure consists in the shortening of the gate junction, and occurs at VDS higher than 600 V.
(iii) in forward bias, the p-type gate is stable up to 7 V; for higher gate voltages, a time-dependent degradation
is detected, due to the high electric field across the AlGaN barrier; (iv) TIM analysis performed under short-
circuited load conditions revealed hot spots at the drain side of the channel in the access region, thus indicating
that these regions may behave as weak spots under high bias operation. Cumulative device degradation under
such repeating pulses has also been revealed. (v) TLP tests were carried out to evaluate the voltage limits of
the devices under off-state and on-state conditions. The results described within this paper provide relevant
information on the reliability issues of state-of-the-art normally-off HEMTs with p-type gate.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Galliumnitride represents an excellentmaterial for the fabrication of
transistors for application in the power conversion field; transistors
based on GaN have superior performance, thanks to the high mobility
(N1200 cm2/Vs) of the bi-dimensional electron gas (2DEG), which
results in very low on-resistance (Ron). In addition, the RonQg product
(where Qg is the gate charge) of GaN transistors is smaller than
1Ω nC [1], and this results in a significant reduction of switching losses
with respect to conventional power devices. Another important advan-
tage of using GaN is the high expected reliability: GaN has a breakdown
voltage of 3.3MV/cm, and – for this reason– transistorswith breakdown
voltages in the kV range have already been fabricated. By exploiting the
outstandingperformance ofGaN, power converterswith efficiency higher
than 99% have already been demonstrated [2], thus confirming the excel-
lent potential of GaN for the power electronics field. As indicated in [3], it
eneghini).
is the first time (since 60 years) that a new higher performance technol-
ogy can competewith its silicon counterpart in terms of costs: GaN can be
grown heteroepitaxially on a foreign silicon substrate, and can be proc-
essed in Si-compatible manufacturing lines. SiC substrates are also used
when thermal conductivity and lattice quality (rather than cost) are
major needs, such as – for instance – in the aerospace and RF fields.

Thanks to the intrinsic and piezoelectric polarization, GaN transis-
tors are normally-on devices, with typical threshold voltages in the
range between −6 V and −2 V. To reach normally-off operation,
several approaches have been proposed, including the recess of the
AlGaN layer under the gate [4], the use of F-implantation [5], and the
use of a p-type gate [1]. The latter approach has the advantage of
permitting to reach threshold voltages higher than 1–1.2 V, and to
modulate the channel conductivity through hole injection [6].

Over the last three years, several research institutes and industrial
partners have been involved in the FP7 project HIPOSWITCH (GaN-
based normally-off HIgh POwer SWITCHing transistor for efficient
power converters); one of the goals of this projectwas the development
of normally-off GaN power FETs with a p-type GaN gate.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.microrel.2015.11.026&domain=pdf
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Fig. 1. Schematic cross section of the active transistor region, showing the basic material stack and the principal geometry of the devices studied.
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The aim of this paper is to give an overview on the technological
steps used for the fabrication of normally-off devices within the
HIPOSWITCH project; in addition, we describe the degradation issues
of the state-of-the-art transistors delivered at the end of the project.
The paper is structured as follows: Section 2 gives a detailed description
of the technological steps used for the growth and processing of
the devices. Section 3 describes the issues related to self heating;
based on Transient Interferometric Mapping (TIM) measurements we
present data on the heat distribution, and on the related reliability
issues. Section 4 describes reliability limits of the devices, by presenting
results on breakdown tests and step-stress characterization carried
out in off-state conditions and with a positive gate bias. In addition
we present results on the failure mechanisms of normally-off HEMTs
submitted to drain–source and gate–source electrostatic discharge
(ESD) events.
Fig. 2. Transfer characteristics and gate current (linear representation on top, logarithmi
heterostructure, left) and on an iron-doped GaN buffer (single heterostructure, right). The me
width is 2.1 μm (left) and 3.2 μm (right). Gate drain separation is 15 μm and VDS = 10 V.
2. Device fabrication and basic characteristics

For this study we used normally-off AlGaN/GaN HEMTs with p-GaN
gate. The high voltage buffer structure is based either on AlGaN back-
barrier or on iron compensation doping (GaN:Fe). TheGaN-based layers
were grown on 3″ n-type or semi-insulating SiC substrates in a multi-
wafer MOCVD reactor. The top p-type GaN layer was overgrown in a
separate MOCVD reactor, and acts as gate for transistor normally-off
characteristic [1]. All remaining p-GaN areas are selectively removed
from the wafer surface by dry-etching. RTP annealing of any etch
damage has been done at 500 °C. Ohmic source and drain contacts
consist of a Ti/Al/Mo/Au metallization, annealed at 830 °C and yield
contact resistances b0.4 Ω mm. Au–Ni ohmic contact formation on top
of the p-type GaN gates was done at 530 °C. The devices were isolated
against each other by means of nitrogen implantation and then SiNx-
c representation on bottom) of p-GaN gate HFETs based on an AlGaN buffer (double
dian currents with quantiles of 30 devices spread over a 3″ wafer are shown. Device gate



Fig. 3. Transfer characteristics measured at increasing temperature levels (25 °C, 60 °C,
95 °C, 130 °C. 165 °C and 200 °C) on one of the analyzed samples with Fe-doped buffer.

Fig. 5. Top: Phase distribution across the two fingers at different time instants; VDS =
200 V. Average current = 80 mA. The device gate width is 0.25 mm and LGD = 10 μm.
Bottom: backside infrared picture of the middle part of the device where the scan was
performed.
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passivated. After Au based gate, source and drain-finger metallization,
the structures were fully covered with 2.6 μm benzocyclobutene
(BCB). This insulation layer was opened in the source and drain fingers
for electroplating 5 μm Au on the fingers and for the creation of bond
pads on top of the BCB layer outside the active transistor area. Crossing
of source-connected over gate-connected metal lines allowed the
fabrication of multiple-finger transistors. Finally, the devices were
fully passivated with a second 6 μm thick BCB layer. To prevent surface
sparking at high voltage levels, this BCB layer was opened at the source,
drain and gate contact pads only. Fig. 1 shows a schematic cross-section.
70 mΩ/600 V transistors with up to 120 A pulse current and a gate
charge as low as 15 nC have been realized with combining 134 gate
fingers to a device with 214.4 mm gate width [7,8].

Pattern definition was done by i-line stepper optical lithography.
The gate length is 1.3 μm and the source–gate separation is 1.0 μm.
The gate–drain distance is LGD = 15 μm. Device characteristics were
taken from 2-finger or 8-finger transistors with 0.25 mm, 2.1 mm,
3.2 mm or 8.4 mm gate width. The dc measurements were collected
on a large amount (30) of devices per wafer, in order to evaluate the
variability of the electrical parameters.

The normally-off behavior of the processed devices is shown in
the transfer characteristics in Fig. 2 for both used buffer structures.
The threshold voltage is close to 1 V, and remains stable up to 200 °C,
as shown in Fig. 3 (see further details on this in [9]). The device on-
state is considered for VGS = 5 V, to keep the gate current lower than
20 μA/mm.
Fig. 4. 600V/0.3 A switching transient of a p-GaNgate transistorwith GaN:Fe buffer on Si–SiC su
shows the switching event in increased time resolution.
The scaling of breakdown voltage with gate–drain separation is
40 V/μm for the AlGaNbuffer devices and 50V/μm for the GaN:Fe-buffer
devices. Fig. 4 reports the typical switching characteristicsmeasured (at
600 V) for one of the analyzed devices demonstrating fast switching
with dV/dt = 10 kV/μs.

3. Heat distribution and TIMmapping

The characterization of heat distribution and of the thermal proper-
ties of the deviceswas carried out by Transient InterferometricMapping
(TIM) measurements [10]. For TIM measurements devices with
0.25 mm gate width were biased with a constant VDS ranging from
25 V to 200 V and the gate-to-source voltage (VGS) was pulsed from
−5 V (off-state) to +5 V (on-state) for 10 μs. The load line was given
by a 17 Ω resistor in series with the transistor. This stressing mode
mimics a short-circuit load condition with simultaneous high voltage
and high current. This is not a state that devices are supposed to reach
in normal operation, but it is relevant from a reliability point of view.
Indeed nowadays' power devices are expected to survive a few pulses
in this condition [11–12]. In TIM, an IR laser beam (λ=1.3 μm) focused
on the device active area from the polished backside probes the change
in refractive index induced by temperature. The resulting phase shift is
recorded during each single electrical pulse. 20 pulses are applied at the
same scanning position to improve the signal to noise ratio. The pulse
repetition frequency is low enough (1 Hz) so that the device can cool
bstrate in a set-upwith 2 kΩ resistive load. The device gatewidth is 3.2 μm. The right graph



Fig. 6. Temperature simulation results at the end of 10 μs long pulse at 200 V stress. Only
half of the structure was simulated.

Fig. 8. 3-terminal DC transfer characteristics monitored after each TIM scan of a device
with early cumulative damage.
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down to room temperature between consecutive pulses. Under such
conditions, the phase shift distribution is directly related to 2D heat
energy distribution [10]. Using the TIM data, one can therefore extract
the power dissipation distribution and thus 3D temperature distribu-
tion can be calculated using thermal modeling. Between line scans
performed at different drain biases, 3-terminal DC-IV characteristics
were measured to check the device for cumulative damage.

Fig. 5 shows the phase shift distribution across the two device fingers
for different time instants during heating at VDS=200V. In this particular
device the two fingers show nearly the same power dissipation but there
are devices where the deviation in power dissipation in the two fingers is
about 10–20%.Within each of the fingers, the power dissipation distribu-
tion is higher towards the drain side of the channel in the access region.
This is a common result for drain voltages higher than 50 V. For lower
voltages, the power dissipation is mostly seen near the gate location,
see also Fig. 5. This supports observations from other groups in various
timedomains [13–15]. For absolute temperature estimation, thermal sim-
ulations were performed taking into account the shape of the power dis-
tribution from the TIM data, and thermal parameters including thermal
boundary resistance as in [16]. The maximum temperature increase at
the end of the 10 μs pulse for VDS = 200 V (cf. Fig. 5) is 244 K, see Fig. 6.

The transfer characteristics of the device from Fig. 5, which have
beenmeasured after each scan, are presented in Fig. 7 (the total number
of pulses at each VDS bias is indicated). The device did not suffer major
degradation after the scans. However, some of the studied devices did
suffer from cumulative degradation due to the repetitive stressing.
Fig. 8 shows transfer characteristics where an increase in the OFF-state
drain current is seen after 20,000 pulses at VDS = 25 V, as well as an
Fig. 7. 3-terminal DC transfer characteristics of the device from Fig. 3monitored after each
TIM scan. The legend lists the TIM scans applied to the device, with VDS and number of
pulses; “+”means cumulative stress.
increase of the gate leakage current by several orders of magnitude
after the scans at 50 V.

Another type of cumulative degradation effect can be seen in the
optical properties of the device: the measured amplitude of the
reflected light intensity from the device depends on the total stress. As
shown in Fig. 9, the value of the amplitude is nearly constant in the
first scan (VDS = 50 V), whereas in subsequent scans at higher VDS,
two low reflectivity regions are visible. This effect can be produced by
delamination of the polymer passivation layer due to mechanical stress
caused by localized thermal expansion. However, no direct correlation
between the electrical cumulative damage and these optical reflectivity
features has been found. This reflectivity change has no direct incidence
on the TIMphase signal, except for a decrease of the signal to noise ratio.
When the reflectivity becomes very low, spatially localized artifacts can
indeed appear in the phase signal.

Finally, in some cases, the devices have experienced destructive
thermal breakdown during TIM scans. Fig. 10 shows the drain current
and gate voltage waveforms of a destructive pulse where the failure
occurs at t = 2 μs during application of a first pulse at VDS = 200 V.
Fig. 11 is the optical picture from the topside after this catastrophic
failure showing metal burnout.
Fig. 9.Top: 2D reflectivity scanafter cumulativedamage after TIM scan at VDS=200V. The
yellow parts are the high reflecting source and drain contacts. Bottom: Line reflectivity
scan after TIM scans at different VDS, showing the evolution of the cumulative damage
due to passivation layer delamination.



Fig. 10. Drain current and gate voltage waveform during single shot damage of a device
(VDS = 200 V).

Fig. 11. Top-side view of a typical single shot damage of a device.

Fig. 13. Variation of gate, drain and source current during off-state step stress for one
of the analyzed devices. The device gate width is 2.1 mm. The device has a double
heterostructure buffer.
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4. Reliability issues

This section reports on the results of the stress tests carried out in the
off-state and with a positive gate voltage on the devices. In addition, we
report representative results on the failure mechanisms of normally-off
HEMTs submitted to ESD pulses.
Fig. 12. Non-destructive breakdown characterization (left) on a device with double heterostr
8 devices.
4.1. Off-state degradation

Before the execution of the off-state stress tests, the leakage charac-
teristics of the devices were characterized by dc measurements. Fig. 12
reports representative results, showing the variation of the gate, drain,
and source current with increasing drain bias for the devices with
double heterostructure and with Fe-compensated buffer; gate voltage
was fixed to −3 V (corresponding to off-state) for the execution of
the measurements. The devices under tests have a gate–drain spacing
of 15 μm. For the DH devices, for low and moderate drain voltages
(VDS b 400 V) drain current mostly originates from the leakage of the
reversely-biased gate junction. When the drain bias exceeds 400 V,
drain–source leakage shows a considerable increase, thus giving the
dominant contribution to drain current (it is worth noticing that the
breakdown current remains below 1 mA/mm [17] in the whole
analyzed voltage range). A source–drain leakage path can either go via
the buffer layers, indicating punch through [18,19], or vertically through
the GaN layers and the (conductive) substrate. The vertical leakage
current measurements on separate structures on the wafer (not
shown here for sake of brevity) reveal the vertical leakage path via the
conductive substrate as dominant source–drain path [8]. On the other
hand, the deviceswith Fe-compensated buffer has a better confinement
ucture and (right) on a device with Fe-compensated buffer. Each curve is the average on



Fig. 14. Current–voltage curves measured during the step-stress in Fig. 11. The device has
a double heterostructure buffer. Fig. 16. I–V curves of the gate–source diode of a sample submitted to a step-stress with

increasing (positive) gate voltage (same sample as in Fig. 13). The device has a single
heterostructure buffer.
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and isolation, and drain leakage remains well below 1 μA/mm up to
VDS = 650 V.

After this preliminary characterization of the sub-threshold leakage
characteristics, we carried out a set of step-stress experiments to evalu-
ate the stability of the devices under off-state conditions. The tests were
executed with a negative gate voltage of −3 V (consistently with the
results in Fig. 12), by increasing the drain bias by 50 V every 100 s
until the failure. Representative results are shown in Fig. 13; during
the initial stages of the step-stress experiment (VDS b 300 V), source
current is low, while drain current is almost equal to gate leakage (as
shown also in Fig. 13). During each stage of the step-stress, gate current
shows a gradual decrease, that can be ascribed to the trapping of
electrons in the region under the gate [20–21]. On the other hand,
for stress voltages higher than 400 V drain–source leakage becomes
dominant, and the measurements reveal an increase in the noise
superimposed to drain current. Catastrophic failure occurs at VDS =
650 V for this specific device.

The I–V curves of the gate diode weremonitored after the execution
of each stage of stress; the results (Fig. 14) indicate that the gate–
drain diode is stable up to a stress voltage of VDS = 600 V. A sudden
degradation of the devices was found only for higher stress voltages,
resulting in a significant increase in gate leakage and in the failure
of the devices. The results described above indicate that the analyzed
device technology is stable up to 600 V under dc conditions, in the off-
state.
Fig. 15. Results of a step-stress experiment carried out on one of the analyzed samples, by
submitting the gate–source junction to increasing positive voltage levels. The device gate
width is 0.25 mm. The device has a single heterostructure buffer.
4.2. Degradation of the gate junction under forward bias

The devices analyzed within this paper have a p-type gate material;
so far, no extensive analysis of the degradation of the gate junction of
normally-off HEMTs with p-type gate has been published in the litera-
ture. For this reason, we analyzed the stability of the gate diode by
means of a set of positive VGS stress tests. A preliminary step-stress
experiment was carried out by positively biasing the gate–source
junction (with floating drain); the voltage was increased by 0.5 V
every 100 s. The results (Figs. 15 and 16) indicate that the gate–source
diode remains stable for stress voltages smaller than 7 V, i.e. within
the operating limits of the analyzed devices. Higher stress voltages
were found to induce an increase in the noise superimposed to stress
current (see Figs. 15 and 16 for stress voltages higher than 7 V), and
the increase in the reverse and forward leakage current of the gate
junction (Fig. 16).

To better investigate the physical origin of the degradation of the
p-type gate junction under forward bias, we carried out a set of constant
voltage stress tests; the stress voltage was fixed to 8.5 V, and several
devices coming from the same wafer were stressed. Fig. 17(a) reports
the variation of gate current measured on one representative device:
during the constant voltage stress, gate current showed a step-like
variation (two main steps are visible in Fig. 17(a)), and increased
from 4 × 10−5 A/mm (measured at the beginning of the stress
test) to 6 × 10−4 A/mm (measured after 1000 s). The device in
Fig. 17(a) showed a catastrophic failure after 6300 s of stress. EL micro-
graphs collected at different times (t1 and t2, see Fig. 17(b) and (c))
indicated that the step-like increase in gate leakage corresponds to the
generation of hot-spots, i.e. of localized defective paths. This degrada-
tion mechanism can be due to the time-dependent degradation of
GaN/AlGaN heterostructure (see [20–22]), to the time-dependent
breakdown of the dielectric in proximity of the gate, or to the crowding
of gate (forward) current in proximity of localized paths. For longer
stress times, a catastrophic failure is observed (Fig. 17(a)), possibly
indicating a time-dependent breakdown. The time to failure (TTF) was
found to be Weibull distributed (not shown here for sake of brevity),
with a shape parameter β = 0.6.
4.3. ESD failure

Other relevant failure mechanisms can occur when ESD pulses are
applied to the gate–source junction or to the drain terminal. These con-
ditionswere analyzed by carrying out set of ESD tests, by using a custom
transmission line pulser (TLP) with pulse width of 100 ns. The TLP tests
were carried out in two different configurations, i.e. by applying ESD



Fig. 17. (a) Variation of gate-current during the execution of a constant voltage stresswith positive bias on the gate junction. Panels (b) and (c) represent false-color images of the EL signal
measured at two different moments of the stress test. The device has a single heterostructure buffer.

Fig. 18. Schematic representation of the conditions used for the TLP testing of the devices.
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pulses on the gate–source diode, with floating drain (Fig. 18(a)), and by
applying positive bias pulses on the drain terminal, with grounded
source and floating gate (Fig. 18(b)). Several test structures (at least 5
per wafer) were tested to evaluate the uniformity of the failure modes
and mechanisms.

Fig. 19 reports the results of TLP tests carried out in reverse-bias
conditions on the gate–source diode; the gate junction remains stable
until the failure, which occurs around VGS =−230 V. The micrographs
collected after failure indicate the existence of two different damaged
regions. Such regions are possibly located in correspondence of pre-
existing localized defects, either depending on the process [20] or on
the presence of dislocations under the gate edge [23]. The results in
Fig. 19. Results of TLP testing carried out by pulsing the gate–source junction, with floating dra
(red) is plotted against the gate pulse current after every pulse. The device gate width is 3.2 m
Fig. 19 suggest that failure possibly occurs at the source-side of the
gate, which is subject to high electric field, and then thedamage extends
to the whole source–drain area due to the high dissipated power.

Fig. 20 refers to the case where the TLP pulses are applied between
drain and source with gate floating; the device has a threshold voltage
Vth = 1 V, and has a normally-off behavior. However, when fast pulses
are applied to the drain, the gate voltage can increase above Vth due
to the capacitive coupling between the gate and drain terminal, thus
turning on the devices. For this reason – when tested with floating
gate – the transistor can reach current levels in the order of 2–4 A.
The failure is reached – possibly due to the high dissipated power –
for drain voltages in excess of 450 V. It is worth noticing that the
sub-threshold drain source leakage remains stable and smaller than
100 nA until the failure.

5. Conclusions

In summary, we have described the technological steps used within
the HIPOSWITCH project for the fabrication of normally-off transistors
with p-type gate. In addition, we have presented an extensive analysis
of the thermal properties and of the robustness of these devices, that
have been submitted to off-state stress, forward gate bias stress, and
electrostatic discharges. More specifically: (i) TIM analysis revealed
the presence of hot spots at the drain side of the channel in the access
in. Gate-pulse current and voltage in black. The gate leakage current Ileak for VGS =−8 V
m. The device has a single heterostructure buffer.



Fig. 20. Results of TLP testing carried out by pulsing between drain and source, with floating gate. Drain-pulse current and voltage in black. The drain leakage current Ileak for VDS = 1 V
(red) is plotted against the drain pulse current after every pulse. The device gate width is 3.2 mm. The device has a single heterostructure buffer.
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region. (ii) The analyzed devices have a breakdown voltage higher
than 600 V, as demonstrated by dc breakdown measurements and by
constant voltage stress tests. (iii) The p-type gate shows a significant
degradation only for voltages higher than 7 V. The degradation process
is time-dependent, and is ascribed to the generation of defects within
the AlGaN layer, that is subject to high electric fields. (iv) TLP tests
carried out by pulsing both the gate and the drain allow identifying
the operational limits of the devices in pulsed operation. The results
presented within this paper provide information on the properties
and technological issues of state-of-the-art transistors for application
in power electronics. Future investigations will aim (i) at evaluating
the impact of the buffer/substrate structure on the thermal performance
of the devices; (ii) at understanding the correlation between the struc-
tural properties of the p-GaN/AlGaN layers and the related robustness,
through specific testing; (iii) at investigating the impact of processing,
layout and geometry on the electrical performance, breakdown and
ESD robustness of the devices.

References

[1] O. Hilt, E. Bahat-Treidel, A. Knauer, F. Brunner, R. Zhytnytska, J. Würfl, High-voltage
normally OFF GaN power transistors on SiC and Si substrates, MRS Bull. 40 (05)
(2015) 418–424.

[2] T. Ueda, H. Handa, Y. Kinoshita, H. Umeda, S. Ujita, R. Kajitani, M. Ogawa, K. Tanaka,
T. Morita, S. Tamura, H. Ishida, M. Ishida, GaN-based gate injection transistors for
power switching applications, 2014 IEEE International, Electron Devices Meeting
(IEDM) 2014, pp. 11.3.1–11.3.4.

[3] A. Lidow, GaN transistors — giving new life to Moore's law, Proc. ISPSD 2015, Hong
Kong 2015, pp. 1–6.

[4] J.W. Saito, Y. Takada, M. Kuraguchi, K. Tsuda, I. Omura, IEEE Trans. Electron Devices
53 (2) (2006) 356.

[5] Y. Cai, Y. Zhou, K.M. Lau, K.J. Chen, IEEE Trans. Electron Devices 53 (2006) 2207.
[6] Y. Uemoto, M. Hikita, H. Ueno, H. Matsuo, H. Ishida, M. Yanagihara, T. Ueda, T.

Tanaka, D. Ueda, IEEE Trans. Electron Devices 54 (12) (2007) 3393.
[7] O. Hilt, R. Zhytnytska, J. Böcker, E. Bahat-Treidel, F. Brunner, A. Knauer, S.

Dieckerhoff, J. Würfl, 70 mΩ/600 V normally-off GaN transistors on SiC and Si
substrates, Proc. ISPSD 2015, Hong Kong 2015, pp. 237–340.

[8] O. Hilt, P. Kotara, F. Brunner, A. Knauer, R. Zhytnytska, J. Würfl, Improved vertical
isolation for normally-off high voltage GaN-HFETs on n-SiC substrates, IEEE Trans.
Electron Devices 60 (10) (2013) 3084–3090.

[9] C. Fleury, M. Capriotti, M. Rigato, O. Hilt, J. Würfl, J. Derluyn, S. Steinhauer, A. Köck, G.
Strasser, D. Pogany, High temperature performances of normally-off p-GaN gate
AlGaN/GaN HEMTs on SiC and Si substrates for power applications, Microelectron.
Reliab. 55 (2015) 1687–1691.
[10] M. Litzenberger, C. Furbock, S. Bychikhin, D. Pogany, E. Gornik, Scanning heterodyne
interferometer setup for the time-resolved thermal and free-carrier mapping in
semiconductor devices, IEEE Trans. Instrum. Meas. 54 (6) (Dec 2005) 2438–2445.

[11] E. Riedlberger, R. Keller, H. Reisinger, W. Gustin, A. Spitzer, M. Stecher, C.
Jungemann,Modeling the lifetime of a lateral dmos transistor in repetitive clamping
mode, Reliability Physics Symposium (IRPS), 2010 IEEE international May 2010,
pp. 175–181.

[12] H. Köck, C. Djelassi, S. de Filippis, R. Illing, M. Nelhiebel, M. Ladurner, M. Glavanovics,
D. Pogany, Improved thermal management of low voltage power devices with
optimized bondwire positions, Microelectron. Reliab. 51 (9–11) (2011) 1913–1918.

[13] R. Aubry, J.-C. Jacquet, J. Weaver, O. Durand, P. Dobson, G. Mills, M.-A. di Forte-
Poisson, S. Cassette, S.-L. Delage, Sthm temperature mapping and nonlinear thermal
resistance evolution with bias on algan/gan hemt devices, IEEE Trans. Electron
Devices 54 (3) (March 2007) 385–390.

[14] J. Park, M.W. Shin, C. Lee, Thermal modeling and measurement of algan–gan
hfets built on sapphire and sic substrates, IEEE Trans. Electron Devices 51 (11)
(Nov 2004) 1753–1759.

[15] R.J.T. Simms, J.W. Pomeroy, M.J. Uren, T. Martin, M. Kuball, Current collapse in algan/
gan transistors studied using time-resolved raman thermography, Appl. Phys. Lett.
93 (20) (2008) 203510.

[16] A. Sarua, H. Ji, K. Hilton, D. Wallis, M. Uren, T. Martin, M. Kuball, Thermal boundary
resistance between gan and substrate in algan/gan electronic devices, IEEE Trans.
Electron Devices 54 (12) (Dec 2007) 3152–3158.

[17] M.H. Somerville, R. Blanchard, J.A. del Alamo, K.G. Duh, P.C. Chao, On-state
breakdown in power HEMTs: measurements and modeling, Electron Devices, IEEE
Transactions on, 46, no.6 Jun 1999, pp. 1087–1093.

[18] M.J. Uren, K.J. Nash, R.S. Balmer, T. Martin, E. Morvan, N. Caillas, S.L. Delage, D.
Ducatteau, B. Grimbert, J.C. De Jaeger, Punchthrough in short-channel AlGaN/GaN
HFETs, IEEE Trans. Electron Devices 53 (2) (Feb. 2006) 395–398.

[19] M. Meneghini, D. Bisi, D. Marcon, S. Stoffels, M. Van Hove, T.-L. Wu, S. Decoutere, G.
Meneghesso, E. Zanoni, Trapping and reliability assessment in D-mode GaN-
based MIS-HEMTs for power applications, IEEE Trans. Power Electron. 29 (5) (May
2014) 2199–2207.

[20] M. Meneghini, A. Stocco, M. Bertin, D. Marcon, A. Chini, G. Meneghesso, E. Zanoni,
Time-dependent degradation of AlGaN/GaN high electron mobility transistors
under reverse bias, Appl. Phys. Lett. 100 (2012) 033505.

[21] M. Meneghini, G. Cibin, M. Bertin, G.A.M. Hurkx, P. Ivo, J. Sonsky, J.A. Croon, G.
Meneghesso, E. Zanoni, OFF-state degradation of AlGaN/GaN power HEMTs:
experimental demonstration of time-dependent drain-source breakdown, IEEE
Trans. Electron Devices 61 (2014) 1987.

[22] J. Joh, J.A. del Alamo, Mechanisms for electrical degradation of GaN high-electron
mobility transistors, Proc. IEEE IEDM Dec. 2006, pp. 1–4.

[23] D. Cullen, D. Smith, A. Passaseo, V. Tasco, A. Stocco, M. Meneghini, G. Meneghesso, E.
Zanoni, Electroluminescence and transmission electronmicroscopy characterization
of reverse-biased AlGaN/GaN devices, IEEE Trans. Device Mater. Reliab. 13 (1)
(2013) 126–135, 6317160.

http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0005
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0005
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0005
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0010
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0010
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0010
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0010
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0015
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0015
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0020
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0020
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0025
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0030
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0030
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0035
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0035
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0035
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0040
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0040
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0040
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0045
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0045
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0045
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0045
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0050
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0050
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0050
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0055
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0055
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0055
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0055
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0060
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0060
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0060
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0065
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0065
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0065
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0065
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0070
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0070
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0070
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0075
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0075
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0075
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0080
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0080
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0080
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0085
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0085
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0085
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0090
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0090
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0090
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0095
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0095
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0095
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0095
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0100
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0100
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0100
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0105
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0105
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0105
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0105
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0110
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0110
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0115
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0115
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0115
http://refhub.elsevier.com/S0026-2714(15)30240-7/rf0115

	Normally-�off GaN-�HEMTs with p-�type gate: Off-�state degradation, forward gate stress and ESD failure
	1. Introduction
	2. Device fabrication and basic characteristics
	3. Heat distribution and TIM mapping
	4. Reliability issues
	4.1. Off-state degradation
	4.2. Degradation of the gate junction under forward bias
	4.3. ESD failure

	5. Conclusions
	References


