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The breakdown failure mechanisms for a family of power AlGaN/GaN HEMTs were studied. These devices
were fabricated using a commercially available MMIC/RF technology with a semi-insulating SiC substrate.
After a 10 min thermal annealing at 425 K, the transistors were subjected to temperature dependent elec-
trical characteristics measurement. Breakdown degradation with a negative temperature coefficient of
�0.113 V/K for the devices without field plate was found. The breakdown voltage is also found to be a
decreasing function of the gate length. Gate current increases simultaneously with the drain current dur-
ing the drain-voltage stress test. This suggests that the probability of a direct leakage current path from
gate to the 2-DEG region. The leakage current is attributed by a combination of native and generated
traps/defects dominated gate tunneling, and hot electrons injected from the gate to channel. Devices with
field plate show an improvement in breakdown voltage from �40 V (with no field plate) to 138 V and
with lower negative temperature coefficient. A temperature coefficient of �0.065 V/K was observed for
devices with a field plate length of 1.6 lm.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

There has been extensive interest in wide bandgap semiconduc-
tors for high power electronic applications [1–3]. AlGaN/GaN HEM-
Ts have received much attention for their ability to operate at high-
power levels because of their high breakdown field, high electron
mobility (more than 2000 cm2 V�1 s�1) [4], and high temperature
operation. Mizuno et al. pointed out that the main issue with the
Schottky gate AlGaN/GaN HEMT is its relatively large gate leakage
current [5]. Mishra et al. proposed a SiO2/Si3N4 bi-layer structure as
the gate insulator [6]. Even though these MIS-FET approaches are
promising, it is still important to study HEMTs with a Schottky gate
because most of the GaN devices under development are HEMTs.

Most work on HEMTs has been focused on understanding and
improving the performance such as the breakdown voltage, BV,
and the specific on-resistance, Ron-sp. Breakdown voltage is affected
by many factors, including device geometry, surface engineering
[7], substrate engineering [8], etc. Based on these previous publica-
tions, reliability issues need to be solved urgently before these de-
vices can be put into real applications. Therefore it is important to
detect and to understand the possible degradation mechanisms.
However, the breakdown failure mechanism for RF process based
power AlGaN/GaN HEMTs is still not well understood, especially
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1), doi:10.1016/j.microrel.2011
when operating under elevated temperatures. Reliability of these
devices under harsh environment such as high drain voltage and
high temperature is needed in many demanding applications.
The temperature dependent measurement is commonly used to
investigate the breakdown failure mechanism [9]. Ohno et al. ex-
plained that the breakdown mechanism in high power devices
was mainly due to the impact ionization in the channel [10]. While
Kotani et al. pointed out that the main reason was attributed by the
electron hopping in the surface [11]. These theories are contradic-
tory and are not sufficient to understand the breakdown failure
mechanism of power AlGaN/GaN HEMTs.

In this paper, we have studied the breakdown failure mecha-
nism in detail by investigating the temperature dependency of
the drain to source leakage and the drain to gate leakage. We have
also conducted an experiment to determine the dependence of the
gate leakage and breakdown voltage on the gate length. Break-
down failures induced by large gate leakage current is mainly
due to trap/defect-assisted tunneling and by the hot carrier injec-
tion near the gate electrode.
2. Experiment

The power AlGaN/GaN HEMTs were fabricated using a 3-in. RF
GaN-on-SiC process. The epitaxial layer structure consists of an
unintentionally doped AlGaN barrier layer (20 nm)/i-AlN spacing
layer (1 nm)/i-GaN channel layer (200 nm)/C-doped insulating layer
(2 lm)/AlN nucleation layer (20 nm). Al mole fraction in the AlGaN
ure mechanisms for power AlGaN/GaN HEMTs implemented using a RF
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Fig. 2. Measured Ids–Vds–T characteristics of drain leakage current. The gate to drain
distance Lgd = 2.1 lm, gate width Wg = 80 lm, Vg = �5 V.

Fig. 3. Ids–Vds–T characteristics of drain leakage current after thermal annealing.
The gate to drain distance Lgd = 2.1 lm, gate width Wg = 80 lm, Vg = �5 V.
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layer was 0.28. Sheet carrier density of 1.1 � 1013 cm�2 and electron
mobility of 1800 cm2 V�1 s�1 were obtained by Hall measurements.
The device was first isolated by mesa etching. This is followed by the
formation of the Ohmic contact using e-beam evaporated Ti/Al/Ni/
Au (285 nm) with an annealing at 850 �C for 30 s in N2 ambient.
The Schottky contact was also formed by e-beam evaporated, un-an-
nealed Ni/Au (430 nm) using photolithography and lift-off pro-
cesses. Au was used to prevent oxidation and to provide a current
path with low sheet resistance. The first 50 nm Si3N4 passivation film
was deposited followed by the first layer of 1000 nm Au metalliza-
tion. A second Si3N4 passivation film of 100 nm thick was also depos-
ited to serve as a dielectric layer for the MIM capacitors. Finally, a
second layer of 1000 nm thick Au was deposited and lifted off. This
serves as a metal plate for the capacitor as well as the air-bridge
for the multi-finger device configuration. Gate length of 0.8 lm,
2 lm and 3 lm were fabricated with the gate width of 80 lm. The
drain to gate (Lgd) length was 2.1 lm. The cross-sectional view of a
typical device is as shown in Fig. 1.

3. Results and discussion

The fabricated devices first underwent a reverse-biased stress
test. Shown in Fig. 2 is a plot of the drain to source leakage current
(Ids) versus drain voltage (Vds) as a function of temperature at the
pinch-off voltage of Vgs = �5 V. In order to degrade the devices in
a controllable manner, the drain voltage was biased from 0 V to
20 V to investigate the drain to source leakage current from room
temperature to 425 K. A substantial reduction of the drain to
source leakage was obtained. Ids decreased from 7.3 � 10�3 A/mm
at room temperature (RT) to 5.8 � 10�3 A/mm at T = 375 K. This
is quite similar to what was reported by Ohno et al. [10]. They con-
cluded that the breakdown voltage had a positive temperature
coefficient because of the impact ionization-dominated breakdown
in the channel.

However, in our experiment, Ids was found to be increased with
further increase in temperature to over T = 375 K. In order to inves-
tigate the reason for the observed Vds–Ids–T characteristics, the DUT
was cooled down from 425 K to RT and the Ids leakage current ver-
sus Vds was re-measured as a function of T. The results are as
shown in Fig. 3. The leakage current increases as a function of T,
while the measured breakdown voltage at Ids = 0.025 A/mm has a
negative temperature coefficient of approximately �0.113 V/K. To
verify the phenomenon that the increase of the Ids and the reduc-
tion of the breakdown voltage are permanent, one sample was
allowed to cool down and the other sample received thermal
Fig. 1. Cross-section of the fabricated devices. The gate to drain distance
Lgd = 2.1 lm, gate width Wg = 80 lm, gate length Lg = 0.8 lm, 2 lm and 3 lm were
fabricated.
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annealing stress at T = 425 K. Both devices were treated overnight
(for more than 12 h). The third sample only received a thermal
annealing of 425 K for 5 min and allowed to cool down at room
temperature. No noticeable changes among the samples were
found in Vds–Ids–T characteristics as shown in Fig. 3. A possible
explanation is that the surface mobile charges are the main reason
which attributed to the positive breakdown coefficient observed in
Fig. 2. As temperature increased from RT to 325 K as shown in
Fig. 3, the leakage current for the RT sample was also increased
at low voltage operation (<5 V). However, the leakage current
was found to have decreased for voltage range of over 5 V when
compared to the device held at 325 K, due to the increased Scho-
ttky barrier height. Other temperature dependent mechanisms,
which will be discussed below when the device operated under
higher temperatures (>325 K), are more severe than just an in-
crease in barrier height. The intersection moved towards the left
side (red1 circles). With regard to the negative breakdown tempera-
ture coefficient, the diodes [12] based on similar structure also
1 For interpretation of color in Fig. 3, the reader is referred to the web version of
this article.

ure mechanisms for power AlGaN/GaN HEMTs implemented using a RF
.11.022

http://dx.doi.org/10.1016/j.microrel.2011.11.022


Fig. 4. Typical Ig–Vg–T curves of Ni/Au Schottky contacts with gate length of 0.8 lm,
width of 80 lm on AlGaN/GaN heterstructures. Gate current is the absolute value.

Fig. 5. Id, Ig, Is curves after the sample biased to breakdown, Id, Ig and Is are the
absolute value, T = 300 K.

Fig. 6. Image of a representative breakdown failure sample without field plate.
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showed a negative temperature coefficient. The switch to positive
coefficient was only seen as the defect density in the material was
improved. The power AlGaN/GaN HEMTs fabricated based on a RF
process were well passivated using a Si3N4 film. This suggests that
the dominant mechanism for breakdown is trap/defect-related
rather than surface hopping conduction.

The origin of the gate leakage current was also investigated. In
order to study the gate leakage current in the power AlGaN/GaN
HMET, Ig versus Vg characteristics were measured at different tem-
peratures. Fig. 4 shows Ig as a function of Vg. The drain electrode
was shorted to the source (Vd = Vs = 0 V). Vg was swept from �5 V
to 1 V.

From Fig. 4, the gate leakage current was measured to be
1.49 � 10�6 A at room temperature and 3.7 � 10�6 A at T = 400 K.
Since the thermionic emission current is strongly dependant on
the temperature as suggested by the equation below:

J / �AT2 expð�qubn=KTÞ ð1Þ

where A is the effective Richardson constant; T is the absolute tem-
perature; q is the electron charge; K is the Boltzmann’s constant;
ubn is the Schottky barrier height. The observed temperature inde-
pendent behavior suggests that the gate leakage current in the fab-
ricated AlGaN/GaN HEMTs is not dominated by thermionic
emission but by trap/defect tunneling. This tunneling current is
more sensitive to temperatures than the Schottky barrier heights,
which explains the intersection of the I–V curves as shown in
Fig. 3. The surface process can improve AlGaN Schottky interface
properties as a result of reduction in the amount of VN-related
(Nitrogen Vacancy) defects and oxygen impurities [13]. Further
study is necessary to clarify this point.

In order to further investigate the breakdown failure mecha-
nism of the AlGaN/GaN HEMTs, the device was biased to near
breakdown condition. Currents that flow through the three elec-
trodes were monitored and are as illustrated in Fig. 5.

The drain and gate leakage currents increase simultaneously
and show exactly the same value. ‘‘Soft’’ breakdown was observed
over most of the voltage range. ‘‘Hard’’ breakdown occurs when the
leakage current reaches a certain critical value (2 � 10�3 A in this
case). The abrupt increase of the gate to drain leakage suggests that
an irreversible electron current pathway was developed from the
gate directly to the 2-DEG region after onset of device degradation.
This relatively high current flowing through the gate metal may
have caused the thermal damage of the device as shown in Fig. 6.
Please cite this article in press as: Xie G et al. Study of the breakdown fail
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The breakdown voltage and gate leakage current as a function
of gate length were plotted in Fig. 7. The breakdown voltage is in-
creased from around 36 V to 41.5 V while the leakage current is de-
creased from 1.68 � 10�5 A/mm to 1.47 � 10�5 A/mm, indicating
that the effect of trap/defect-assisted intrinsic Schottky tunneling
was reduced due to the reduction of the Schottky gate area. Device
requires higher electric field induced injection to form the current
pathway. Thus breakdown can be improved to some extent.

Devices with source field plate were also fabricated. The mea-
sured breakdown voltage and temperature coefficient as a function
of source field plate (Lfp) are as shown in Fig. 8. From Fig. 9, the
breakdown increased from 40 V to 138 V when a field plate length
of 1.6 lm was used. The temperature coefficient of the breakdown
voltage changed from �0.113 V/K for the conventional HEMT with-
out field plate to �0.065 V/K with a field plate length of 1.6 lm.
Leakage-dominated breakdown was less pronounced due to sup-
pression of the hot carrier injection.

In addition, breakdown occurred with substantially lower leak-
age current (Ids) with Lfp > 0.4 lm (see Fig. 8), indicating that pre-
mature breakdown may have occurred near the edge of the field
plate as shown in Fig. 10.

There are two factors which may govern the breakdown mech-
anisms for devices with field plate structures: gate electrode tun-
neling leakage at the drain side gate edge due to hot electrons,
and electric field induced surface breakdown at the edge of the
field plate. The lower leakage current Ids with Lfp > 0.4 lm, as
shown in Fig. 8, indicates that the electric field near the gate edge
was effectively suppressed. Breakdown was dependant on the low-
ure mechanisms for power AlGaN/GaN HEMTs implemented using a RF
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Fig. 7. Plotted breakdown voltage and gate leakage current as a function of gate
length. Ig @ Vd = Vs = GND, Vg = �5 V, Wg = 80 lm, T = 300 K.

Fig. 8. Measured breakdown voltage and temperature coefficient as a function of
source field plate (Lfp). Vg = �5 V, Lg = 0.8 lm, Wg = 80 lm.

Fig. 9. Breakdown voltages as a function of temperature for conventional HEMT
without field plate and with field plate of Lfp = 1.6 lm.

Fig. 10. Image of a representative of breakdown failure sample. (a) Lfp = 0.2 lm (b)
Lfp = 0.4 lm, T = 300 K.
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er threshold of the gate leakage and electric field strength near the
field plate edge. Meanwhile, the negative temperature coefficient
Please cite this article in press as: Xie G et al. Study of the breakdown fail
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for the breakdown voltage with field plate structures indicate that
the breakdown is still dominated by trap/defect assisted gate tun-
neling rather than impact ionization in the channel.
4. Conclusions

In summary, the breakdown degradation under high tempera-
ture operation and breakdown failure mechanism for power Al-
GaN/GaN HEMTs fabricated using a RF process were investigated.
Temperature dependent measurement for devices with and with-
out field plate showed that there are two components for the leak-
age current which can both attribute to the device breakdown
failure: electric field near the drain side gate edge induced injec-
tion from the gate metal to the channel and the initial/generated
trap/defect-assisted gate tunneling leakage. The irreversible cur-
rent pathway developed causes an abrupt increase in the drain to
gate current. Temperature coefficient of the breakdown was low-
ered when field plate was applied. Electron injection was sup-
pressed while breakdown voltage was still limited by lower
threshold of the gate tunneling and electric field strength near
the field plate edge. These results indicate that the gate length
should be minimized based on the RF process to decrease the leak-
age and increase the operational frequency for the sub 200 V
power HEMT applications with less negative temperature coeffi-
cient of breakdown by using field plate. Thickness of the passiv-
ation film should also be optimized to relieve the electric field
concentration near the field plate and prevent premature
breakdown.
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