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Reliability issues of Gallium Nitride High
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In the present paper we review the most recent degradation modes and mechanisms recently observed in AlGaN/GaN
(Aluminum Gallium Nitride/Gallium Nitride). High Electron-Mobility Transistors (HEMTSs), as resulting from a detailed
accelerated testing campaign, based on reverse bias tests and DC accelerated life tests at various temperatures. Despite the
large efforts spent in the last few years, and the progress in mean time to failure values, reliability of GaN HEMTs, and milli-
meter microwave integrated circuits still represent a relevant issue for the market penetration of these devices. The role of
temperature in promoting GaN HEMT failure is controversial, and the accelerating degradation factors are largely
unknown. The present paper proposes a methodology for the analysis of failure modes and mechanisms of GaN HEMTs,
based on (i) DC and RF stress tests accompanied by an (ii) extensive characterization of traps using deep level transient spec-
troscopy and pulsed measurements, (iii) detailed analysis of electrical characteristics, and (iv) comparison with two-
dimensional device simulations. Results of failure analysis using various microscopy and spectroscopy techniques are pre-
sented and failure mechanisms observed at the high electric field values typical of the operation of these devices are reviewed.
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. INTRODUCTION

Gallium nitride (GaN) represents an almost ideal material for
the fabrication of high-power microwave devices and circuits:
its high energy gap (3.4 versus 1.4 eV for GaAs) is reflected
into a very high breakdown field (3500 kV/cm); piezoelectric
and spontaneous polarization effects within AlGaN/GaN
result in two-dimensional (2D) gas densities above 10" cm™?,
five times higher than for GaAs-based high electron mobility
transistors (HEMTs), without requiring doping of the
barrier layer. Saturation and overshoot velocity are around
3 x 107 cm/s, with relatively good electron mobility values
(1200 cm®/V s). Epitaxial structures can be grown on silicon
carbide (SiC) with limited lattice mismatch, thus exploiting
the excellent thermal conductivity and semi-insulating proper-
ties of this material, suitable for rf and microwave device
operation [1].

Due to their high breakdown voltages (>100 V), GaN
HEMTS can operate in conditions that are not readily realiz-
able with other device technologies [2], i.e. high drain operat-
ing voltage, low output capacitance per unit power (resulting
from high power density), high peak efficiency, and good
thermal dissipation.

Record device performances (not simultaneously achieved)
include extremely high output power (9oo W at 2.9 GHz, 81 W
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at 9.5 GHz), high frequency f;= 181 GHz at L,= 30 nm,
high power efficiency PAE = 75% at P, = 100 W, and
broad band operation 1.0-2.5 GHz with 50% efficiency [3].

Starting from 2004, commercial GaN HEMTSs have started
to appear on the market [4-7], mainly targeting the low fre-
quency, high efficiency end of the market. In the last years,
GaN HEMTs have been subjected to various optimization
processes, starting from the material properties, to the
control of surface and buffer properties aimed at reducing
transient phenomena, gate-lag effects, and the “current col-
lapse” problem. A better control of short-channel effects,
gate current, and degradation phenomena at high electric
fields, together with the development of suitable structures
for the management of the electric field (using T-shaped
and I'-shaped gates and field-plates), have led to the progressive
increase of the operation drain voltage from 12 to 24 and 48 V.

The development of GaN microwave electronics has been sup-
ported by relevant Projects funded by the Defense Advanced
Research Agency (DARPA) in US [8], by the NEDO (New
Energy and Industrial Technology Development Organization)
organization in Japan [3] and in Europe within the large-scale
European joint Research and Technology project KORRIGAN
(Key Organization for integrated circuits in GaN technology)
[9]. The European Space Agency (ESA) also launched a large
project focused on the development of GaN HEMTs and
millimeter microwave integrated circuits for applications in
space. The aim of ESA’s new GaN Reliability Enhancement
and Technology Transfer Initiative (GREAT?) is to enable
the manufacture of high reliability, space compatible, micro-
wave transistors, and integrated circuits from GaN.

As previously mentioned, thanks to the properties of
the GaN material (high energy gap and high breakdown)
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AlGaN/GaN and InAIN/GaN HEMTs can operate at voltages
substantially higher than those which can be sustained by
other semiconductor devices. These very high bias conditions,
however, induce very high electric field within the device
active area that can result in severe device degradation [10,
11]. Improvements in reliability require a better understand-
ing of failure mechanisms of GaN HEMTSs, which can rep-
resent a major challenge due to the peculiarities of the
physics of GaN devices, to material imperfection, to the stab-
ility of fabrication processes.

Several authors have observed that significant degradation
effects may take place even when the devices are biased in off-
state, or during two-terminals reverse biasing of the gate
Schottky junction [12-16]. In this case, the main failure
mode observed is a catastrophic increase in the gate leakage
current. The existence of a critical voltage, beyond which
GaN HEMTs start to degrade, has led the authors of ref.
[12] to propose a degradation mechanism based on crystallo-
graphic defects formation through the inverse piezoelectric
effect.

The present paper reviews and summarizes failure modes
and mechanisms of GaN HEMTs, identified within the frame-
work of various accelerated tests. The proposed methodology
includes a detailed characterization of DC electrical character-
istics, and analysis of trapping effects by means of pulsed
measurements (gate-lag and drain- and gate-double pulse).
2D device simulations subsequently analyze the observed
failure modes in order to validate hypothesis on physical
failure mechanisms. Electroluminescence (EL) microscopy
and spectroscopy were adopted to evaluate hot carrier
effects in GaN HEMTSs and as a powerful failure analysis tool.

. FAILURE MECHANISMS OF
GAN-BASED HEMTS

A substantial effort has been devoted in the past years to
the identification of failure mechanisms of AlGaN/GaN
HEMTs. In fact, in addition to the traditional potential
failure mechanisms, the physics of the GaN devices introduces

electron
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trap generation
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E gate-edge degradation
electric-field and temperature
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trap generation due to pre-existing defects?

electro-thermomechanical damage of the
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Fig. 1. Failure mechanisms recently identified on GaN HEMTSs. Mechanisms
identified in red (5, 6, 7, 8) are thermally activated mechanisms. Mechanisms 2
and 3 are related to the presence of hot electrons present at high bias
conditions. Mechanisms 1 and 4 (green) are peculiar to GaN devices due to
the polar and piezoelectric nature of this semiconductor.
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the possibility for several new failure mechanisms [16-18].
AlGaN/GaN HEMTs operate at higher drain bias, electric
fields, and temperatures with respect to conventional GaAs
transistors; their quality and reliability may be affected by
the defectiveness of the AlGaN/GaN epitaxial layers grown
on the SiC substrate and by the quality of the SiC substrate
itself; the piezoelectric nature of GaN introduces potential
risks related to the additional strain induced by the high elec-
tric fields. Finally, the mechanism of charge generation in the
2D electron gas (2DEG) makes channel conductivity sensitive
to surface states. The analysis of failure mechanisms of GaN
HEMTs could start from a comparison with most common
degradation mechanisms of early GaAs and InP devices,
speculating that the development of those devices also faced
reliability problems at the initial stage [19]. Figure 1 shows a
cross-section of a schematic AIGaN/GaN HEMT showing
failure mechanisms, which have been recently identified.
Failure mechanisms identified in red (s, 6, 7, 8) refer to ther-
mally activated degradation mechanisms, which have been
previously observed in devices processed in other semicon-
ductors systems (Si, GaAs, InP, SiC, etc.), and hence these
failure mechanisms are more inherent to the metallization
scheme rather than to the GaN material itself. Mechanisms
2 and 3, marked in blue, are related to the presence
of hot electrons, which are common to all high-voltage
field-effect-transistors. Also hot-electrons related degradation
has been largely reported in all the other semiconductor
devices (Si, GaAs, InP, etc.); hence, also these failure mechan-
isms are more inherent to the hot-electrons effects itself,
rather than to the GaN material. Finally, green characters
refer to mechanisms 1 and 4, which are peculiar to GaN
devices due to the polar and piezoelectric nature of this semi-
conductor material. This opens a new window in the reliability
physics study, since these mechanisms have never been clearly
identified in the other semiconductors. In the following, each
failure mechanism is described with reference to the various
technologies.

. SAMPLE DESCRIPTION AND
EXPERIMENTAL RESULTS

Four AlGaN/GaN HEMT wafers were grown on SiC by metal
organic vapor phase epitaxy; a fifth wafer was grown by MBE
on sapphire. The undoped multilayer structure consisted of a
GaN buffer layer, followed by an AlGaN barrier layer (20-
25 nm thickness, 23-28% Al concentration). GaN HEMTs
have been fabricated on all wafers using the same industrial-
quality process, including ohmic contact formation through
Ti/Al/Ni/Au deposition and subsequent rapid thermal proces-
sing, Schottky gate electrode formation using Ni/Au depo-
sition, and active device isolation by fluorine ion
implantation. Devices were passivated with 400 nm SiN,
deposited by plasma enhanced chemical vapor deposition.
Both gated TLM HEMT (TLM: transfer length method) struc-
tures having L = 5 pm, Lpg = 15 pum, and W= 100 pum,
and transistors with L = 0.5 pm, Lps= 4 pm, and Wg=
100 pm were tested. No field-plate or T-gate was used so
that the gate-drain and gate-source access could be observed
by EL microscopy looking at the device front side.

Devices have been submitted to two kinds of tests: (a)
reverse-biasing of the gate-source and gate-drain Schottky
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junction, up to —100 V; (b) DC bias tests at Vpg= 30-40 V,
and junction temperature 200-300°C.

V. GATEEDGE DEGRADATION:
REVERSE BIASING OF THE GATE
SCHOTTKY JUNCTION

When high reverse bias voltages are applied to the gate (with
Vs = Vp =0 V), degradation of electrical characteristics has
been observed in almost all tested wafers, consisting in an
increase in gate leakage, a worsening of current collapse,
and - in some devices — an increase in drain (source) parasitic
resistance and a decrease of DC saturated current Ipgs. This
mechanism has been repeatedly observed reported by
several organizations, including Conway et al. from HRL
[20], Joh and Del Alamo from M.LT. [12-14], Chowdhury
et al. and Park et al. from Triquint [21, 22], Inoue et al. and
Kikkawa et al. from Fujitsu [23, 24], Trew et al from
RFMD [18] and Marcon et al., from IMEC [25]. It involves
the presence or the generation of defects at the gate edges,
where the electric field is higher. The defects promote the
injection of electrons from the gate into the AlGaN barrier
layer, through a trap-assisted tunneling mechanism, as
shown in Fig. 2.

A simple way to verify the presence of this failure mechan-
ism is to carry out a reverse-bias step-stress experiment, i.e. to
increase the gate negative voltage in steps either with the
device in off-condition or with the drain at ground and the
source contact also at ground or floating. Let us consider an
experiment where devices are submitted to a reverse bias
step stress test, keeping source and drain at ground (Vg=
Vp =0 V) and applying a negative V bias to the gate, from
—15to —100 Vin —5 or —10 V steps (120 s each). At the
end of each step, device electrical characteristics (drain
current Ip and transconductance g,,) and EL images of the
devices were evaluated; we verified that devices belonging to
the same wafer presented a consistent and reproducible be-
havior. When a certain reverse voltage is reached (hereafter
identified as “critical voltage”) the gate leakage current
increases substantially, reaching sometimes 10* times the
initial value.

Figure 3 shows the ratio between the stressed and unstressed
values of reverse gate current I measured at Vgp = —8 V after
each test step on gated TLM devices. As other authors observed
[12-14], there is no degradation of gate current up to a “critical
voltage” which spans from |Vg| = 10 V to | V5| > 60 V within
the tested wafer set. Devices belonging to the same wafer show a
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Fig. 2. Schematic band diagram describing the mechanism of gate leakage
increase due to trap-assisted electron tunneling.
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Fig. 3. Ratio between gate leakage current after and before stress, Ic/Igfres
(measured at Vg = —8 V), as a function of the reverse voltage (V) applied
during each step in gated TLM HEMT.

consistent behavior, with a low dispersion of the critical voltage
for failure.

During the tests, localized damage points are created,
inducing sudden “jumps” in the leakage current (see Fig. 4);
each “jump” corresponds to the creation of a new breakdown
point and may be followed by a decrease in the leakage
current, possibly corresponding to a localized fusion of the
vertical conducting path, or, more likely, due to trapping on
the generated deep levels, which decreases locally the electric
field and/or reduces the number of available traps for tunnel-
ing. The leakage current becomes very noisy; the observed fea-
tures resemble those of time dependent dielectric breakdown
effects in metal oxide semiconductor (MOS) transistors.
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Fig. 4. Evolution of drain current Ip, gate current I, and source current Ig
measured during stress on a device biased at Vo= —35 V and V= Vp =0
V. The drain current is initially higher than the source one, due to the
presence of defects in the gate-drain access region. In the enlargement (first
20s) the occurrence of a failure on the source side is pointed out.
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The EL microscopy is a powerful tool that has been
adopted by several research group in order to identify and
characterize hot carrier in the device active area in many semi-
conductors material systems. Among others: Selmi et al. in
Si-MOSFETSs [26], Zanoni et al. [27] in GaAs MESFETs,
Meneghesso et al. in GaAs pseudomorphic HEMTs [28].
Recently, the EL technique has been also applied also in
GaN-based devices [17, 29-32].

We adopted the EL microscopy as a tool to identify loca-
lized reverse current injection points and damaged areas; EL
images were taken during the tests and at the end of each
step using a cooled CCD camera having an S20 spectral
response. The sensitivity of the camera was calibrated and
kept constant during the test; an integration time of 100 s
was used for all measurements.

Figure 5 shows false-colors EL micrographs of a represen-
tative TLM device, taken at V= —10 V (with source and
drain grounded) after the steps indicated in Fig. 5. Before
the steps at the critical voltage Vo= —30 V, no EL spot is
observed, and |Ig/W]| is lower than 0.6 mA/mm. Starting
with the step at —40 V, I; is increased of more than 100x
and localized emission spot points in the EL images start
being observed. As the test reverse voltage is further
increased, an increase in the density of the “defect” points,
rather than an increase in the damaged area around each
point, is observed.

Since EL images were taken from the front side of the
devices, only the drain and source access regions can be
observed, the area under the gate being shadowed by the
gate metal. Within the access regions, the spots detected by
EL were always located at the edge of the gate towards the
drain and source, where the electric field is maximum.

Device width

V= -30V

Vg= -40V

V= -50V

e

V= -55V

V= -60V

Vg= -65V

Fig. 5. EL microscopy images of a representative gated TLM HEMT sample.
Images were taken at Vo= —10 V (with Vg= Vp =0 V) after each step-
stress. Dashed lines identify the device active area.
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Fig. 6. Correlation between the relative increase in gate current and EL
intensity in two representative gated TLM HEMT samples of different
wafers during the step stress experiment.

Fig. 6 compares the relative increase in intensity of the EL
signal (integrated over the entire device active area and over
the detector spectral response) with the relative increase in
I for two representative TLM devices of two different
wafers, demonstrating a strong correlation.

The DC values of drain current I, measured after each step
(not shown) either decreased slightly (less than 10%) or
increased (<10%) due a negative pinch-oft voltage shift; these
changes were not correlated with the other failure modes.
Changes in Ip were gradual: no abrupt change or “critical”
voltage value was observed. On the contrary, “double-pulse”
Ip measurements [15], carried out on o.5 um gate-length
HEMTSs, detected a remarkable worsening of current collapse
effects: in some wafers, the value of the pulsed Ipgs after the
step at 50 V decreased up to 40% of the initial value. Figure 7
shows an example corresponding to a 30% decrease of pulsed
current with respect to the initial condition. The worsening of
pulsed characteristics follows the increase in the reverse gate
current [17], while DC I, degradation (not shown) appears to
be uncorrelated with both the EL and gate current increase.

Another group of devices was step-stressed by applying a
negative gate voltage of —5 V/step for a total time of 2 min
while drain and source voltage were kept at o V. After each
step the following electrical measurements have been carried
out:

1) DC and pulsed IV characteristics in order to evaluate the
drain current collapse coefficient defined as the ratio of
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Fig. 7. Pulsed I, versus Vpg characteristics of a 0.5 pm gate-length HEMT,
untreated, and after the step at Vg = —s50 V. Results obtained using two
baselines (Vgs, Vps =0, 0 and —8, 20 V respectively) are compared. Pulse
duration and period were respectively 1 and 100 ps. A remarkable increase
in current collapse effects is observed after the test. The critical voltage of
this device is 40 V.
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Fig. 8. DC (solid lines) and 200ns pulsed (dashed line) IV output
characteristics measured at the beginning (right) and at the end (left) of the
applied step-stress.

Ipac—Ippur over Ipg, where Ipg represents the drain
current measured at Vpg=5 V and Vgg=o0 V, while
1, ppul  Tepresents the drain current measured at the
same bias point but by pulsing the gate terminal from
VGS = —6 V;

2) gate leakage current measurements at Vpg=o0 V and
VGS = -8 V;

3) current deep levels transient spectrocopy (I-DLTS) measure-
ments for the extraction of the activation energy of the ther-
mally activated process involved in the drain current-collapse
phenomena. For the current DLTS measurements, a voltage
pulse with a peak value of —6 V and a pulse width of
10 ms was applied to the gate of the device, and the drain
current transient after switching the gate voltage to o V was
measured by DLTS technique. The measurements were
carried out by biasing the device at Vg values of 5 V.

Tested devices were initially subjected to DC and 200 ns
pulsed I-V measurements. As shown in Fig. 8, fresh devices
reach a 0.8 A/mm drain current level both during DC and
pulsed characterization. This means that fresh devices had
very little current-collapse. On the other hand, at the end of
the stress test procedure, we observed degradation in the
maximum current level and an increase in the drain current
collapse.

Figure 9 summarizes device degradation during the step
stress applied to the device. At the beginning of the exper-
iment the devices do not show a significant change in their
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g 15 Vps=5V and V¢;5=DV 15 g
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Fig. 9. Dispersion coefficient (closed symbols) and reverse gate current (open
symbols) measured after each step stress. The gate current as well as the
dispersion coefficient starts to rise for gate voltages higher than 30 V.
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current-collapse or gate leakage levels. On the other hand
for gate voltages larger than —30 V devices experience a sig-
nificant and simultaneous increase in both gate current
levels and drain current collapse. This means that during
the stress test carried out some physical mechanisms are
causing the simultaneous degradation of leakage current as
well as device performance during pulsed measurements.

A) Trap characterization: DLTS
measurements

In order to investigate the origin of the observed degradation,
we also carried out current-DLTS measurements at the end of
each of the stress steps that have been applied to the device. At
the beginning of the stress procedure, DLTS signals were very
low in the measured temperature range (300-430 K), meaning
that drain current is not changing significantly in the time
window used for DLTS spectroscopy. However, when the
applied reverse bias increased beyond 30 V, DLTS signals
yielded one negative peak whose amplitude is increasing at
the increasing of the reverse bias applied to the devices
during the two minutes step stress, see Fig. 10. An activation
energy of o.5 eV (similar to the one reported in [32]) was
extracted from the DLTS measurements carried out after the
Vs = —30, —35, and —40 V stress.

B) 2D numerical device simulation

In order to gain insight into the physical mechanisms causing
the observed dynamic and static device degradation observed
during the previously described stress test, numerical simu-
lations were carried out by means of the commercial
SENTAURUS (Synopsis Inc.) simulator.

In [33], a decrease in DC drain currents, an increase in dis-
persion phenomena, and a decrease of gate currents have been
modeled assuming the presence of trap states extending in the
gate-drain access region. In our case, however, an increase in
the gate leakage current was observed during the stress
suggesting that the degradation mechanisms is similar to
that observed in this work where the degradation has been
related to the formation of defects at the edge of the gate
terminal.

1/KT (eV')
30 32 34 36 38

-30V (o)
.35V (o)

\

after stress at Vg=-40V (2)

1
-

b

DLTS signal (a.u.)

i
L4

300 350 400

Temperature (°C)

Fig. 10. DLTS spectra and their Arrhenius plot during the applied stress test.
After the 30 V step a hole-like peak is clearly visible and its amplitude increases
at the increasing of the applied stress voltage. On the other hand the activation
energy of 0.5 eV does not change.
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Numerical simulations have thus been carried out by simu-
lating device structure with a trapping region centered at the
gate edge towards the drain contact. The width of that
region has been kept constant at 100 nm while its depth and
traps concentration have been varied in order to evaluate
their effect on device characteristics. Trap energy level was
located 0.5 eV below the conduction band, as experimentally
obtained by DLTS measurements, while the trap cross-section
was set to a typical value of 10” ° em™ * [34, 35].

Drain current transient were simulated using the same par-
ameters chosen for the experimental setup. The device was
biased through a 50 ) resistor at a Vpp voltage ranging
from 1 to 12 V and then turned on by pulsing the gate term-
inal from pinch-off (Vs = —5 V) to open-channel (Vg5 = 0
V). As shown in Fig. 11, numerical simulations correctly
predict the drain current dispersion that is experimentally
observed yielding drain current transients with time constants
in the ms range, in good agreement with DLTS measurements.

The physical mechanism that causes the observed lag effect
can be explained with the standard Shockley-Read-Hall theory,
which predicts that the capture rate of a trap level depends lin-
early from the density of free carriers and the amount of empty
states. If the gate-drain junction is highly reverse biased (like in
pinch-off condition), electrons can tunnel from the gate
contact, giving rise to an increase in the concentration of car-
riers in the barrier layer. The capture velocity of the trap will
thus increase, as well as the amount of trapped electrons.
When the device is rapidly turned on in the knee-voltage
region, the tunneling current decreases due to the lower electric
field applied. If the tunneling current decreases, the amount of
free carrier diminishes as well as the trap capture rate. The equi-
librium condition in the knee-voltage region thus requires a
decrease in the trapped electrons concentration compared to
the high reverse-bias condition. When traps start to emit pre-
viously trapped electrons, the net negative charge in the
barrier gradually decreases, thus inducing an increase in the
2DEG concentration in the GaN channel. As a consequence,
the device drain current increases, reaching its steady-state
value when all the trapped electrons have been emitted.

time (s)
ip 1n 1 1m 1
0.8 T T T T 0.8
eDC ©200ns pof B & o
06| T 106
£ £
< 0.4 defective 0.4 <
L= . region -
turn on transient
| | onaS50sload-line Gate |
02 Wg=4x25,m, Vpp=6V, aGaN | %=
Vgs pulsed from -5V to 0V N
GaN
u I I I ' U
0 2 4 6 8 10

Vos (V)

Fig. 11. Numerical simulations of DC (closed symbol) and 200 ns pulsed
(open symbols) I-V characteristics with a defective region centered at the
gate-drain edge that is 100 nm wide and 20 nm thick with a 10*° (cm™?)
traps concentration is located in the AlGaN barrier. The drain current
transient refers to the turn-on transient obtained when the device is biased
at Vpp=16V.
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In order to evaluate the effects of traps concentration and
the depth of the trapping region, numerical simulations for
traps concentration levels of 2, 5, 10, and 20 x 10" (cm™?)
and depths ranging from 10 to 25 nm have been carried out.
As can be seen in Fig. 12, the static device performance
(Ipss) degrades significantly as the traps concentration is
increased, but only if the trapping region extends deeply
into the AlGaN barrier. If the trapping region thickness is
below 22 nm, the effect of traps on Ipgs reduction is negligible
regardless of their concentration. On the other hand, the dis-
persion coefficient increases at the increasing of traps concen-
tration for all the thicknesses considered during simulations.

The decrease in Ipgg can be explained as follows: since the
trapping region approaches the AIGaN/GaN interface and due
to the fact that the acceptor-like trap is located 0.5 eV below
the conduction band, some of the traps close to the interface
are filled also in open-channel condition. This results in a
negative charge located close to the AlGaN/GaN interface,
partially compensating the positive piezo-electric charge
which induces the 2DEG, and resulting in a decrease of the
2DEG concentration, and consequently, of Ipgs current as
shown by the simulation results. Degradation of transport
parameters such as mobility and saturation velocity may
also contribute to degrade Ipgs, as proposed by Faqir et al.
[33].

C) Gate-edge degradation: conclusions

All the tested technologies have shown to be affected by a
failure mechanism consisting in a degradation of the AlGaN
layer at the gate edge, resulting in an increase of the density of
deep levels in that region, affecting devices turn-on response,
gate leakage, and, in a final stage, DC drain current. The pres-
ence of a damaged region within the AlGaN at the gate edge
has been confirmed by a series of techniques including EL
microscopy and TEM; the role of the traps in determining the
degradation has been identified by means of 2D device simu-
lations. Simulations have shown that damage at the gate-drain
edge can be detected initially as inducing an increase in dis-
persion phenomena such as current collapse. Later when the
damage starts to affect a thicker portion of the AlGaN layer,
the DC value of Ipgg is also affected. The exact mechanism

Almm)

........ - - 082‘;
yrmmraenses -Jos &

" defective region thickness:
" e—e 10nm; G—o  15nm; m—a
® -8 22nm; G- -0 24nm;

Dispersion (%)
N M
(=2

e . ey ST
2x10" 5x10" 10x10"
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Fig. 12. Dispersion coefficient and Ipgs values as obtained by numerical
simulations for various trap concentrations and defective region thicknesses.
Increasing trap concentration degrades the dynamic response of the device
regardless of the defective region extension. However only for defective
regions approaching the AlGaN/GaN interface a degradation of the static
characteristics (Ipgg) can be observed.
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triggering the degradation is still unknown, even if the large
spread in critical voltages (which range from 20 V to more
than 100 V in the tested technologies) suggests a dependence
on material quality. In fact, a similar spread in critical voltages
is found within several wafers, which shared a common tech-
nology. Gate-edge degradation is possibly triggered by pre-
existing defects within the epitaxial layers or extending from
the substrate up to the surface. These defects enhance the
gate tunneling current (see Fig. 13).

The electric field at the gate edge is the key variable govern-
ing the degradation; temperature also possibly contributes to
accelerate failure; unfortunately, no specific experiment has
been carried out to verify this hypothesis. This failure mech-
anism is also extremely sensitive to process steps or device
design steps that can influence the electric field profile at the
gate edge. Among the former, it is worth mentioning that
the profile of the gate metallization cross-section has a
remarkable effect on the electric field [25, 36, 37].

V. ELECTRON TRAPPING IN
SILICON NITRIDE (SIN)
PASSIVATION

Reverse biasing of the gate-drain junction can also induce
another failure mechanism, which is schematically depicted
in the cross-section (Fig. 13) and consists in the tunneling
of electrons from the gate into surface states or directly into
traps within the SiN passivation layer. The negative charge
partially counteracts the polarization charge which induces
the 2DEG, so that the channel conductivity in the gate-drain
access region is reduced, resulting in drain current decrease
and drain resistance increase. The negative charge over the
gate-drain region also reduces the maximum value of the elec-
tric field, introducing a negative feedback, which controls and
reduces both vertical and lateral electron injection from the
gate. When bias is removed, electron de-trapping may

surface or
SiN e trapping

damaged
region

GaN

Fig. 13. Schematic cross-section of the gate-drain area of an AlGaN/GaN
HEMT showing electron injection from the gate due to trap-assisted
tunneling towards the device surface and within the AlGaN barrier. Testing
at high gate-drain (source) reverse bias results in damage of the AlGaN
layer, with enhancement of the trap density within a “damaged region”
which corresponds to the gate edge(s), where the electric field is maximum.
Highly energetic electrons, injected from the gate, can generate new deep
levels, leading to an increase in gate current. The slow frequency response of
these deep levels induces a worsening of gate-lag effects, thus compromising
the frequency response and rf power of the devices.
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Fig. 14. Normalized change in drain current and source parasitic resistance,
compared to the relative increase in gate leakage current, as a function of
the step stress Vgsp voltage value Vigpess in a representative gated-TLM
GaN device.

occur, and a partial or complete recovery of electrical charac-
teristics takes place.

In order to separate the effects due to gate-edge degra-
dation from those due to electron trapping on the device
surface or within the SiN passivation, we analyzed a device
taken from a wafer showing a high critical voltage (green
empty squares in Fig. 3). Figure 14 shows the relative decrease
of drain current, the corresponding increase in source para-
sitic resistance (up to 4200%), and the increase in gate
current observed in a representative sample during the
step-stress experiment. Starting with the step at —20 V, a
decrease in drain current is observed, reaching approximately
40% at the end of the —90 V step. Gate current first decreases,
following the decrease in Ip, and then increases due to cre-
ation of gate-edge degradation. At the same time a noticeable
decrease in the on-state EL intensity is observed (see Fig. 15).

All these experiments suggest that, during reverse bias tests,
trapping of negative charge occurs over the gate-drain (and
gate-source) access regions. As well known, this negative
charge changes the electric field distribution within the
device, reducing its maximum value, thus resulting in a miti-
gation of hot-carrier effects such as EL emission and break-
down, as reported by Ladbrooke et al. in GaAs MESFETSs
[38] and by Menozzi et al. in GaAs HEMTs [39]. The
trapped negative charge partially depletes the channel in the
access regions, thus inducing the observed degradation of
drain current and increasing source and drain parasitic resist-
ances. The decrease in leakage gate current, which is observed
in these devices for |Vgsp| < 50 V (see Fig. 14), is also due to
this effect. Degradation is fully recoverable: Fig. 16 shows the

Fig. 15. EL on-state images of a tested device, taken at Vpg = 10 V and Vg5 =
o V. Top: untreated device. Bottom: after the step at Vgsp= —70 V. EL
intensity is mapped using false colors, where red corresponds to higher
values, and green and yellow to lower ones.
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Fig. 16. Comparison of the Ip-Vpg characteristics of a 5 wm device, before
reverse bias test, after the —100 V step, and after a 14 days rest period.

output characteristics of a representative device before starting
the step stress experiment, at the end of the test, and after 14
days of unbiased storage at room temperature. A complete
recovery of drain current is observed, which even reaches a
value slightly higher than that of the untreated device.
Photo-stimulated de-trapping experiments (not shown) were
conducted using a series of calibrated light source with con-
stant power and different wavelengths. Illumination using
wavelengths shorter than 532 nm induces a complete recovery
of Ip in 30s. In terms of photon energy, this corresponds to
2.25 eV approximately, a value identifying an electron trap
level in SiN [40]. This strongly suggests the same mechanism
of charge injection reported in ref. [41], consisting in lateral
electrons injection from the gate due to tunneling and sub-
sequent trapping within the dielectric over layer. As a result,
the charge is rather firmly trapped in the dielectric and not
located in interface states as usually assumed [41]. RT
de-trapping occurs possibly via hopping through trap levels.

There are some practical consequences of the observed
“trapping” effect in GaN HEMTs: since electron trapping
reduces the electric field, there is a “self-healing” effect during
the test itself, which limits the occurrence of failure mechanisms
induced by electric field and/or hot carriers, and mitigates
degradation with respect to a constant voltage stress or to
real operating conditions at high Vsp. As a consequence, one
should be careful before using results of step-stress experiments
in order to identify maximum voltage ratings or derive an indi-
cation of device reliability. In fact, if the device surface is prone
to electron trapping, a voltage step stress experiment would
progressively and gradually reduce the device electric field
step by step, thus resulting in an overoptimistic definition of
failure threshold values with respect to an experiment where
a high gate-drain voltage is applied on a fresh device.

Several other authors [13, 42] have observed similar effects
during reverse bias tests or DC and rf tests, with decrease of
drain and gate current during the test. In ref. [42], the role
of the quality of the SiN passivation has been studied by char-
acterizing MIS capacitors adopting as dielectric the same SiN
as the HEMT passivation on ad hoc prepared test structures.
Devices have been stressed at T, =90 °C, Vps=150 V,
Ip = 50 mA/mm; an I, degradation proportional to the logar-
ithm of the stress time was found.

In conclusion, high electric field in the gate-drain region
induces two mechanisms of electron injection from the gate,
and, consequently, two possible failure mechanisms: one is a
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Fig. 17. Comparison of the gate leakage current in off-state in untreated (gray)
and aged devices at Vps= 40 V, Ip =200 mA at different temperatures.
Devices periphery is 1.2mm, gate length L;=o.5um, and the
source-to-drain distance Lgp = 3.7 pm.

vertical injection of electrons from the gate into the AlGaN,
due to trap assisted tunneling, and the other one is a vertical
component, also due to tunneling, and injecting electrons
directly into surface states or into traps within the SiN passi-
vation. Both mechanisms eventually result into a decrease of
the DC value of drain current. As far as the gate leakage is con-
cerned, however, the effect of the two mechanisms is the
opposite: AlGaN damage (likely traps formation) leads to an
increase in Ig, while electron trapping in the gate-drain
region induces a decrease of tunneling current consequent
to the decrease in the electric field.

VI. DC ACCELERATED TESTS:
THERMALLY ACTIVATED FAILURE
MECHANISM

A long-term stress test has been carried out on devices having
W¢ = 1.2 mm periphery, by applying Vps= 40 V and I, =
200 mA bias conditions, and by using three different base
temperatures (i.e. 50, 75, and 100 °C, corresponding to junc-
tion temperatures of 200, 245, and 293 °C respectively). In
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Fig. 18. Relative decrease in drain current for the four junction temperature of
the DC test stress test at Vpg= 40 V, Ip = 200 mA. Devices periphery is
1.2 mm, gate length Ls=o0.5 wm, and the source-to-drain distance Lgp
=3.7 pm.
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Fig. 19. Slump ratio Ips (baseline Vg = —8 V, Vpg= 20 V)/Ipg (baseline
Vgs=0V, Vps=o0 V) in untreated (gray) and tested devices at Vpg= 40
V, Ip = 200 mA at different temperatures. Devices periphery is 1.2 mm, gate
length Lg = 0.5 um, and the source-to-drain distance Lsp = 3.7 pm. High
values of S.R. indicate low trapping effects.

order to investigate device degradation, the bias stress has
been interrupted at regular time intervals to characterize a
set of I-V parameters (Ipgs, I, and Vi) at RT.

Devices show an increase of gate leakage (Fig. 17), a
decrease of the DC value of drain current (Fig. 18) and of
transconductance (not shown), and an enhancement of trap-
ping phenomena (Figs. 19 and 20).

By using a —15% decrease of Ipgs with respect to the initial
value as a failure criteria, a tentative value of activation energy,
E,, for this failure mechanism has been extracted, obtaining
E,=1.13 £+ 0.45 eV.

Vil. CONCLUSIONS

Several authors (see references cited in the text) have ident-
ified failure mechanisms of GaN HEMTs related to degra-
dation of the gate-drain edge. We have analyzed in detail
this failure mechanism, and demonstrated that:

1) when high Vgp voltages are applied to the device,
trap-assisted tunneling promotes electron injection from
the gate into the semiconductor at preferential points,
which corresponds to defects acting as deep levels;
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Fig. 20. Pulsed DC characteristics measured in a representative device after
200 h of DC testing at 245 °C, with Vpg= 40 V, Ip = 200 mA. Devices
periphery is 1.2 mm, gate length L= 0.5 um, and the source-to-drain
distance Lgp = 3.7 pm.
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2) at high electric fields, current injection induces further
defects; strain relaxation induced by inverse piezoelectric
effects may also contribute to defect generation;

3) these defects correspond to an electron trap having energy
of 0.5 eV from the conduction band;

4) the introduction of an acceptor-like electron trap level
located at o.5 eV from the conduction band in the
AlGaN barrier at the edge of the gate contact correctly pre-
dicts the experimentally observed degradation of both
dynamic and static drain current levels; furthermore,

5) simulations showed how the trapping region has to extend
to almost the whole AlGaN layer thickness in order to
explain for the static degradation of drain current. An
increase in trap concentration within a spatially shallow
trapping region can account only for the increase in
drain current dispersion but not for the steady-state
value reduction of the device drain current;

6) DC accelerated tests have shown that a similar degradation
mechanism, resulting in enhanced current collapse, can be
induced by high temperature and high Vg bias, due either
to the creation of new traps following the mechanisms
described in to the depassivation of pre-existing deep
levels.
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