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1. Introduction

The properties of gallium nitride are extremely favorable for the
design of high-frequency power devices: a high breakdown

voltage can be achieved thanks to the wide
energy gap, which effectively suppresses
electron–hole pair generation due to
impact ionization and increases breakdown
voltage; a high electron saturation velocity
(>3� 107 cm s�1) and electron mobility
is coupled with the highest possible
electron density in the 2D electron gas
(2DEG). Correspondingly, current and
power density are much higher than in
Si or GaAs devices, which translates into
reduced width and area (thus reducing par-
asitics and greatly increasing efficiency).
The wider bandgap provides high
robustness against various types of
electrical overstress (DC, electrostatic

discharge, radiofrequency (RF)), and a wider dynamic range,
better linearity, and higher operating temperature.

RF power performance of Ga–polar GaN HEMTs for micro-
wave and millimeter-wave applications was recently reviewed[1];
power densities as high as 4Wmm�1 at 38 GHz and
2.8Wmm�1 at 95 GHz have been demonstrated.[2,3]

In absence of viable and cost-competitive bulk GaN substrates,
RF GaN HEMTs are usually based on GaN-on-SiC epitaxial
layers; GaN-on-Si is also becoming popular for lower frequency
applications, thanks to its reduced cost and larger wafer size.
Substrate isolation is achieved by introducing a GaN “buffer”
layer, doped with Fe or C (or both); however, these dopants
are associated with GaN lattice defects, which may enhance
deep-level effects.[4,5] Lateral gate length scaling, needed to
achieve high cutoff and oscillation frequency values, requires
a reduced vertical distance between gate and channel. A reduc-
tion in the barrier thickness would lower the 2DEG charge carrier
density; a redesign of the HEMT structure is therefore needed.
For sub-100 nm gate lengths, several new device designs have
been proposed, adopting higher bandgap barrier layers such
as InAl(Ga)N, and/or double heterojunctions.[1]

A radical solution to scaling-related issues consists in the adop-
tion of nitrogen-polar epitaxial structures, where the GaN channel
is on top and the AlGaN layer underneath inherently acts as a back-
barrier; low ohmic contact resistance on GaN is achieved and
scalability is greatly improved.[6] Consequently, nitrogen-polar
HEMTs have reached record values of power density and
power-added efficiency (PAE): stable 8Wmm�1 from 10 to
94 GHz[7]; 10.3Wmm�1 at 30GHz with 47.4% PAE[8];
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Herein, the results are reviewed concerning reliability of high-electron mobility
transistors (HEMTs) based on GaN, which currently represent the technology of
choice for high-efficiency microwave and millimeter-wave power amplifiers.
Several failure mechanisms of these devices are extensively studied, including
converse piezoelectric effects, formation of conductive percolation paths at
the edge of gate toward the drain, surface oxidation of GaN, time-dependent
breakdown of GaN buffer, and of field-plate dielectric. For GaN HEMTs with
scaled gate length, the simultaneous control of short-channel effects, deep-level
dispersion, and hot-electron-induced degradation requires a careful optimization
of epitaxial material quality and device design.
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6.2Wmm�1 and record 33.8% PAE at 94 GHz adopting
atomic layer deposition of Ru Schottky contacts and a deep-recess
metal–insulator–semiconductor HEMT (MISHEMT) structure.[9]

GaN microwave HEMTs have also unique reliability issues,
related to material properties and epitaxial growth quality.[10–15]

Figure 1 shows a schematic cross section of an AlGaN/GaN
HEMTs and lists main failure mechanisms reported in the liter-
ature, which are shortly summarized in the following. The main
goal of this paper is not to provide a comprehensive discussion
on all the possible degradation mechanisms, but only to high-
light some of the most recent findings that are relevant for
state-of-the-art devices and for future development. More
information and a more detailed discussion on the reviewed
papers can be found in the corresponding references.

1.1. Inverse Piezoelectric Effect and Thermomechanical Strain

The most critical area in a GaN HEMT is located in the semicon-
ductor layers at the drain side of the gate edge, where the maxi-
mum current density, electric field, and local temperature are
present at the same time. In this position, several degradation
mechanisms are accelerated: due to the piezoelectric nature of
GaN, the presence of an electric field implies an enhancement
of tensile stress in the AlGaN barrier, which is relaxed through
the creation of lattice defects or even cracks, resulting in degra-
dation in drain current, ID, and increase in gate leakage current,
IG. Even in the absence of applied bias, thermal cycling at
high temperature (300–650 K) can also induce cracks due to ther-
mal mismatch between GaN, gate metallization, and SixNy

passivation. Thermomechanical strain concentrates at the gate
edges and is symmetrical with respect to the gate center, thus
leading to crystal damage both at source and drain side, see
Figure 2.[16,17]

1.2. Time-Dependent Breakdown of the AlGaN/GaN Structure
and of Dielectrics

Due to the polar nature of chemical bonds in GaN, defects may
be generated under the action of the intense electric field and
become organized in a conducting percolative path, causing a
sudden increase in IG. The kinetic of this degradation is compat-
ible with a time-dependent dielectric breakdown (TDDB) mech-
anism: during a test at constant voltage in the offstate, initially
the gate current becomes noisy, then it suddenly increases sev-
eral orders of magnitude.[18–21] The conductive path forms on the
device surface at the gate edge and can be located by electrolu-
minescence (EL) microscopy[21]; the actual observation of the
damaged region, which has a typical extension of few nano-
meters, requires careful sample preparation and the use of trans-
mission electron microscopy (TEM). It can even be elusive, if the
leakage is just due to a percolative chain of point defects, which
are not detectable by TEM. These time-dependent breakdown
effects are peculiar to polar semiconductors such as GaN, and
have been observed also in InGaN/GaN light-emitting diodes
submitted to reverse bias tests.[22]

Due to the high electric field present in the device, dielectrics
are also subject to intense stress and can be affected by TDDB
mechanisms; in particular, a critical point is the dielectric below
the gate field-plate edge.[23–27]

1.3. Gate Metal, Contaminants, and Oxygen Interdiffusion:
Electrochemical GaN Oxidation

Under the action of high temperature and high-electric field, gate
metals and contaminants can diffuse toward the semiconductor
surface, in particular at the sidewall interface between metal and

Figure 1. Schematic cross section of an AlGaN/GaN high electron mobility transistors (HEMT) showing the most common failure mechanisms
described in the literature.
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passivation (usually SixNy); interdiffusion of Au, O, and other ele-
ments has been observed.[28–31] In specific conditions (presence
of moisture, high temperature, high electric field, device
current), oxygen can react with GaN at the device surface, thus
inducing pits and voids close to gate edges, with increase in
the parasitic resistance of access regions and decrease in
transconductance.

Electrochemical dissolution of GaN can lead to progressive
structural damage at the drain edge of the gate, consisting in
the formation of pits and grooves, associated with the presence
of oxygen or water vapor, leading to the formation of Ga and Al
oxide.[32,33] A relatively complex chain of electrochemical
reactions, which requires the presence of holes generated by
band-to-band tunneling, has been identified as a possible
mechanism for GaN surface oxidation. Other authors
observed the formation of an interfacial layer under the gate
contact, composed by an amorphous layer of aluminum oxide,
which is formed from the rejection of N and the consumption
of Al from an as-formed interfacial layer composed of Al, Ga,
O, and N.[34,35]

Schottky and ohmic contacts on GaN and related compounds
are generally stable at high temperature.[36] Both Schottky and
ohmic contact can withstand 300 �C for extended periods, even
if Ni has been reported to form NiO- and Ni-nitrides starting at
annealing temperatures as low as 200 �C.

1.4. Deep Levels and Hot-Electron Effects

Permanent and recoverable trapping and detrapping effects may
lead to significant device drift, with change in the threshold volt-
age and transconductance. These may be due to material quality
(preexisting deep levels on the surface and at interfaces, within
the GaN buffer, within the semi-insulating substrate), or to
process-induced instabilities, especially in connection with
compensating species (Fe or C), contaminants like H, F, O, or
defects.[5] Hot-electron effects, with generation of deep levels
and trapping of electrons in the dielectrics or/and at surfaces
and interfaces under the gate as over the gate–drain access

region, may occur both during off-state tests or (more frequently)
during semi-on and on-state tests.[37–42]

The term “hot electrons” refers to nonequilibrium electrons,
which acquire kinetic energy values sufficient to overcome poten-
tial energy barriers, be injected into buffer, barrier, or insulating
layers and be trapped there, break atomic bonds, and create inter-
face states or activate traps, for instance, through de-
hydrogenation, see Figure 3.[40,43,44] According to the various
experimental conditions, material properties, and device weak-
nesses, hot electrons may give rise both to parametric, gradual,
permanent, or recoverable positive or negative threshold voltage
shifts and/or to decrease in transconductance.

In Si n-MOSFET, holes generated by impact ionization can be
collected as substrate current Ib; in AlGaAs/GaAs HEMTs,
impact ionization hole current induces a negative gate current
Ig which can be correlated to hot-electron effects.[45] Due to

Figure 3. Schematic cross section of an AlGaN/GaN HEMT showing
possible effects of hot electrons: energetic electrons can be trapped at
interfaces, within the GaN buffer, at surface or within passivation.
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Figure 2. Left: transconductance gm versus VGS for a 0.25 μm AlGaN/GaN HEMT before and after 2000 h of thermal storage at 325 �C. Right: scanning
transmission electron microscope (STEM) image of the cross section along gate length of gate contact after test, showing the presence of two cracks at
gate edges at the source and drain side.
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the different leakage mechanisms present in a GaN HEMT, and
to the wide bandgap reducing impact ionization effects, the gate
current is not representative of hot-electron phenomena, unless
the devices to be studied present an extremely low leakage cur-
rent.[46] The characterization of hot-electron effects
in GaN HEMTs is usually based on the measurements
of EL, due to intraband transitions of energetic electrons
(Bremsstrahlung).[13,47] EL has a non-monotonic behavior as a
function of gate voltage: starting from pinch-off and increasing
gate-source voltage (VGS), EL first increases as 2DEG density in
the channel is increased; at high VGS, gm saturates and EL
decreases due to electric-field decrease at increasing VGS. This
feature can be exploited to verify if the failure mechanism is
due to hot electrons, by checking if, at a given drain-source volt-
age (VDS), the degradation has the same non-monotonic depen-
dence on VGS as EL.[39]

2. Failure Mechanisms of RF GaN HEMTs: Three
Case Studies

In the following, we describe three representative studies
concerning failure mechanisms of RF GaN HEMTs: in
Section 2.1, we show that short-term (<100 h) on-wafer testing
of devices at various bias conditions can effectively detect HEMT
weaknesses (in this case, due to sidewall indiffusion of Au and O
followed by GaN oxidation), thus suggesting specific process
changes. Hot-electron effects are the subject of case studies 2
and 3; in Section 2.2, we show that enhanced degradation
may result from an intrinsic device weakness (incomplete
pinch-off due to short-channel effects) coupled with particular
electrical stress conditions consequent to RF testing in compres-
sion; finally, in Section 2.3, the dependence of hot-electron-
induced degradation on GaN buffer compensation doping is
discussed, and a hypothesis on a possible role of C accelerating
the degradation is presented.

2.1. First Case Study: Gold and Oxygen Sidewall Interdiffusion
and AlGaN Surface Oxidation

The 0.25 μm GaN/AlGaN/GaN HEMTs for microwave applica-
tions up to 20 GHz have been tested.[48] Devices adopted a
22 nm AlGaN barrier with 22% Al content and Ti/Al/Ni/Au
ohmic contacts. Two different sets of devices were tested:
1) GEN1, adopting a Ni/Pt/Au Schottky gate metallization
and standard plasma-enhanced chemical vapor deposition
(PE-CVD) for SiN passivation; and 2) GEN2 devices, adopting
a different gate metallization scheme and a double-layer SiN
passivation.[49,50]

Devices were submitted to 24 h on-wafer DC tests at various
bias points, as shown in Figure 4. Significant degradation was
observed in GEN1 devices when the applied DC power was larger
than 20Wmm�1. Degradation consisted in a decrease in drain
current and transconductance decrease without changes in the
threshold voltage, suggesting damage in the gate–drain access
region, Figure 5.

Figure 4. Representative I–V device characteristics showing bias points
adopted for 24 h tests (circles). Breakdown voltage values are shown as
squares (GEN1 devices) and stars (GEN2 devices). Reproduced with per-
mission.[48] Copyright 2020, IEEE.

Figure 5. Left: transconductance gm in a GEN1 HEMT before and after 24 h test at VGS¼ 0 V, VDS¼ 30 V; right: after 24 h at VGS¼ 0 V, VDS¼ 60 V.
Reproduced with permission.[48] Copyright 2020, IEEE.
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Devices were then submitted to failure analysis using focused
ion beam (FIB) cross sectioning, scanning TEM (STEM) imaging
and EDX, shown in both Figure 6 and 7. X-Ray element micro-
analysis detected indiffusion of Au and O at the sidewall, within
the interface between gate metal and SiN passivation. When oxy-
gen reached the semiconductor surface, AlGaN oxidation
occurred, and heavy pitting and crystal damage, was induced,
as shown in Figure 6 (left). Both O and Au migrated over the
AlGaN surface toward the gate center and toward source and
drain contact, as shown in Figure 6 (center) and (right); Au grad-
ually substituted Ni as Schottky contact, Figure 7.

In the device submitted to 24 h test at VGS¼ 0 V, VDS¼ 60 V,
only partial lateral indiffusion of Au took place at the edges of the
gate finger, while at the center of the finger, where temperature is
higher, Au completely replaced Ni, as shown in Figure 7.

Figure 8 shows the percentage decrease in transconductance
as a function of the estimated junction temperature Tj and dem-
onstrates that the observed GaN oxidation is accelerated by the
simultaneous action of high electric field, high temperature, and
high current: no degradation occurs at room temperature (RT) in
semi-on state at VGS¼�3 V, VDS¼ 60 V (currentþ electric fieldþ
hot electrons, RT), or at 375 �C, without bias (high temperature

only), or at 300 �C in pinch-off (high temperature, high electric
field, no current). Subsequent to the results of failure analysis,
gate metallization was modified and a better passivation was
introduced in GEN2 devices, improving sidewall morphology
and achieving better stability; in GEN2 devices, gm degradation
is lower than 5% after 24 h test at VGS¼ 0 V, VDS¼ 60 V.

2.2. Second Case Study: Effect of Subthreshold Characteristics
on Device Degradation during RF Tests

During RF tests, depending on the actual load line adopted, the
device is repeatedly subject to bias conditions, which would not
be sustainable during DC tests. In the semi-on region close to
pinch-off, severe degradation due to hot electrons may occur,
due to the simultaneous presence of high electric field and chan-
nel current. Depending on device characteristics, load line, and
class of operation, this effect may induce significant reliability

Figure 6. Left, STEM image of defect at the gate–drain access region. Energy-dispersive X-Ray (EDX) mapping of oxygen (center) and gold (right), after
24 h DC test at VGS¼ 1 V, VDS¼ 38 V, DC PD¼ 31Wmm�1, GEN1 device. Reproduced with permission.[48] Copyright 2020, IEEE.

Figure 7. Left, top: EDX map of Au at the edge of gate width for a GEN1
0.25 μm AlGaN/GaN HEMT after 24 h test at VGS¼ 0 V, VDS¼ 60 V, DC
PD¼ 35Wmm�1. Bottom, left: Au EDX map taken at the center of gate
width. Reproduced with permission.[48] Copyright 2020, IEEE.

Figure 8. Percentage decrease of transconductance in GEN1 devices as a
function of junction temperature during 24 h tests at various bias points.
Degradation requires the simultaneous presence of high temperature,
high electric field, and high current. In fact, devices tested at room
temperature (RT) in semi-on-state, or at 300 �C in off-state, or at 375 �C with-
out bias show no degradation. In GEN2 devices, with modified gate metal
and passivation, gm degradation is lower than 5% after 24 h test at VGS¼ 0 V,
VDS¼ 60 V. Reproduced with permission.[48] Copyright 2020, IEEE.
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issues, which can remain undetected if only DC reliability testing
is used. In this case study, we compare hot electron effects in
0.5 μm AlGaN/GaN HEMTs having different GaN buffer
compensation options, namely: no doping (type I), 1017 cm�3

C-doping (type II), 1017 cm�3 Fe doping (type III), or
1018 cm�3 Fe and 1018 cm�3 C co-doping (type IV).[42] Devices
were subjected to a 24 h continuous wave RF test at 2.5 GHz with
quiescent bias at VDS¼ 30 V, ID¼ 30% IDSS, and driven into a
6 dB compression point. Baseplate temperature was set to
40 �C. Devices with undoped buffer show poor subthreshold
characteristics and incomplete pinch-off, with large drain–source
leakage current (Figure 9); on the contrary, Fe and C co-doping
was very effective in obtaining steep subthreshold slope, low
drain-induced barrier lowering (DIBL), and good pinch-off char-
acteristics with reduced drain–source leakage. When submitted

to RF testing, degradation in RF output power occurred, corre-
lated with initial subthreshold drain–source leakage current, see
Figure 10. No correlation is found between power dissipated dur-
ing the RF stress and the degradation in the RF output power.

When parasitic GaN buffer conductivity is not controlled due
to incomplete compensation, drain–source current leakage is
maintained beyond pinch-off, generating a high density of highly
energetic carriers or hot electrons, which can induce defects in
the AlGaN or GaN layers, through the direct damage of weak
lattice bonds or the dehydrogenation of Ga vacancies or N anti-
sites complexes.[51,52] The effect of deep levels can be evaluated
by means of pulsed IV transconductance measurements, as
shown in Figure 11 (top). A drop in dynamic gm at high VGS with-
out threshold shift is observed in devices with undoped buffer
(Figure 11 (top left)), suggesting generation of traps in the gate–
drain region. Deep levels can be identified by drain-current tran-
sient spectroscopy (DCTS), which shows that the worsening in
current-collapse in devices without doping in the GaN buffer (the
same occurs for C-doped buffer devices) is caused by an increase
in two traps with an activation energy EA¼ 0.79 eV and capture
cross section σc¼ 6� 10�13 cm�2 (E3) and with EA¼ 0.84 eV
and capture cross section σc¼ 4� 10�14 cm�2 (E4) (Figure 11
[bottom left]).[5] Devices with Fe and C co-doping show higher
initial current collapse, mainly due to the Fe-related trap at
EA¼ 0.56 eV, σc¼ 5� 10�15 cm�2 (E2), but trap density does
not increase after RF testing. In conclusion, hot-electron degra-
dation of GaN HEMTs depends on device subthreshold charac-
teristics and off-state leakage current; Fe and C co-doping is
effective in reducing short-channel effects and preventing RF
degradation, but at the expenses of an increased current collapse
of the untreated devices. In undoped and C-doped devices,
hot-electron degradation is due to the increase in density of traps
having activation energies EA¼ 0.79 and 0.84 eV.

2.3. Third Case Study: Effect of C-Doping on Short-Term GaN
HEMTs Reliability

If on one hand C-doping or Cþ Fe co-doping can help in improv-
ing subthreshold characteristics and device reliability during RF

Figure 9. Subthreshold characteristics of device submitted to 24 h RF tests at VDS¼ 30 V, class A, 6 dB compression. Left: device without intentional
doping in the GaN buffer. Right: device with 1018 cm�3 Feþ C in the buffer. In the latter device, drain–source leakage in pinch-off conditions is effectively
suppressed. Reproduced with permission.[42] Copyright 2015, IEEE.

Figure 10. Degradation after 24 h RF test is directly correlated with drain–
source current leakage in off-state at (VGS¼ VTH�1 V, VDS¼ 40 V. No cor-
relation is found between power dissipated during the RF stress and the
degradation in the RF output power. Reproduced with permission.[42]

Copyright 2015, IEEE.
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stress, on the other hand, carbon introduces additional trapping
sites, which may affect short-term device reliability. In fact, when
C atoms occupy N sites, CN, this defect behaves like an acceptor
level at approximately 0.8 eV from the valence band. When these
acceptors become ionized, they are negatively charged, inducing
a backgating effect, which reduces ID; the recovery is slow
because compensating holes need to be generated and brought
back to the acceptors, resulting in frequency dispersion effects
with long time constants.[5,49,53] Moreover, hot electrons may
interact with deep acceptor levels, and get trapped there, thus
inducing a permanent or semi-permanent degradation in thresh-
old voltage and ID.

Three groups of 0.15 μm AlGaN/GaN HEMTs were manufac-
tured within the same industrial process, same batch but
epitaxial layers differing for what concerns GaN buffer compen-
sation doping, namely a<< Fe reference>> wafer having
Fe¼ 2� 1018 cm�3 and no C; a<< Feþ low C>> wafer with
Fe¼ 2� 1018 cm�3 and C¼ 2� 1016 cm�3; a<< Feþ high
C>> wafer with Fe¼ 2� 1018 cm�3 and C¼ 8� 1016 cm�3.[50]

These devices were submitted to step–stress tests in semi-on
condition at VGS¼�2 V (the bias point was chosen in correspon-
dence of the maximum EL emission, i.e., maximizing the effect
of hot electrons), at increasing VDS from 5 V in 5 V steps, 120 s
each (Figure 12). Subsequently, fresh devices were submitted to
24 h tests at VGS¼�2 V and VDS¼ 25 V (Figure 13).

For both types of tests, the degradation in drain current is
maximum for the <<Feþ high C>> devices, while it is

Figure 11. Left column, top: 24 h tests of devices with undoped GaN buffer induce a decrease in pulsed transconductance, in particular at high drain
currents. Bottom: Drain Current Transient Spectroscopy reveals a strong increase in the concentration of the E4 trap, and a moderate increase of E3. Right
column, top: in the devices with Cþ Fe co-doping, the pulsed gm decrease is negligible, and correspondingly, the drain current transient spectroscopy
(DCTS) spectra is unchanged (bottom). Reproduced with permission.[42] Copyright 2015, IEEE.

Figure 12. Drain current degradation and positive threshold voltage
shift in different 0.15 μm AlGaN/GaN HEMTs manufactured within
the same process, same batch, but differing for the GaN buffer
doping: Fe reference à Fe¼ 2� 1018 cm�3, no C; Feþ low C -->
Fe¼ 2� 1018 cm�3, C¼ 2� 1016 cm�3; Feþ high C --> Fe¼ 2�
1018 cm�3, C¼ 8� 1016 cm�3. Semi-on step-stress test at VGS¼�2 V,
increasing VDS starting from 5 V in 5 V steps, 120 s each. Faster degrada-
tion is observed in Feþ high C-doped devices. Reference devices (Fe only)
show negligible degradation (slight ID increase due to negative VTH shift),
ruling out possible thermally activated interdiffusion effects. Reproduced
with permission.[54] Copyright 2020, Elsevier.
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negligible for the Fe-doped reference ones. For C-doped devices,
the degradation consists in a decrease in transconductance and
in a positive threshold voltage shift, while Fe-doped ones present
only a negative VTH shift. The presence of C in the GaN buffer
induces therefore short-term reliability issues or “memory”
effects, which can be relevant for some applications. In the tested
0.15 μm devices, these memory effects become relevant when
VDS exceeds 25 V in semi-on state, as shown in Figure 13.

The different behavior of C-doped devices can be explained as
follows: CN deep levels behave as deep acceptors 0.8–0.9 eV from
the valence band. When the devices are submitted to hot-electron
tests in semi-on state or on-state, electrons may recombine at
acceptor site, leaving an uncompensated acceptor, negatively
charged; the consequent backgating effect decreases ID and indu-
ces a positive threshold voltage shift. The effect can be recovered
only when new holes are injected and compensate the negative
charge; the recovery is therefore extremely slow and the
degradation is semi-permanent. On the contrary, only trapping
of electrons at deep levels at 0.6 eV from conduction band takes
place in Fe-doped devices, resulting in relatively fast (0.1–1ms
typically) recovery times.

3. Conclusions

Failure modes and mechanisms of 0.15–0.5 μm AlGaN/GaN
HEMTs have been reviewed. The main factors leading to the pos-
sible degradation of the devices are the individual or combined
effects of current flow, electric field, and temperature, causing
immediate of time-dependent (percolation) mechanical damage,

element diffusion, chemical reactions, and generation of defects.
As gate length is scaled, a complex trade-off is created among
short-channel effects, device stability and reliability, and fre-
quency dispersion effects, requiring optimization of compensa-
tion dopants concentration and profile, and careful design of
epitaxial structures, possibly with the introduction of new
materials and double heterojunctions. Crystal damage due to
thermomechanical stress can be limited by improving device
thermal characteristics and reducing junction temperature;
(Al)GaN oxidation remains an issue, but device robustness
against this mechanism can be greatly improved by process
optimization. Hot-electron-induced degradation may become
the dominant failure mechanism for highly scaled devices; for
LG¼ 100 nm and below wider reliability, studies are needed to
guarantee extended lifetime to future telecommunication
systems.
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