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Abstract

In the last decade, GaN has emerged as an excellent mate-
rial for application in power electronics. The wide energy
gap of gallium nitride (3.4 eV) enables high-temperature
operation, while the large breakdown field (3.3 MV/cm,
11 times higher than silicon) allows to reach kV-range
operation while maintaining a low on-resistance. Thanks
to the high mobility of the two-dimensional electron gas
at the AlGaN/GaN interface, lateral GaN transistors have
a very low on-resistance; commercial products are already
on the market, and new technologies are being developed,
targeting the 650 V/900 V ranges. Recently, the attention
toward vertical GaN transistors has constantly increased:
a vertical layout allows to substantially increase current
density while taking advantage of the wide bandgap and
high breakdown field of GaN. Vertical transistors based
on GaN are expected to find application in converters
with medium high power levels (>5 to 10 kW), once the
technology reaches maturity.

This chapter reviews the main properties of GaN-based
materials and devices. The first part focuses on the main
challenges related to the growth of high-quality GaN
epitaxial stacks. The second and the third parts focus
on GaN lateral and vertical devices, respectively. Finally,
the fourth section describes the trapping and degradation
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processes that limit the performance and the reliability
of GaN transistors, and the related physical mechanisms.
This chapter represents an ideal guide for a reader willing
to enter the world of GaN devices.

Keywords

GaN · Technology · Gallium nitride · Reliability ·
Transistor · III-V

15.1 GaNMaterial and Epitaxy

When GaN-based white LED’s became the technology to
beat for lighting applications after some major technological
hurdles were overcome, such as the development of a work-
able epitaxy regime [1], scientific interest was aroused to use
this material system also for purely electronic applications.
By taking advantage of the strong polarization fields in the
III-nitrides, which limit the performance of quantum well-
based light emitters because of the quantum confined Stark
effect [2], a unique structure for transistor channels was
devised: the GaN/AlGaN high electron mobility transistor
(HEMT) [3]. These lateral transistor devices can handle very
large power densities due to the combination of the good
transport properties on the one hand and of the excellent
voltage handling capabilities on the other hand, courtesy of
the material’s high bandgap and critical electrical field. From
epitaxy point of view, these two types of applications are
characterized by a number of distinct differences.

For opto-electronics, the substrate of choice is sapphire, as
it is optically transparent, relatively easy to perform hetero-
epitaxy on and can be reused several times by taking ad-
vantage of the laser lift-off technique [4]. For electronic
applications, sapphire has a major shortcoming in terms of
its low thermal conductivity which causes trouble with ther-
mal dissipation in high power density devices. Instead, the
traditional choice for substrates for electronic applications is
SiC, while in the recent years Si has become a very popular
choice as well.

A second major difference between the two types of
application is the range of alloys that is typically used.
For the bulk of lighting applications, LEDs need to cover
the visible range of the optical spectrum which is done by
using InGaN alloys in combination with n- and p-doped
GaN layers. Because of the volatility of Indium and the
miscibility issues in InGaN alloys [5], epitaxy of such layers
is performed at relatively low temperatures, roughly between
700 ◦C and 900 ◦C for MOCVD processes. For electronic
applications, the critical electric field of the materials is an
important parameter, which scales directly with the bandgap
of the semiconductor materials. As a result, layers stacks for
electronic applications typically consist of AlGaN alloys that
require a rather different epitaxial regime, e.g., characterized

by the higher growth temperatures (above 1000 ◦C when
grown by MOCVD) to obtain the best material quality.

Obviously, the layer stack designs differ significantly as
well: p-i-n diodes for LEDs as opposed to the undoped
HEMT hetero-structures for lateral transistors.

15.1.1 Typical Layer Stacks for Lateral GaN
Power Transistors

The lack of availability of native GaN substrates in large
wafer diameters and at reasonable cost forces the GaN com-
munity to use hetero-epitaxy to grow III-nitride materials
on foreign substrates, such as sapphire, silicon, or silicon
carbide. The intrinsic mismatches between substrate and
epitaxial materials, for instance, in terms of lattice constant
or thermal expansion coefficient, prevent the direct growth
of the active HEMT layers on top of the substrate. Instead,
a relatively complex buffer stack needs to be inserted in
between. Figure 15.1 shows the typical construction of the
epitaxial layer stack, together with the most commonly used
implementations. We will discuss the different variations
below.

15.1.2 Substrates, Nucleation, and Strain
Management

For electronic applications, typically two substrate types are
used: silicon carbide (SiC) and silicon (see Table 15.1). Sap-
phire, which is the substrate of choice for the LEDbusiness, is
not used because of its low thermal conductivity that becomes
a reliability issue for transistors that operate at and dissipate
high power densities.

15.1.3 Growth on SiC Substrates

For most RF applications, SiC is used as a substrate, first
because of its relatively low lattice mismatch with GaN that
allows a very simple nucleation and buffer structure and
secondly because of its high thermal conductivity. In practice,
the layer stack as depicted in Fig. 15.1 is simplified to consist
of a thin AlN nucleation layer, a GaN-based confinement
layer (typically unintentionally doped or Fe-doped) with a
thickness of roughly 1 μm and the active channel/barrier
layer combination.

Most SiC substrates are wafered from SiC bulk crystals
that are grown using the Physical Vapor Transport (PVT)
method [6]. The latter operates at temperatures exceeding
2000 ◦C, provides low growth velocities, and is thus very
energy intensive. The typical crystals that can be obtained
by PVT are typically only 20–30 cm long and yield only a
limited number of wafers. As a result, SiC wafers are 20–50
times more expensive than their Silicon counterparts.

Page 2 of 54



15 GaN-Based Lateral and Vertical Devices 527

15

Capping layer
GaN

AlGaN

AlGaN

None (uid GaN)

Superlattice

LT AlN interlayer

Fe-doped GaN

C-doped GaN

Graded AlGaN

In-situ SiN

InAlN

AlN

Barrier layer

Channel layer

Confinement or voltage

blocking layers

Strain management

layers

Nucleation layer

Substrate

Fig. 15.1 Layer stack variations for GaN electronics

Table 15.1 Properties of commonly used substrate materials

Substrate materials GaN SiC Sapphire Si

Lattice constant (å) 3.19 3.08 4.76 5.43

Mismatch to GaN 0 −3.6% 33.0% 41.3%

Thermal expansion coefficient
(10−6 K)

5.59 4.3 7.3 3.59

Mismatch to GaN 0 30.0% −23.4% 55.7%

Thermal conductivity (W/cmK) 1.3 4.9 0.23 1.4

Moreover, scaling the diameter of the crystal boule has
been proven difficult. Only recently has the industry made
the step from 4′′ to 6′′ diameters, with however still some
quality issues remaining to be solved for the outer ring of
the 6′′ substrates. 200 mm SiC has been demonstrated but is
currently not commercially available in large quantities.

15.1.4 Growth on Si Substrates

Over the last 15 years, a lot of effort has been spent to develop
an epitaxy process to grow GaN directly on Si substrates
(Krost). Being able to work on Si is very appealing: it is
obviously the material of choice on which the bulk of the
semiconductor industry is built (e.g., for logic and mem-
ory applications). Si manufacturing technology is extremely
mature (yields well above 95%), very cost effective and
capable of mass production (hundreds of thousands of wafers
per month). Besides the cost advantage compared to SiC,
one of the main drivers to select Si substrates is that it
allows for much more easy integration of GaN-based devices
with circuitry manufactured in Silicon-based CMOS. This is
due to ease of back-side processing (e.g., wafer thinning or
through-Si-via processing using the Bosch process) as well as

due to the fact that there is nomismatch in material properties
(thermal expansion coefficient being a good example).

Unfortunately, the hetero-epitaxy of GaN on Si comes
with a plethora of challenges. For starters, the electronically
most suitable type of GaN comes in a hexagonal close packed
crystal structure (also called Wurtzite), which doesn’t match
the crystal structure of Si: the face-centered cubic crystal
structure. The typical technical work-around is to use the
triangular symmetry of the <111> plane of the Si.

Although many epitaxial techniques exist such as
molecular beam epitaxy (MBE), hydride vapor phase epitaxy
(HVPE), or liquid phase epitaxy (LPE), almost all production
of GaN epitaxial layers is performed by a technique called
metal-organic chemical vapor deposition (MOCVD) or
metal-organic vapor phase epitaxy (MOVPE). In this
technique, the growth temperature for high-quality GaN
or AlGaN layers is above 1000 ◦C. At these temperatures,
Ga attacks the Si substrate because of the eutectic lowering
of the melting point of the materials; a phenomenon called
Ga melt-ba ck of Si [7]. As a result, one cannot directly
grow GaN on Si, but one needs to insert a layer of a different
material. As on SiC, the solution is to grow anAlN nucleation
layer that not only constitutes a good starting crystal for
consecutive epitaxial growth but that also protects the Si
from Ga-containing molecules in the vapor phase. Different
solutions with other intermediary layers exist such as the use
of 3C-SiC or rare earth oxides, but these lack the elegance
and simplicity of using an in situ grown layer.

The nucleation process is an important one, because the
extended defects that originate in this layer tend to propagate
as threading dislocations through the entire layer stack that is
built on top. Because of the reactivity of both species and
the strong bond strength between aluminum and nitrogen,
the growing AlN has low surface mobility and as a result,
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the growth occurs by the formation of many separate AlN
islands that laterally expand and coalesce. The locations
where the islands meet are a source for many kinds of 1D
and 2D extended defects. For the same reasons as mentioned
above, AlN easily reverts to a three-dimensional growth
mode (Volmer-Weber or Stanski-Krastanov) thus forming
pyramids, rather than the preferred two-dimensional layer-
by-layer growth mode (Frank-van der Merwe). This easily
leads to surface roughening.

It has been shown that the properties of the interface
between the Si and the AlN is of major importance both
for high-voltage power switching as well as for RF power
applications. In the former case, lateral conductivity along
this interface causes the premature breakdown of lateral
devices (as will be explained in Sect. 15.2 of this chapter),
whereas for the latter case, the conductive interface causes
RF losses for propagating signals and efficiency degradation
in amplifiers.

There are more issues with GaN-on-Si epitaxy. As indi-
cated in Table 15.1, GaN and Si have rather different thermal
expansion coefficients. Even when one manages to employ
the nucleation techniques as described above to grow high-
quality GaN material, the cool-down step of over 1000 ◦C
after epitaxy induces a substantial amount of tensile stress in
the GaN epilayers, proportional to the thickness thereof. This
is especially critical for high-voltage applications where the
vertical voltage rating scales linearly with the thickness of
the epilayer stack, requiring for instance a more than 5 μm
thick layer stack for a 650V rated device.Without controlling
this issue, GaN-on-Si wafers tend to have significant bow and
warp and are prone to the formation of cracks or even wafer
breakage [8].

Over the years, several solutions where proposed to com-
pensate for this tensile strain formation. They are all based
on the principle of designing a buffer that generates an equal
amount of compressive stress. In this way, it is possible to
manufacture GaN-on-Si wafers that are perfectly flat; yet it is
important to understand that such flat wafers are never stress-
free but merely well stress-compensated. There is a second
implication as well: the total amount of compressive stress
that may be generated by the buffer is limited by the onset
of plastical deformation of the Silicon substrate. This means
that, depending on the thickness of the Silicon substrate,
there is an upper limit to the total thickness of the III-nitride
epilayer that can be grown on top.

The first type of strain management buffer is based on
graded AlGaN layers. On top of the AlN nucleation layer,
AlGaN layers are deposited where the Al composition is
reduced, either continuously or in discrete steps, from 100%
(AlN) down to 0% (GaN). In this configuration, AlGaN
layers with lower Al content have a larger lattice constant that
the AlGaN material beneath, and the pseudomorphic growth
of the former forces them to be compressed. Because of the

finite composition range of the AlGaN and the presence of
strain relaxation effects, the maximum layer thickness that
can be deposited in this way is limited to 6–7 μm.

An alternative approach consists of the use of the so-called
low-temperature AlN interlayers. Here the GaN layer growth
is repeatedly interrupted to introduce a thin AlN layer that
is grown at very low temperatures (e.g., 700 ◦C). In these
conditions, the AlNwill not build up strain internally because
of the even further reduced surface mobility, and it very
quickly relaxes to its native in-plane lattice constant (3.11 Å)
which is lower than the one of the GaN (3.19 Å). Then, in
a next step under “normal” growth conditions, the growth of
the GaN is continued and generates compressive strain in a
similar way as described above. This process can be repeated
several times. The main drawback of this approach is the
poor quality of the AlN interlayers themselves (due to the low
growth temperature) which can impact the electrical behavior
of the layer stack, for instance, in terms of leakage current or
trapping effects.

The second alternative approach which is today widely
employed for high voltage power switching applications is
the use of strained superlattice (SSL) buffers. These consist
of a large number of repetitions (e.g., 100–150 times) of a
bilayermade up out of 5–20 nm thinAlN and (Al)GaN layers.
By keeping the thicknesses of the individual layers below
their critical thickness, the total strain of the superlattice can
be controlled by varying the ratio between the thicknesses of
the two constituent layers.

15.1.5 Back-Barrier Selection

Besides the chemical and mechanical considerations, the lay-
ers below the HEMT heterostructure also play an important
electrical role. This is obviously the case in the devices’
off-state, where the electric field extends into and causes a
depletion of the buffer layers where it induces electrical stress
that may lead to leakage and time-dependent breakdown
effects. However, the presence of traps in the buffer layers can
also lead to a degradation of the devices’ on-state behavior:
the so-called current collapse (see further, e.g., Figs. 15.8
and 15.9). The electrical requirements for the buffer layers
directly under the GaN channel layer also depend on the
application.

GaN-on-Si is attracting a lot of interest for power switch-
ing applications especially for devices rated at 600 V or
650 V. One of the requirements of the circuit designers is that
there are no floating potential nodes, which implies that also
the substrate is grounded. As a result the GaN-on-Si stack has
to be capable of handling about twice the rated voltage to be
able to cope with inductive voltage spikes and to guarantee a
reasonable lifetime. The total voltage is split over the strain
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management layers (that are typically designed with only the
strain aspect in mind) and over the voltage blocking layers.

One attractive implementation for the voltage blocking
layers is to use impurity-doped GaN. One can for instance
increase the resistivity of GaN by incorporating deep ac-
ceptor levels in the form of Carbon-doping. In an MOCVD
process, carbon is available from the source molecules for the
group III elements (e.g., from methyl groups), so by modi-
fying the thermodynamic growth conditions, the amount of
Carbon that is incorporated in the epilayers can be tuned.
Alternatively, one can opt for a dedicated dopant source
gas for carbon, such as ethylene or methane, to allow a
wider parameter space for the epitaxial conditions. Substan-
tial amounts of work have been performed by various groups
to understand and control the effect of such Carbon doping.
Moens et al. showed that a layer stack as described above
can be modelled as a leaky dielectric [9], with two regimes of
current conduction below and above a certain critical voltage.
One concern with deep acceptor levels is that they may serve
as a trapping state causing current collapse. Also in this
respect, different models have been proposed. Uren et al.
showed the importance of charge redistribution between the
2DEG and the carbon-doped layer [10], while Verzellesi et al.
[11] described the effect of how the carbon is incorporated
into the crystal lattice on its trapping behavior.

For RF applications, one of the main device features is
the use of short gate lengths which create very high electric
field peaks at the drain edge of the gate that can cause
punch-through [12].When using a thick (i.e., more than 200–
300 nm) unintentionally doped GaN channel layer with the
gate pinched off, the 2DEG carriers may be pushed out of the
quantum well and still travel from drain to source through
the lower part of the GaN channel layer. This induces a
bias-dependent off-state leakage current and a degradation
of the sub-threshold slope. To prevent this effect, the carriers
need to be better confined into the 2DEG quantum well by
modifying the layer stack directly under the (thinned) GaN
channel.

Themost effectivemethod, inspired by similar approaches
in AlGaAs/GaAs HEMT technology, is the use of an AlGaN
back-barrier just below the GaN channel layer. Even the use
of AlGaN layers with Al content as low as 5% creates a
very high-energy barrier for 2DEG electrons, based partly
on the bandgap discontinuity but mostly on the polarization
charge at the AlGaN/GaN back interface [13]. This makes the
AlGaN back-barrier the most suitable configuration for very
high frequency operation (e.g., W-band) where very short
sub-100 nm gate lengths are used [14]. There is also a major
drawback: the thermal conductivity of ternary AlGaN alloys
is significantly lower than that of either GaN or AlN [15], so
for a given power dissipation, the peak channel temperature
will be significantly higher than in the case of using GaN-
based confinement layers.

To limit the punch-through effect in thick GaN channel
layers, one method is to use Fe-doping to compensate for
the intrinsic n-type background of GaN material. Fe is a
deep acceptor in GaN that makes the layer highly resistive.
Fe-doped GaN buffers are the de facto standard for GaN
on SiC epiwafers used for RF applications. However, iron
is not allowed in Si CMOS processing foundries where Fe
contamination levels should be below 5 × 1010/cm2, which
severely limits its usefulness for GaN-on-Si wafers. Fe also
has a long diffusion tail in GaN, making it impossible to
make abrupt interfaces between the Fe-doped buffer and
the UID GaN channel layer. Finally, there are some reports
that link Fe-doping with a trap with activation energy of
approximately 0.6 eV [16].

Triggered by the promising results and understanding ob-
tained for power switching, the use of carbon-doped buffers
is also being introduced for RF applications. On a device
level, the impact of the buffer is evaluated mainly in terms of
off-state leakage and subthreshold behavior, the absence of
current collapse and the capability to dissipate large power
densities. Carbon-doped GaN confinement layers have been
compared directly to AlGaN back-barrier designs with favor-
able outcome [17].

15.1.6 HEMT Heterostructures

Even though the above explains the importance of the nucle-
ation and buffer layers, it is obvious that in GaN epiwafers for
electronics an important role is reserved for the channel and
barrier layers of the HEMT heterostructure. The underlying
physics behind the formation of the 2DEG in such structures
are reviewed in Sect. 15.2 of this chapter and have also been
described in an excellent way elsewhere [3].

The work-horse heterostructure both for power switching
and RF applications is still the combination of a thin AlGaN
barrier layer on top of a GaN channel layer. The thickness
of the barrier layer typically ranges from 10 to 30 nm, with
Aluminum content between 15% and 30%. This yields a
two-dimensional electron gas with an electron density of
between 6 × 1012/cm2 and 1.5 × 1013/cm2 and associated
electron mobility above 1800 cm2/Vs. The fine-tuning of the
structural parameters depends on a wide range of criteria and
applications such as maximized electron mobility, improved
reliability [18], or reduced electron density to allow e-mode
operation through the local depletion of the channel by a
p-type (Al)GaN layer under the gate [19].

The AlGaN/GaN heterostructure benefits from a piezo-
electric polarization component that adds up to the spon-
taneous polarization field of the AlGaN layer. As a result,
adding more strain to the AlGaN layer by increasing the
Aluminum content is beneficial for the number of carriers
that are contained in the 2DEG. However during epitaxy,
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a growing strained layer only remains pseudomorphic to
the underlying lattice until a so-called critical thickness is
reached [20, 21] after which the strained layer starts to relax,
e.g., by the creation of misfit dislocations [22]. It was shown
that for AlGaN/GaN heterostructures, strain relaxation can
also occur by the formation of V-grooves in the AlGaN
layer, caused by the preferential out-diffusion of Gallium
from the ternary material [23]. By adding a thin layer of
SiN during the epitaxy, this mechanism can be suppressed
and the relaxation temporarily postponed [24] until another
relaxation mechanism sets in. Thus, not only does in-situ
SiN provide a rather effective surface passivation [25], it
also allows for the epitaxial growth of aluminum-rich AlGaN
barriers.

The most extreme case of this barrier configuration con-
sists of a pure AlN barrier layer grown on top of the GaN
channel layer, as AlN has the widest bandgap and the highest
polarization coefficients of the InAlGaN alloys, making it
theoretically the best choice for the HEMT heterostructure.
As an example, an AlN barrier layer with a thickness of only
4 nm capped with 10 nm of in situ SiN yields a 2DEG density
of 2.15 × 1013/cm2 with an associated electron mobility of
about 1000 cm2/Vs. These data points make this structure
very interesting for RF purposes because it allows bringing
the gate electrode very close to a densely populated 2DEG,
which results in a much improved transconductance of the
transistor [26].

One drawback of using AlGaN barrier layers is that the
use of strained barrier layers may have a detrimental effect
on device reliability [27]. Fortunately, it is also possible to
create strain-free HEMT heterostructures, by combining the
GaN channel with a lattice-matched InAlN barrier layer [28].
For an indium composition of about 17%, InAlN has the same
lattice constant as GaN but a significantly higher bandgap
energy of 4.4 eV. Because both InN and AlN have higher
polarization fields than GaN, a 2DEG is still induced at the
interface between InAlN barrier and GaN channel due to
spontaneous polarization only. For example, for a lattice-
matched InAlN barrier layer with a thickness of 6 nm with
thin cap of SiN, the authors have obtained a 2DEG density
of 1.65 × 1013/cm2, which is about 50% higher than for
a standard 20 nm Al25Ga75N barrier layer. One remarkable
property is that the electron mobility in this InAlN/GaN
heterostructure is as high with a value of 1800 cm2/Vs, much
higher than what can be obtained with the AlN barriers
with values around 1000 cm2/Vs. As a result, InAlN have
the lowest sheet resistance of any HEMT configuration, in
this case around 220 �/sq. compared to typical values of
350�/sq. or above for AlGaN-based heterostructures. Values
as low as 170 �/sq. have been reported for thicker InAlN
barriers [29].

Recently, a new nitride alloy ScAlN was proposed as
an alternative barrier material [30]. Even though results are

still scarce, an 2DEG electron density of 3 × 1013/cm2 was
reported for layer structures grown by MBE [31].

15.2 Lateral Devices Architectures

The first lateral gallium nitride device was reported for mi-
crowave applications in the late 1990s [32]. Subsequently,
RF architectures expertize has been basically adapted for
power and switching applications because of their high off-
state breakdown strength combinedwith an excellent channel
conductivity. These GaN-based switches would offer greater
efficiency, power handling, and other performance attributes
compared to the well-established, widely available silicon
MOSFET power devices. The superior electron mobility
means that a GaN transistor will have a smaller size for a
given on-resistance and breakdown voltage than a silicon
(Si) semiconductor. Thus, GaN also offers extremely fast
switching speed and excellent reverse-recovery performance,
critical for low-loss, high-efficiency performance. Further-
more, despite their large lattice mismatch (about 14%), high-
quality GaN growth can be achieved on cost-effective Si
substrate using advanced techniques to accommodate the
strain issues. Although GaN on SiC substrates are generally
advantageous for high power devices because of the high
thermal conductivity and lower lattice mismatch, the growth
on Si substrates is more promising for power applications
because of the scalability of wafer diameters to 200 mm
and more and due to the comparably low price level. The
ability of power semiconductor devices to enhance the power
electronics performance/cost figure of merit can be simpli-
fied by its own price/performance figure of merit, namely,
dependent on the switching power loss, ohmic power loss,
and the cost, where the switching power loss reflects the
thermal limitation, most often achieved through increasing
switching frequency and subsequent reduction in output filter
components. Therefore, in addition to efficiency improve-
ments, the use of GaN semiconductors instead of state of the
art silicon-based devices for power electronic systems allows
the reduction of size/weight of the conversion subsystems,
due to significant reduction in cooling system requirements.

The structure of a common AlGaN/GaN high electron
mobility transistor (HEMT) appears in Fig. 15.2 along with
the band diagram. At the heterojunction between the AlGaN
barrier and the GaN channel, the two materials discontinuity
in polarization leads to carrier diffusion. The AlGaN free
electrons are attracted to the GaN channel and create an accu-
mulation of charges at the interface of both layers. At the ther-
modynamic equilibrium, a discontinuity of the conduction
band at the AlGaN/GaN interface is observed. This disconti-
nuity forms triangular potential well. Confine in a very small
area, those electrons create a two-dimensional electron gas
(2DEG) enabling a high charge density conduction between
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Fig. 15.2 (a) Cross section of an AlGaN/GaN HEMT associated with
(b) his band diagram

the drain and the source. Unlike GaAs HEMTs, GaNHEMTs
do not require any electron doping to create the 2DEG at
the interface between the barrier and the channel. Indeed,
the creation of the 2DEG is the result of the piezoelectric
and spontaneous polarizations inherent of the AlGaN/GaN
heterostructure. The electron density in the 2DEG is directly
dependent on the nature and the thickness of thematerial used
as barrier layer [33, 34]. The high electron confinement at
the interface allows reducing the electron scattering, which
leads to an electron mobility typically ranging from 900 and
2200 cm2/Vs [35, 36].

In more detail, all the contributions leading to the forma-
tion of the channel can be computed as follows, referring
to Fig. 15.3a for the device structure and dimensions, to
Fig. 15.3b for the charge distribution and to Fig. 15.2b for
the band diagram, and assuming Ga-face polarity. For thick
AlGaN layers, the surface potential qφs is pinned by the
surface donor levels located at the upper barrier surface and
is almost equivalent to the donor energy depth ED. Due to
the lattice mismatch between AlGaN, and GaN, the thinner
AlGaN barrier is submitted to tensile strain; therefore the
total polarization charge −σ P(AlGaN) at the AlGaN surface
is the sum of the spontaneous polarization−σ SP(AlGaN) and
piezoelectric polarization −σ PE(AlGaN) contribution

-dAlGaN 0 Δd

GaNAlGaN Substrate

2DEG

qND
+

-σP(AlGaN)

-σP(GaN)

+σP(AlGaN)

+σP(GaN)

-Qscr

nCH

a

b

Fig. 15.3 (a) Schematic structure of a GaN HEMT for the calculation
of the channel charge density and (b) charge distribution in the device.
The AlN transition layer is not considered for easier understanding

−σP (AlGaN) = −σSP (AlGaN) − σPE (AlGaN) (15.1)

An additional positive charge contribution N+
D is present

at the surface, caused by the unscreened fixed positive charge
left by the ionized donors. If the AlGaN layer is thick enough,
the Fermi level will reach the donor state level, and the
electrons will be stimulated into the conductive band and
swiped toward the other side by the force of the polarization-
induced electric field. Once contacting with a GaN layer,
electrons will flow into the GaN side because of the drop of
the Fermi level. The electrons will accumulate at the interface
and contribute to the formation of the 2DEG. At the interface
between the barrier and the channel region, the net polar-
ization charge −σ P,(net) is the sum of the contribution by
the AlGaN and the GaN layers, σ P(AlGaN) and −σ P(GaN),
respectively,

σP (net) = σP (AlGaN) − σP (GaN) (15.2)

Given the stronger spontaneous polarization field in
AlGaN with respect to GaN, the net charge is a positive
number. This positive net charge leads to the presence of
an electron distribution in the channel region close to the
hetero-interface. We assume that this charge density qnCH is
distributed as a two-dimensional charge layer at a distance
�d from the AlGaN/GaN interface, where �d is the center
of the charge distribution. Starting from the AlGaN surface,
we can follow the profile of the lower edge of the conduction
band from the Fermi level in the metal to the Fermi level in
the GaN buffer and write
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φs − VAlGaN − �EC

q
+ �EF

q
= 0 (15.3)

where�EC is the conduction band energy discontinuity at the
hetero-interface, �EF the distance between the Fermi level
and the lower edge of the conduction band at the interface,
and VAlGaN the potential across the AlGaN region

VAlGaN =
∣
∣σP (net) − qnCH

∣
∣ · dAlGaN

ε
(15.4)

�EF can be expressed as

�EF = qnCH
ε

· �d (15.5)

The electron channel density nCH is then

nCH = σP (net) · dAlGaN − ε(φs − �EC/q)

qD
(15.6)

where

D = dAlGaN + �d (15.7)

is the distance between the AlGaN surface and the channel
location. In a complete HEMT structure, a gate metal is
deposed on top of the AlGaN barrier, which can be used to
vary the AlGaN surface potential. When a bias VG is applied
to the gate contact, the surface potential φs equals φB − VG,
where φB is the barrier height of the metal-semiconductor
junction, and therefore we obtain

nCH (VG) = σP (net) · dAlGaN − ε (φB − VG − �EC/q)

qD
(15.8)

Concluding, at the interface between the gallium nitride
buffer and the substrate, we have the positive polarization
charge of the gallium nitride +σ P(GaN) and an additional
screening charge −Qscr to ensure charge neutrality in the full
structure.

The high electron mobility combined to the high density
of charges in the 2DEG enable very low on-state resistances
(RON). Up to 650 V voltage range, GaN devices can thus
be foreseen as the best choice as compared its counterparts
considering a proven high level of reliability. At higher-
voltage operation, this technology is basically limited by
the Si substrate. This limitation will be detailed later in this
chapter. However, increasing the blocking voltage of GaN
lateral devices would pave the way for more efficient devices
beyond 1 kV applications [37, 38].

15.2.1 Applications

Silicon-based devices such as MOSFETs (Metal-Oxide-
Semiconductor Field Effect Transistor) or IGBTs (Insulated-
Gate Bipolar Transistor) have been extremely successful and
represent the present standard for power switches in power
applications – AC/DC supplies, DC/DC supplies, and motor
controls – ranging from just tens of watts up to hundreds
and even thousands of watts. They have seen continual
improvements in key parameters such as on-resistance
RDS(ON), voltage ratings, switching speed, packaging, and
other attributes. However, the rate of improvements in these
MOSFETs has leveled off, as their performance is now close
to the theoretical limit as determined by the underlying
fundamental physics of these materials and processes. In this
frame, GaN lateral devices have a growing impact on the
current power market. Indeed, due to its impressive intrinsic
characteristics (shown Fig. 15.4), GaN material has a truly
predisposition for high-voltage and high-speed switching
applications as confirmed by many market reports for low
and mid-voltage range (<600 V) in a short term.

GaN could impact a wide range of applications using var-
ious operating voltage. For instance, GaN presents a unique
palette of viable solutions for both high power and medium
power applications that can power the next generation cars ef-
ficiently and economically. Hybrid vehicles represent today a
growing market where companies are significantly investing.
The emergence of wireless power is another key application
enabled byGaN. Eventually, the entire home can be equipped
with transmitters and repeaters that will power the lights, TV,
and other household appliances wirelessly. GaN transistors
will support this rapidly emerging application. Another good
example is the use of GaN components in an extremely small
x-ray machine that fits in the size of a pill. In this case,
GaN’s superior performance to obtain 10–100 times higher
resolution so diseases can be detected earlier, more accurately
and less expensively. Also, in addition to its ability to survive
in a harsh environment, the small size, and high efficiency
of GaN device make them very attractive for use in space ap-
plication. GaN is inherently radiation tolerant. Unlike silicon,
where special fabrication techniques and special packaging is
needed to shield semiconductors from the effects of radiation,
GaN’s natural properties make it relatively immune to these
harmful rays.

15.2.2 State-of-the-Art

The specific on-state resistance of any semiconductor devices
used for power electronic applications is one of the key
performance parameters. An ideal power switching device
should have a high breakdown voltage to cope for the off-
state condition with a sufficient margin while its on-state
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Fig. 15.4 Comparison of intrinsic characteristics of GaN, Si, and SiC material

resistance should be as small as possible. This request trans-
lates into the trade-off situation depicted in Fig. 15.4. High
breakdown devices require extended drift regions, e.g., the
distance between gate and drain needs to be sufficiently
large. This means that the increase of the breakdown voltage
induces resistive elements that are added to the device thus
increasing the on-state resistance. As shown in Fig. 15.5, the
optimum on-state resistance for each types of devices follows
specific theoretical limits, which have been calculated for
unipolar devices. In fact, as power switching devices are
operated in the linear (mobility controlled) region at on-state,
the on-state resistance increases with breakdown voltage
practically in a quadratic dependency. Accordingly, GaN
devices have an advantage over Si devices by theoretically at
least three orders of magnitude. They even outperform SiC
devices.

It can be noticed that many large companies are devoted
to the development of GaN power devices. A wide range of
commercial GaN power devices are already commercialized.
This reflects the potential short-term market penetration of
these emerging devices. Nevertheless, several hurdles still
need to be overcome such as the cost that needs to be re-
duced in order to be competitive with Si-based devices while
delivering superior performance; the reliability of normally-
off GaN devices and in particular the control of the dynamic
on-resistance up to high temperature; the integration and
associated packaging that needs to be implemented without
sacrificing the performances; and the sourcing that needs to
be increased to allow high acceptance of this technology from
the industry. Furthermore, higher voltage range (>1.2 kV),
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Fig. 15.5 Specific on-resistance as a function of the breakdown volt-
age of various materials

limited currently to below 1 kV would extend the impact of
GaN lateral devices for power applications.

15.2.3 Limitations of GaN Lateral Devices

As discussed previously, GaN lateral devices are already
showing attractive performances as compared to silicon tech-
nology [39–41]. However, the operating voltage of GaN
devices is limited to below 1 kV, which is significantly lower
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than the full potential of this technology. One of the main
technological bottlenecks include:

• The parasitic conduction at the buffer/Si substrate inter-
face under high voltage

• The dynamic RON issues
• The normally-on behavior

Parasitic Conduction Under High Voltage
Many different physical effects are limiting the high voltage
performance of GaN devices. They all have to be taken
into account when developing high voltage GaN devices.
The breakdown voltage is often defined as the voltage level
at which the drain current of the pinched-off transistors is
exceeding a normalized value of 1 μA per mm device width.
The main sources of leakage for an AlGaN/GaN HEMT de-
vice are represented in Fig. 15.6. Device breakdown mainly
depends on the specific epitaxial design of the buffer layer,
its material quality, the lateral geometrical design of the
devices, and their passivation technique. The latter issues
are mainly dependent on processing technology, whereas
the former parameters are due to the GaN/AlGaN epitaxial
design, the material properties and the interfacing between
GaN/AlGaN material technologies and processing. Some
mechanisms, for example, surface arcing between adjacent
conductive structures with a large potential difference are
known from standard power electronic device technologies.

Si substrate

AlN transition layer

GaN buffer

GaN channel

AlGaN barrier

S G D

Depletion

zone

Passivation

layer(s)

Substrate leakage

Buffer leakage

Gate leakage

Surface leakage

Fig. 15.6 Representation of the main sources of leakage for a HEMT
AlGaN/GaN device on Si substrate

These mechanisms can be harnessed by applying adapted
passivation and encapsulation schemes.

Buffer leakage current is due to the injection of charge
carriers into the buffer under high bias. This phenomenon
is commonly called punch-through effects [42]. In this case,
if the channel is closed by a sufficiently negative gate bias,
electrons are bypassing the gate control region via the buffer.
Several solutions have been developed to overcome this issue
by the use for instance of carbon or Fe-doped buffer [44–45]
or an AlGaN back barrier [46].

In off-state condition, the gate polarization creates a large
depletion region, and the electrons can flow from the gate to
the drain, most probably due to electron injection across the
gate barrier. As these effects are triggered by high electric
field strength, particularly at the drain side edge of the gate
or close to the drain electrode, field plates can suppress
this effect and thus shift the breakdown voltage to higher
values.

A strong limitation of GaN lateral devices grown on
silicon substrate is the parasitic conduction at the buffer/Si
substrate interface under high voltage. Figure 15.7 shows
the breakdown voltage (BV) defined for a leakage current
of 1 μA/mm, for various epitaxial thicknesses as a func-
tion of the gate-drain voltage distance (LGD). If the leakage
currents are suppressed by suitable technological means,
GaN HEMTs BV scales with increasing LGD. Thus, LGD
determines the maximum allowable operation voltage. For
small LGD (typically <15 μm), the breakdown voltage mono-
tonically increases, generally indicating a breakdown mech-
anism that is triggered by properties directly influenced by
LGD scaling. In this case, breakdown occurs between the
drain side edge of the gate and the channel region with
a simultaneous increase of gate and drain current. On the
other hand, for higher LGD, BV saturates with respect to the
epitaxial total thickness. Detailed investigations have shown
that the dominating current flow at breakdown condition is
now originating from the source, flowing vertically through
the buffer to the conductive substrate and back to the drain
terminal.

Therefore, increasing the epitaxial thickness allows im-
proving BV. However, buffer thickness typically above 6–
7 μm with low bow is extremely difficult to achieve on
large wafer diameters and often leads to higher defect density
and eventually cracks. Another way to reduce the parasitic
conduction at the buffer/Si substrate interface [48–50] is to
locally remove the substrate and subsequently replace by a
wider bandgapmaterial. This approachwill be described later
in this chapter.

Dynamic RON Issues
GaN-based power transistors can only gain market accep-
tance if they demonstrate switching properties superior to
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Fig. 15.7 Breakdown voltage comparison of AlGaN/GaN HEMTs with various epitaxial thicknesses as a function of the gate-drain distance [47]

competing technologies. Due to trapping effects the static on-
state resistance Ron_stat may increase upon dynamic switch-
ing of the device leading to a degraded dynamic on-state
resistance (Ron_dyn). This effect is also known from GaN
microwave transistors. As power switching devices are never
driven into saturation for most of the switching sequence
(only dynamically during a switching event), the dynamic
change of the on-state resistance is taken as a criterion to
quantify the dynamic trapping effects. As shown in Fig. 15.8,
this parasitic effect can cause a strong degradation of the
dynamic on-state resistance, which often scales with device
switching voltage and thus significantly challenges high volt-
age GaN switching applications.

The trapping effects in the device structure responsible
of the degradation of the dynamic RON are commonly rep-
resented by negative electric charges located in different

areas: near the surface (usually process induced) and into the
buffer layers (poor interface quality, doping compensation,
etc.) [52–53]. Figure 15.9 depicts the mechanism of the traps
and the degradation of the dynamic RON during switching.
Trapping can take place at various places, in the epitaxial
layers, at passivation semiconductor interfaces or even at
interfaces between different passivation layers. In conse-
quence, electron transport in the channel region immediately
after switching from one condition to another is impeded by
negatively charged traps until they are emptied. This leads
to increased switching losses, reduced system efficiency, and
explains time dependence of Ron_dyn. An optimized buffer
design avoiding deep trapping with a proper surface passi-
vation and the use of field plates to spread the peak electric
field are some essential countermeasures towards optimized
power switching.
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15.2.4 Pushing the Limits of Lateral GaN
Devices: Enhancement of the Blocking
Voltage

One of the main challenges with GaN-on-Si lateral devices
is the enhancement of the blocking voltage. Several parame-
ters still limit today the device operation for higher voltage
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Fig. 15.8 Degradation of the dynamic RON during switching of a GaN
HEMT

(silicon substrate, epitaxial structure thickness). One way to
increase the breakdown is the use of thicker buffer layers.
Advanced architectures based on AlN/GaN superlattices or
thick (up to 7 μm) quasi-carbon-free buffer combined with
strain-management interlayers have been developed success-
fully. A key point is that regardless of the chosen approach,
buffer trapping should be avoided.

An example of electrical characteristics from a thick and
excellent buffer crystal quality showing low leakage current
and state-of-the-art vertical breakdown voltage above 1400 V
(∼2 MV/cm) appears in Fig. 15.10 [54]. Furthermore, sub-
strate ramp measurements reveal very low trapping effects
up to 1.2 kV (Fig. 15.10b. It has been indeed shown that
ramping the substrate to a high (negative) potential allows to
reproduce the off-state operation under the drain contact in a
transistor. In this case, any buffer charge trapping or storage
will be visible in the substrate ramp characteristics.

Another promising solution to increase the blocking volt-
age of GaN-on-Si lateral devices is the local substrate re-
moval (LSR). This method consists in a selective silicon sub-
strate removal around the device and subsequent replacement
by an ultra-wide bandgap followed by a backside metalliza-
tion [49] as described in Fig. 15.11.

Aluminum nitride (AlN) deposited by PVD is a promis-
ing dielectric in this frame since it has a low mismatch
with the nucleation layers, a significant breakdown field
above 4 MV/cm and offers a cost effective manufacturing
technology scalable to large wafer diameter [55]. The LSR

Si substrate

AlN transition layer

GaN buffer

GaN channel

AlGaN barrier

S

Passivation(s) layers

G D

Electrons

injection

Depletion

zone

Electrons injection

Off state

Neutral energy state

a

Si substrate

AlN transition layer

GaN buffer

GaN channel

AlGaN barrier

S

Passivation(s) layers

G D

Depletion in the 2DEG

On state

Fixed negative charges

b

Fig. 15.9 Illustration of the influence of the trapping effect on the RON of a GaN HEMT during switching (a) off state (b) on state

Page 12 of 54



15 GaN-Based Lateral and Vertical Devices 537

15

a b
C

u
rr

en
t 

(A
)

0 200 400 600 800

Voltage (V)

1000 1200 1400 1600

Vertical breakdown
(600 V and 1200 V products)

2DEG channel

disabled

600 V product
1200 V product

GO from 0 V to -1200 V
BACK from -1200 V to 0 V

10-12

D
ra

in
 c

u
rr

en
t 

(A
)

100 p

-1
20

0

-1
00

0
-8

00
-6

00

Substrate voltage (V)
-4

00
-2

00 0

1 n

10 n

100 n

1 m

10 m

100 m

1 m

10 m

100 m

1

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

Fig. 15.10 (a) Vertical breakdown voltage and (b) substrate ramp measurement up to 1.2 kV of GaN-based heterostructure

technique combined with 15 μm thick AlN layer resulted
in state-of-the-art GaN-based HEMTs with remarkably low
off-state leakage current (<1 μA/mm) beyond 3 kV while
maintaining a low specific on-resistance about 10 m�.cm2

(Fig. 15.12). The comparison of these devices without LSR
confirms that the drain leakage current flows essentially at
the AlN nucleation layer/Si substrate interface. Furthermore,
significant recovery of the maximum current density after
the backside metallization enabled to reduce the self-heating.
It can also be pointed out that this approach do not induce
additional charge trapping. The integrity of a trap-free buffer
is thus not affected by the substrate removal while extending
significantly the bias operation capability.

15.2.5 Normally-Off GaN Lateral Devices

Normally-off configuration is an essential prerequisite for
power applications in order to reduce the power consumption
and keep a simple gate drive configuration. Many approaches
have been demonstrated toward normally-off GaN lateral
transistors. The general approach is to shift the conduction
band of the channel region controlled by the gate above the
Fermi level at zero gate bias and thus to obtain a positive
threshold voltage. For power applications threshold voltage
(VTH) ranges above +1 V are desirable to ensure safe opera-
tion conditions, while the on-state resistance should be kept
as low as possible.

MISHEMTs
The main advantage of the MISHEMT (Metal Insulator
Semiconductor HEMT) structure is that a high threshold
voltage levels can be obtained. A gate recessing is combined
with gate dielectric isolator techniques to avoid gate leakage
increase (Fig. 15.13). However, interface charges subsequent
to the gate recess etching and dielectric deposition still plague
this type of devices. The choice of the insulator has a strong
impact on the interface traps. For instance, some studies
showed that the use Al2O3 induces negative charges, while
HfO2 gives rise to positive charges [56].

F− Ion Implant under the Gate
Another possibility to achieve normally-off operation on
a GaN HEMT is the use of ion implantation by plasma
Fig. 15.14. This method was first demonstrated in 2006 [57]
showing positive VTH. The fluorine F− ion implantation into
the AlGaN barrier layer localized under the gate makes use
of the natural strong electronegativity of the F− ion to deplete
the DEG as charge neutrality is ensured. A trade-off between
the mobility/RON degradation and higher VTH positive shift
exists depending on the plasma condition such as time and
power used. Furthermore, the device reliability under high
voltage still needs to be demonstrated for this approach. For
instance, several groups have shown a strong dependence of
the amount of fluorine ion implantation on the increase of the
current collapse and the annealing temperature [58] leading
to a threshold voltage instability.
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The Cascode Circuit
Normally-off behavior can also be obtained by connecting
a standard normally-off Si MOSFET optimized for low-
voltage operation and a high-voltage GaN normally-on tran-
sistor in cascode configuration (Fig. 15.15). In this hybrid
configuration, the Si MOSFET is used to control the GaN
HEMT gate with only positive gate voltage through the Si
MOSFET resulting in a normally-off overall behavior. On-
state and off-state properties should be determined by the
GaN device, whereas the normally-off property is due to
the Si device. The packaged cascode configuration looks

Si substrate

AlN transition layer

GaN buffer

GaN channel

AlGaN barrier

SiN, SiO2, HfO2, Al2O3
S D

G

Fig. 15.13 Cross-session of a MISHEMT

like a high-voltage normally-off transistor. It combines the
advantages of a large gate threshold voltage and gate voltage
swing (feature of the Si normally-off transistor), a high
breakdown voltage and a comparably low on-state resistance
related to the normally-on GaNHEMT. Combining these two
devices brings several drawbacks: the input capacitance is
determined by the Si-MOSFET and therefore comparably
high slowing down the switching speed [59]. Furthermore,
the Si MOSFET limits strongly the overall temperature oper-
ation offered by the GaN technology. Nevertheless, several
manufacturers are pursuing the commercialization of the
cascode design.

P-GaN
The first demonstration of p-AlGaN or p-GaN under the gate
in order to achieve normally-off operation has been realized
by Panasonic in 2007 [60] despite the challenge of p-doping
(Magnesium) of GaN material. Figure 15.16 describes the
band diagrams with and without a p-GaN cap layer. At zero
gate bias, the p-GaN layer is depleted leaving back a fixed
negative charge which in turn depletes the channel. When the
positive gate bias increases further, holes are injected into the
pn heterojunction, which results in a higher drain current of
the device.

In practice, a careful epilayer design needs to be used in
order to achieve a positive threshold voltage. One of the key
parameter is the concentration of Mg in the p-GaN layer.
Some studies have shown that a concentration in the range of
2 × 1019 cm−3 is necessary [62] with a trade-off with defect
density increase in the case of higher Mg concentration.
A second important parameter to be considered is the Al
content into the AlxGa1−xN barrier layer. A lower electron
density into the 2DEG resulting from a reduced Al content
favors a stronger depletion and thus higher pinch-off voltage.

S G D

AlGaN

GaN 2DEG

2DEG

EF
fB EF

fB fF

Substrate

S G D

AlGaN F- ions

GaN
2DEG

Substrate

ba

Fig. 15.14 Cross section of a conventional AlGaN/GaN HEMT and an AlGaN/GaN HEMT with F− ion implant under the gate associated to
their conduction band profiles
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Fig. 15.15 Cascode type hybrid integration of GaN normally-on and
Si normally-off device

Processing of GaN Lateral Devices
A conventional Schottky gate D-mode and p-GaN E-mode
GaN HEMT device structures are schematically shown in
Fig. 15.17. The process modules for the GaN HEMT de-
vice fabrication include the ohmic contact formation for
source and drain, device isolation, p-GaN gate contact orMIS
gate, surface passivation, and interconnects. The source and
drain metal stacks facilitate the ohmic contacts. In order to
avoid cross-contamination with Si processes in production
lines, Au-free metallizations have to be used. The gate con-
tact is deposited on top of a high-quality dielectric for the
D-mode GaN HEMTs. In the case of E-mode, the p-GaN
layer should be removed except under the gate area. The dry
etching is widely used for this step. One of the key factors
to achieve high performance device and high yield is the
etching selectivity of GaN over AlGaN. The commonly used
Cl2/BCl3 plasma results in a poor selectivity. Fluorine-based
chemistry etching technique has been reported to provide
better selectivity. The etching of compound semiconductor
films containing Al can be optimized in Cl-based plasmas
by adding F-containing gases. For instance, the BCl3/SF6
selective dry etching on AlGaN/GaN allows decreasing the
AlGaN etching rate resulting from the formation of non-
volatile AlF3 residues on AlGaN surface. Actually, the AlF3
reduces the etching efficiency of chlorine enabling a selective
etching of GaN over AlGaN. To further enhance the etching
selectivity, a thin AlN etch stop layer can be inserted between
the p-GaN and AlGaN layers improving the VTH uniformity.
Finally, the surface passivation (especially of the sidewalls)
plays a crucial role for proper device operation in order to
prevent the current collapse and related large dynamic on-
resistances.

Future Prospects
GaN power switching devices will play an important role in
future power electronic applications due to their outstand-
ing properties. With the continuous progress of manufac-
ture technology, GaN power devices with high breakdown
voltage, high temperature resistance, low conduction losses,
and high output power should penetrate large markets soon.
In particular, the increasing need of higher efficiency will
make GaN devices extremely attractive. The collection of
data shows that the newest generations of the emerging GaN
power switching definitely outperform their Si competitors. It
is now the time to convert prototype devices to highly mature
industrial devices. Nevertheless, the better performance/cost
ratio than available devices needs to be realized by proving
their reliability to a large extend. Furthermore, higher switch-
ing frequency and higher operating temperatures translate
indeed in smaller passive components and cooling systems,
which would benefit any power applications. However, the
main challenge will be the lack of passive components, ad-
vanced packaging technologies, and circuit designs for han-
dling such small dies with their fast-switching characteristics
at the converter level. This may postpone the introduction of
GaN devices for some applications in a short term. On the
other hand, in several applications (e.g., mobile applications
in transportation systems, power supplies for notebooks, and
communication units), there is a high pressure to reduce
the power converter’s size and weight while increasing the
efficiency.

15.3 Vertical Devices Architectures

Power electronics is a highly discussed topic of our cen-
tury. As we prepare ourselves to address the next-generation
power requirements, we make a note of the changing land-
scape of power generation and delivery. With the rollout of
renewables as sources for electricity, more andmore electron-
ics are getting connected to the source side and load side of
our grid. The trend will only continue upwards. This suggests
higher power device integration to the grid which to a device
engineer translates to finding solutions that are power dense.
Besides grid, there are several applications, extending from
automotive to robotics and touching our daily lives, which
require a more efficient power conversion unit. Every power
conversion unit requires a solid-state switch to perform their
job.

Silicon-based power electronics have served us well.
However, it is time for wide bandgap semiconductors to
address the issues of high-power electronics, where higher
power density is a key driver. Vertical GaN technology is
one of the pillars that would prove its worth in the coming
years in delivering the appropriate performance over cost
benefit that the market is looking for. In this chapter,
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Fig. 15.16 (a) Band diagram of an AlGaN/GaN normally-on HEMT and (b) a p-GaN/AlGaN/GaN HEMT [61]. (Reprinted from G. Greco et al.
[61], 2018, Copyright (2018), with permission from Elsevier)
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Fig. 15.17 D-mode GaN device structure (a) and p-GaN E-mode device structure (b)

we go over vertical devices in GaN like Current aperture
vertical electron transistor (CAVET), vertical Metal Oxide
Field Effect transistor (v-MOSFET), and Static Induction

transistor (SIT) [63]. But before we go over the devices, we
will discuss about TCAD models that we found extremely
valuable to predict device performance during our research.
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15.3.1 Device/Circuit Hybrid Modeling

For power semiconductor devices, technology computer-
aided design (TCAD) simulation is a vital tool to accurately
predict the behavior and optimize the design of devices.
For the well-proven practice of Si-based devices, there are
reliable simulation platforms that include process, device,
and circuit (system) models. However, due to the maturing
nature of the GaN technology, there are very few available
device simulation tools. Due to the expensive manufacturing
of GaN devices, it becomes even more important to develop
an accurate and reliable TCAD modeling for GaN devices to
predict device behaviors.

A flowchart of the device/circuit hybrid modeling ap-
proach is shown in Fig. 15.18 [64]. Before the development
of the model, a 700 V AlGaN/GaN HEMT was fabricated.
Based on the extracted data from the fabricated HEMT, we
developed a physics-based device model for it, and then
integrated it with a circuit model to study the dynamic
characteristics and power losses of the HEMT. Using this
device-circuit-integrated model, we can start with 2D drift-
diffusionmodeling of the device and build all theway up to its
circuit implementation to evaluate its switching performance.
The method of using a hybrid model should give us an
inexpensive and accurate way to project and benchmark the

performance that can be extended to any GaN-based power
transistors.

15.3.2 Physics Models for GaN

Drift-DiffusionModel
The TCAD device simulation uses the drift-diffusion model,
which solves the Poisson and current continuity equations.
The equations are shown as

∇2ϕ = q (n− p+ NA − ND)

εs
, (15.9)

∂n

∂t
= Gn − Un + 1

q
∇ · −→

Jn , (15.10)

where ϕ is the electrostatic potential, q is the electron charge,
n is the free electron density, p is the free hole density,
NA is the ionized acceptor density, ND is the ionized donor
density, Gn is the regeneration rate for electron, Un is the
recombination rate of electron, and Jn is the electron current
density.

Device fabrication and characterization

TCAD 2D device modeling

Mixed mode circuit modeling

Drift-diffusion model Mobilities model

Double pulse test circuit Converters

Device structure

dimensions
Physics parameters DC output characteristics

DC output performance

calibration

Fig. 15.18 The flowchart of simulation methodology
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B. Polarization
The non-centrosymmetric compound crystals exhibit polarity
along the axes of (0001) of GaN. Two types of polariza-
tion existence in the AlGaN/GaN heterostructure: the strain-
induced piezoelectric polarization PPE and the spontaneous
polarization PSP. The amount of the polarization induced
sheet charge density can be written as [65]

|σ(x)| =
∣
∣
∣
∣
2
a(0) − a(x)

a(x)

{

e31(x) − e33(x)
C13(x)

C33(x)

}

+ PSP(x) − PSP(0)
∣
∣
∣,

(15.11)

where the x is Al mole fraction in AlGaN, the lattice
constant a(x) is given by a(x) = (−0.0077x + 0.3189)
nm; a(t) = (−0.0077t + 0.3189)nm elastic constants c13(x)
and c33(x) can be written as c13(x) = (5x + 103) GPa
and c33(x) = (−32x + 405) GPa, respectively; piezo-
electric constants e33(x) and e31(x) can be expressed as
e33(x) = (0.73x + 0.73) C/m2 and e31(x) = (−0.11x –
0.49) C/m2, respectively; and the spontaneous polarization
Psp(x) is given by Psp(x) = (−0.052x – 0.029) C/m2.

ElectronMobility
Electron mobility is a key parameter to determine the con-
ductivity of a given semiconductor. A number of theoretical
and experimental studies have been performed to understand
the electron mobility in GaN. In a recent report, a dual
model, one for low-field and the other for high field, was
observed to well fit to the reported theoretical and experi-
mental data [66]. The low field electron mobility is given
according to the doping and temperature-dependent Arora
model [66]:

μ0 (T, N) = μmin

(
T

300

)β1

+ (μmax − μmin)
(
T
300

)β2

1 +
[

N

Nref( T
300 )

β3

]α(T/300)β4
,

(15.12)

T is temperature, μmin, μmax, β1, β2, β3, β4, and α are
parameters that can be determined by experiment.

Due to the unique energy band diagram, GaN shows a
negative differential region in the field-velocity curve for
electrons at very high fields. This is caused by the movement
of high-energy electrons from lower ¦ valley to the higher
M and L valleys, where electrons have higher effective mass,
reducing the velocity. The transferred electron effect model
was found to have a reasonable fit to the tendencies observed
for the experimental and theoretical data [66].

Table 15.2 Mobility model parameters used in GaN device simula-
tion [66–68]

Parameters Values

μmin 115 cm2/Vs

μmax 1800 cm2/Vs

β1 −1.5

β2 −1.5

β3 3.02

β4 0.81

A 0.8

Nref 7 × 1016 cm−3

vn,sat 1.9064 × 107 cm/s

EC 1.7 × 105 V/cm

n1 4.19

n2 0.885

A 5.64

μ (T, N) =
μn0 (T, N) + νn,sat

En1−1

EC
n1

1 + a
[
E
EC

]n2 +
[
E
EC

]n1 , (15.13)

The parameters used in GaN simulation are listed in
Table 15.2.

Device Modeling Calibration
The TCAD simulated device was identical in design with
the fabricated device, the structure of which is shown in
Fig. 15.19. An excellent agreement between the experimen-
tal and the simulated data was obtained by optimizing the
physical parameters to replicate GaN’s physical parameters.
We repeated the optimization until a satisfactory fit of the
experimental and simulated data was obtained as illustrated
in Fig. 15.20.

Figure 15.21 shows the capacitances in a single E-mode
device, the output capacitance (Coss), input capacitance (Ciss),
and reverse capacitance (Crss) can be written as

Coss = CGD + CDS (15.14)

Ciss = CGS + CDS (15.15)

Crss = CGD (15.16)

In a cascoded configuration, the D-mode GaN device
is cascoded with an E-mode Si MOSFET to render the
combination into a normally-off device. The capacitance
distribution is shown in Fig. 15.22. Capacitances labeled
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FP2

FP1

G

AlGaN

GaN

LGDLG

Si3N4

S D

Fig. 15.19 HEMT structure used in the simulation. The HEMT has
three field plates (FP) with a gate to drain distance LGD = 10 μm, gate
length LG = 2 μm. (© 2016 IEEE. Reprinted, with permission, from D.
Ji et al. [64])
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Fig. 15.20 A comparison of HEMT IV characteristics between sim-
ulation (dot curves) and experiment (solid curves). (© 2016 IEEE.
Reprinted, with permission, from D. Ji et al. [64])

with a subscript “1” and “2” represent for Si MOSFET and
AlGaN/GaN HEMT, respectively.

In this cascoded configuration, the output capacitance
(Coss), input capacitance (Ciss), and reverse capacitance (Crss)
can be written as [64]

Ciss = CGS1 + CGD1 (CGS2 + CDS1 + CDS2)

CGD1 + CGS2 + CDS1 + CDS2
, (15.17)

Coss = CGD2 + CDS2 (CGD1 + CDS1 + CGS2)

CGD1 + CDS1 + CGS2 + CDS2
, (15.18)
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Fig. 15.21 Capacitance distribution in a single power MOSFET
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Fig. 15.22 Capacitance distribution in a cascoded HEMT. (© 2016
IEEE. Reprinted, with permission, from D. Ji et al. [64])

Crss = CDS2CGD1

CGD1 + CDS2
, (15.19)

The C-V characteristics, which determine the switching
performance of a power transistor, was obtained from the
simulation and is shown in Fig. 15.23.

Figure 15.24 shows a double pulse test circuit with an
inductive load that is widely used in the evaluation of power
devices. The free-wheeling diode was assumed to be ideal,
and a current source was adopted instead of the inductor to
simplify the simulation. The SiMOSFET has a voltage rating
of 30 V and RON of 20 m�. One of the highlights of this work
is the successful incorporation of the parasitic inductance in
the cascoded device. The parasitic inductances in our model
were LG = 2 nH, LS = 10 nH, and LD = 1.9 nH [64].
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Fig. 15.24 Test circuit used in the simulation. (© 2016 IEEE.
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Figure 15.25a shows the turn-on switching characteristics
of a 600 V cascoded HEMT, with a total on-state resistance
RON of 290 m�. The resistance and the capacitance char-
acteristics discussed in the previous section applies to the
particular device discussed in this section. A VDS of 480 V,
ID of 5.5 A and external gate resistance RG of 2 � were used
in this simulation.

From the waveforms shown in Fig. 15.8a, the turn-on
delay time td(on) is 5 ns, and rise time tr is 3 ns, showing
a turn-on �v/�t of ∼120 kV/μs. Figure 15.25b shows the
power loss during the turn-on transient, the total energy loss
is 37 μJ.

From thewaveforms of Fig. 15.26a, the turn-off delay time
td(off) is 12.5 ns, and fall time tf is 4 ns, giving a turn-off
�v/�t = ∼95 kV/μs. The power loss shown in Fig. 15.26b
indicates a turn-off switching loss of 3 μJ.

For the validation of the device-circuit integrated model,
we chose a commercially available HEMT (Transphorm
TPH3002LD) to perform the simulation. We first simulated
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Fig. 15.25 (a) Simulated turn-on switching waveforms of the cas-
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Fig. 15.26 (a) Simulated turn-off switching waveforms of the cas-
coded HEMT; (b) power loss during the turn-off switching

the HEMT and then tested it in a cascode configuration to
replicate TPH3002LD, using the same circuit as shown in
Fig. 15.24. A comparison between TPH3002LD and our
simulated device is shown in Table 15.3. A reasonable
agreement was obtained as evident from Table 15.3, now
confirming both drift-diffusion and circuit model, and hence
our hybrid modeling technique. The reasonable agreement of
the TPH3002LD with our simulated data built and reassured
a reliable platform to now apply for any GaN power device
and project its switching performance.

Modeling of Vertical GaN Devices
Using the device-circuit-integrated model built in the
Silvaco’s MixedMode platform and calibrated using GaN
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Table 15.3 Comparison of the simulated and commercial GaN cas-
coded HEMT

Parameters
Transphorm
TPH3002LD

Simulated GaN
cascoded HEMT Test conditions

VBR (V) 600 700

VTH (V) 1.8 2

RON (�) 0.29 0.29

QG (nC) 9.3 13 VDS = 100 V,
VGS = 0–4.5 V,
ID = 5.5 A

td(on) (ns) 7 5 VDS = 480 V,
VGS = 0–10 V,
ID = 5.5 A,
RG = 2 �

tr (ns) 3 3

td(off) (ns) 11 12.5

tf (ns) 4.5 4

Coss(tr) (pF) 63 50.9 VGS = 0 V,
VDS = 480 V

Coss(er) (pF) 36 28

Coss (pF) 26 18 VGS = 0 V,
VDS = 400 V,
f = 1 MHz

Ciss (pF) 785 1631

Crss (pF) 3.5 3

D

n+ GaN

n GaN

p-GaN

S

G

Si3N4

AlGaN S

Fig. 15.27 Schematic of a normally-on CAVET

HEMTs [64], the switching performance of the vertical
GaN transistor was analyzed. In this section, a current
aperture vertical electron transistor (CAVET) was used,
since this device was one of the most developed vertical
GaN devices. The structure of the CAVET is shown in
Fig. 15.27.

Figure 15.27 shows the schematic of a normally-
on CAVET. A thick n-GaN with 1016 cm−3 doping
was designed to form the drift region on a conductive
GaN (1018 cm−3) substrate. 0.4 μm-thick p-type current
blocking layers (CBLs) were implemented with a doping
density of 3 × 1017 cm−3 to block current from flowing
through any other path other than the designed aperture
(ND = 3 × 1017 cm−3). AlGaN/GaN channel was defined on
top of the CBL and the aperture to conduct electrons from
the source through a high mobility 2D channel obtained at
the hetero-interface. Sources contacting the 2D electron gas
were designed on either side of the gate at a distance of 2μm.
The p-GaN CBLs were connected to the source to provide a
discharge path for any electrons trapped in the p-type layer.

CAVETs are normally-on devices similar to GaNHEMTs.
Techniques that are typically applied to HEMTs can be
applied to CAVETs to render it normally-off. We adopted a
cascoded CAVET approach in this work to achieve normally-
off operation, where the cascode was designed with a low-
voltage Si MOSFET. The cascoded CAVET was subjected
to switching operation, and detailed performance matrix was
generated.

Figure 15.28 shows the cascode configuration designed
with a low-voltage normally-off Si MOSFET as the input
and a high-voltage normally-on CAVET as the output. The
current paths of the forward conduction are labeled with the
arrows in Fig. 15.28a. In the forward conduction, the total
on-state resistance (Ron) is the sum of the MOSFET Ron and
the CAVET Ron. In the reverse conduction cycle (shown in
Fig. 15.28b), the current flows through the body diode of the
Si MOSFET and the CAVET channel. It is important to note
that the body diode of the CAVET does not conduct current
at any time of the operation.

Figure 15.29 shows the turn-on switching characteristics
of a 1.2 kV cascoded CAVET, with a total on-state resistance
RON of 80 m�. A VDS of 800 V, ID of 20 A and external gate
resistance RG of 2.5 � were used in this simulation. Before
we discuss the results a close-up look at the turn-on event in
a switching cycle will be befitting. The turn-on event can be
divided into three stages [64].

In the first stage, when a VGS is applied to the gate
electrode, the gate current IG starts charging the Si MOSFET
gate to source capacitor CGS_MOS. As a result, Si MOSFET
gate to source voltage VGS_MOS increases.

Once the VGS_MOS reaches the threshold voltage of Si
MOSFET, in the second stage, the MOSFET channel is
turned on, and channel current increases. The Si MOSFET
channel current discharges three capacitors: SiMOSFET gate
to drain capacitor CGD_MOS, Si MOSFET drain to source
capacitorCDS_MOS, and GaNCAVET gate to source capacitor
CGS_CAVET, as a result of which, MOSFET drain to source
voltage VDS_MOS decreases, and the CAVET source to gate
voltage VSG_CAVET decreases as well.
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Fig. 15.29 Simulated turn-on switching waveforms of the cascoded
CAVET. (© 2016 IEEE. Reprinted, with permission, from D. Ji et al.
[64])

Third, when VSG_CAVET reaches the threshold voltage of
GaN CAVET, CAVET channel current increases, and this
current start discharging the GaN CAVET drain to source
capacitorCDS_CAVET and GaNCAVET gate to drain capacitor
CGD_CAVET, reducing VDS_CAVET further.

From the waveforms shown in Fig. 15.29, the turn-on
delay time Ton-delay is 2 ns, and rise time Tr is 16 ns, showing
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Fig. 15.30 Simulated turn-off switching waveforms of the cascoded
CAVET. (© 2016 IEEE. Reprinted, with permission, from D. Ji et al.
[64])

a turn-on �v/�t of 40 kV/μs. The total gate charge of the
CAVET is 88 nC.

The turn-off switching waveforms are shown in
Fig. 15.30. Similar to the turn-on transient, the turn-off
phenomenon can be subdivided into three stages.

First, when the applied MOSFET VGS changes from on
to off state (from 10 V to 0 V), the Si MOSFET gate to
source capacitor CGS_MOS is discharged and as a conse-
quence, Si MOSFET channel current decreases, which is
smaller than the operation current (output current in current
source), and the excess current charges the MOSFET drain
to source capacitor CDS_MOS, increasing VDS_MOS. Since the
GaNCAVET source to gate capacitorCSG_CAVET is in parallel
with CDS_MOS, the voltage VSG_CAVET also increases.

Next, when VSG_CAVET increases, the channel current in
CAVET decreases, as a result, the channel current is smaller
than the output current. The excess current starts charging
CAVET drain to source capacitorCDS_CAVET and gate to drain
capacitor CGD_CAVET, as a result, VDS_CAVET increases.

When VSG_CAVET reaches a value smaller than the thresh-
old voltage of CAVET, the channel is completely pinched
off, and the remaining gate current continues to charge the
capacitors: CGD_MOS, CDS_MOS, CGD_CAVET, and CDS_CAVET,
further raising the VDS_MOS and VDS_CAVET.

From the waveforms of Fig. 15.30, the turn-off delay time
Toff-delay is 29.5 ns, and fall time Tf is 18 ns, giving a turn-off
�v/�t = 35.6 kV/μs.

Table 15.4 shows the comparison of CREE SiC MOS-
FET (CREE Inc.), simulated SiC MOSFET, and simulated
cascoded CAVET with the same voltage and current rating.
The switching performance agreement between CREE and
simulated SiC MOSFETs provides the competency of the
model. When compared to standard SiC MOSFET, cascoded
CAVET has faster switching time, and lower switching loss,
hence enabling higher frequency operation.
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Table 15.4 Switching performance comparison of SiC MOSFET and
GaN CAVET

Parameters

Cree SiC
MOSFET
(CREE Inc.)

Simulated SiC
MOSFET [64]

Simulated GaN
CAVET [64]

VBR (kV) 1.2 1.2 1.2

Ron (m�) 80 80 80

toff-delay (ns) 40 55 29.5

tf (ns) 38 25 18

ton-delay (ns) 13 10 2

tr (ns) 24 27 16

QG (nC) 90.8 157 88

Eoff (μJ) 305 312 57

Eon (μJ) 305 304 152

Ets (μJ) 610 616 209

15.3.3 A Review of CAVET

CAVETs are vertical GaN vertical devices that take full ad-
vantage of the polarization-based two-dimensional electron
gas (2DEG) in its design. Comprised of a 2DEG induced
channel to carry the current, a CAVET needs a thick ho-
moepitaxially grown drift region to hold the blocking volt-
age. There have been two types of approach in fabricating
CAVETs: (1) planar CAVET and (2) trench CAVET. The
planar CAVET has an AlGaN/GaN 2DEG channel in the c-
plane, which has high electron density and highmobility. The
trench CAVET adopts the semi-polar plane as the channel,
the density of the electrons depends on the slope of trench
sidewalls.

The first GaN CAVET based on a sapphire substrate was
developed in 2004 [69]. The device structure began with
a p-GaN/n-GaN/n+GaN epilayers. An aperture region was
etched and an AlGaN/GaN HEMT structure was regrown
by MOCVD to refill the aperture region and served as the
channel as well. The design of the first GaN CAVET was
for radio frequency (RF) applications. Several years later
in 2008, the first power GaN CAVET based on bulk GaN
substrate was reported with the CBL formed by Mg-ion im-
plantation [70]. The device process began with the MOCVD
grown n-GaN on conductive bulk GaN substrate; then, the
selective areaMg-ion-implantation was implemented to form
the CBL to block current from the aperture region other than
any other paths. The top AlGaN/GaN structure was regrown
by MBE. The first high-voltage CAVET with switching
characteristics was demonstrated by Chowdhury et al. with
a 300 V breakdown voltage and a Ron,sp of 2.2 m�•cm2 [71].
A significant progress in the device development was realized
with the demonstration of 1.5 kV JFET (a variant of CAVET)
on bulk substrate by H. Nie et al. in 2014 from Avogy
Inc. [72].
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Fig. 15.31 Cross section of an on-state GaN CAVET and the conduc-
tion band diagram

15.3.4 Operation Principle of the CAVET

A CAVET is a unique design where the best properties that
GaN offers are best utilized. Polarization doping is one of
these properties which is leveraged in a CAVET design. Due
to the positive polarization charge locates at the AlGaN/GaN
interface, a triangular quantum well is formed, and electrons
are attracted (shown in Fig. 15.31). The high-density elec-
trons are confined in the triangular quantum well, forming
the 2DEG. Under a zero-gate bias, the channel is conductive
due to the 2DEG, the device is in the on-state. During on-
state of the CAVET, the electrons from the source go through
the 2DEG channel, the aperture and the drift region and are
finally collected by the drain electrode. The overlap between
the gate electrode and the CBL is the effective gate length
that offers channel modulation.

Like in a HEMT, in order to pinch off the 2DEG chan-
nel in a CAVET, a negative gate bias is required. At the
off-state, the electrons in the channel are depleted by the
gate potential. The p-n junction formed by p-type (or Mg-
implanted) CBL and drift region blocks the off-state volt-
ages. Figure 15.29 shows the schematic of a planar CAVET
where the CBL (shown as p-GaN) is formed using an ion
implantation process of GaN with Mg ions. During the on-
state, the voltage applied between the source and the drain
drops across the channel. The design must ensure that the
aperture is more conductive than the channel. Under the off-
state, the depletion region is extended into the drift layer
to sustain the drain to source voltage. Besides forcing the
current flow through the aperture and blocking any parasitic
current flow from drain to source, the CBL also needs to
be conductive enough to prevent charge trapping which may
lead to current collapse. From our experiments [73, 74], we
found that CAVETs with Al-implanted CBL was dispersive,
whereas CAVETs with Mg-implanted CBL were dispersion-
less. CAVETs with ion-implanted CBL require regrowth of
AlGaN/GaN channel. The regrown channel and the aperture
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are grown on the planar surface where CBL is formed by ion
implantation. One significant challenge in the ion-implanted
process was the out-diffusion of Mg from the CBL to the
regrown layers causing the channel to get totally wiped off.
Although several tactics were employed, one of those being
using a thin AlN diffusion-stopper layer [73, 74], the most
successful technique was achieved through the regrowth of
the channel through a lower temperature MBE regrowth that
led to the successful CAVETs. In an alternative approach
MOCVD grown p-type layers were used to form the CBL.
This is the basic building block for a Trench CAVET which
is discussed next.

15.3.5 Trench CAVET

The conventional GaN CAVET typically uses Mg-implanted
p-GaN for the CBL. A major fabrication challenge is posed
by Mg out-diffusion during the regrowth process. First, the
channel resistance can go very high due to the diffusion of
Mg species into the channel, thereby depleting 2DEG. To
prevent the diffusion of Mg into the regrown channel the
regrowth temperature of the channel in a CAVET is restricted,
making it rely on low-temperature growth processes. Low-
temperature MOCVD regrowth process does not typically
result into a high-quality material. MBE regrowth although
has proven to be successful in arresting Mg diffusion, there
are concerns on the formation of vertical highly conductive
paths under metal-rich growth conduction, causing shorts in
the device. An MBE-regrown channel requires exposure of
the sample to the atmosphere for prolonged interval, and pro-
cess limitations make it challenging to remove environmental
contaminants from the regrowth interface. Low-temperature
flow modulation epitaxy by MOCVD may be considered an
alternative, but it is not yet understood whether the material
quality produced in such a fashion that can support high-
current and high-voltage devices.

A solution to the aforementioned problem was proposed
by introducing a trench gate structure into the conventional
CAVET, as shown in Fig. 15.32 [75, 76]. Instead of using
Mg-implanted p-GaN for the CBL, the trench CAVET adopts
MOCVD-grown Mg-doped p-GaN as the CBL material.
The trench CAVET utilizes the regrown AlGaN/GaN on the
trench sidewall as the channel. The trench sidewall angle
determines the polarization scale of the channel: a 90-degree
angle indicates a non-polar plane, and a 45-degree angle
indicates a semi-polar plane. The threshold voltage in a
trench CAVET can be adjusted by the trench sidewall angle.
The functioning of a trench CAVET is similar to a trench
MOSFET, except for the AlGaN/GaN channel. In a conven-
tional trench MOSFET, the channel is formed by inversion
layer between the oxide and the p-type semiconductor. The
electron mobility in the inversion layer is typically below
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Fig. 15.32 (a) Schematic illustrations of the trench CAVET. (b) SEM
image showing a buried p-n junction which blocking voltage in the off-
state. (© 2017 IEEE. Reprinted, with permission, from D. Ji et al. [75])

50 cm2/Vs, limited by the interface roughness scattering.
However, in a trench CAVET, the channel is formed by the
2DEG, which takes the advantage of the high mobility in the
HEMT structure. Ideally, the channel mobility in a trench
CAVET can be as high as 1690 cm2/Vs [77].

In GaN, a robust oxide technology is not available yet.
However, thanks to the development of GaN HEMT in the
last decade, the in situ grown Si3N4 on AlGaN/GaN structure
has low interface traps, which is essential to the device reli-
ability. A trench CAVET takes the advantage of the matured
HEMT gate dielectric technology to suppress gate leakage.

The first metal-insulator-semiconductor (MIS) gate trench
CAVET was reported by Ji et al. in 2016 on bulk GaN
substrates [75]. The device had a breakdown voltage of 225V
limited by the gate-to-drain breakdown. By using a thicker
gate dielectric layer and a low damage RIE trench etch, a high
breakdown voltage of 880 V was obtained in 2018 [76]. A
low hysteresis of ∼0.1 V was achieved by using high-quality
in situ Si3N4 gate dielectric (Figs. 15.33, 15.34, and 15.35).
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Fig. 15.33 Double-swept ID-VGS transfer characteristics of the fabri-
cated trench CAVET [76]. (© 2018 IEEE. Reprinted, with permission,
from D. Ji et al. [76])

I D
 (

A
/c

m
2
)

0

500

1500

1000

2000

VDS (V)

22 �m

Trench

VGS = 0 to �22 V

S

0 1 2 3 4 5

R
es

is
ta

n
ce

 (
�

∙m
m

)

16

18

22

20

24

d (�m)

2Rc = 18.88 �∙mm

Slope = Rsh/Z

= 0.27 �∙mm

0 5 10 15 20 25

a b

Fig. 15.34 (a) ID-VDS characteristics of the fabricated trench CAVET.
(b) Analysis of contact resistance [76]. (© 2018 IEEE. Reprinted, with
permission, from D. Ji et al. [76])

The p-GaN gate structure is widely used in normally-
off lateral GaN HEMTs. Due to the high electron density
of 2DEG induced by the polarization charge, the threshold
voltage of p-GaN gated HEMT is typically less than 2 V.
However, a more positive threshold voltage can be realized
in a p-GaN gated trench CAVET with the channel formed at
the semi-polar plane. This was first demonstrated by Shibata
et al. in 2016 [77]. Based on a p-n epitaxial structure on bulk
GaN substrate, a “V”-shaped trench was formed using induc-
tively coupled plasma (ICP) etching, the p-GaN/AlGaN/GaN
triple layers were regrown over the trench by MOCVD.
Because the channel locates at the semi-polar plane instead of
the c-plane, the threshold voltage shifted toward the positive
side by 1.5 V. A high positive threshold voltage of 2.5 V was

0 200 400 600 800 1000

100

101

102

G-D breakdown

VDS (V)

I D
 (

m
A

/c
m

2
)

Fig. 15.35 Off-state characteristics of the fabricated trench CAVET
[76]. (© 2018 IEEE. Reprinted, with permission, from D. Ji et al. [76])
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Fig. 15.36 Trench CAVET with a p-GaN gate layer [77]

demonstrated with 1700 V blocking capability on a 13 μm-
thick drift region offering a low specific on-resistance of
1 m�·cm2 (Fig. 15.36).

15.3.6 Vertical MOSFETs

Vertical GaN MOSFETs are the other branch of devices,
showing a promising performance by offering a normally-off
solution, thereby overcoming a significant drawback of any
GaN HEMT-based design.
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Fig. 15.37 Structure of GaN MOSFET

There are two types of MOSFET reported so far (1) non-
regrowth-based MOSFET and (2) regrowth-based MOSFET
(OGFET). In this section, both devices will be introduced.

Since the development of dry etch technology in the early
1990s, the trench MOSFET has been a dominant device
structure for power electronics. To date, both Si- and SiC-
based trenchMOSFET have been commercialized and shown
excellent performance. However, because of the absence of
bulk GaN substrate, the GaN-based trench MOSFET was
not available until 2004–2005. In 2007, the first GaN MOS-
FET was reported by Otake et al. [78], the device has a
high threshold voltage of 5.1 V. After 7 years of intense
research, a 1.6 kV device was developed by Oka et al. in
2014 [79].

Figure 15.37 shows the structure of a vertical GaN MOS-
FET. A key feature of these devices, the p-n junction between
source and drain is formed by p-base and n-drift regions.
The device breakdown voltage is determined by the reverse
characteristics of the main p-n junction. A n+ source region
is created partially on top of the p-base region, while the
junction between the n+ source region and the p-base region
is connected to the source contact to improve the breakdown
voltage by eliminating the n-p-n open base effect. The chan-
nel located at the etched sidewall is formed by the inversion
layer of the MOS structure.

Compared to the CAVET structure, there are two basic
advantages of the MOSFET: (1) the MOSFET is a reliable
normally-off device with a high threshold voltage over 2 V;
(2) regrowth can be avoided which makes the process less
challenging, reducing the cost and turnaround time. Such
advantages of the MOSFET make it an attractive design for
vertical GaN transistors. However, for GaN MOSFET, the
biggest challenge lies in the channel electron mobility of
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Regrown GaN layer
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p-GaN

S
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D

S

Fig. 15.38 Structure of GaN OGFET. (© 2018 IEEE. Reprinted, with
permission, from D. Ji et al. [168])

the device. During on-state, the electrons flow through the
inversion layer of the sidewall MOS structure, the channel
electron mobility is limited by the surface roughness and im-
purity scattering. Another issue along with the poor channel
property is the device reliability. The GaN MOSFET cannot
be widely recognized without a strong reliability.

15.3.7 Regrowth-Based Vertical MOSFET
(OGFET)

GaN OGFET is a modified structure based on the conven-
tional trenchMOSFET. Compared to the conventional trench
MOSFET, the OGFET has two features: (1) an unintentional
doped (UID) GaN interlayer is used as the channel region,
which enhances the channel electron mobility to reduce
the Coulomb scattering by the dopants; (2) the oxide is in
situ grown by MOCVD, which reduces the interface states
and improves the gate oxide reliability. The novelty of the
OGFET is enhancing the channel electron mobility without
scarifying the normally-off behavior.

The working principle of the OGFET is similar to the
MOSFET. Under a zero VGS, the electrons in the GaN in-
terlayer (shaded region in Fig. 15.38) are depleted by the
p-GaN base region making the OGFET go to its off-state.
The energy band diagram and the simulated electron contour
are shown in Fig. 15.39. The p-n diode formed by the p-GaN
base region and the n-GaN drift region is used to hold the
high off-state blocking voltage. The electric field distribution
along the p-GaN base region and the n-GaN drift region is
shown in Fig. 15.40.
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Under a positive VGS > threshold, electrons are accumu-
lated in the UID GaN insert layer, and the transistor is in
its on-state. The energy band diagram and the electron con-
centration is shown in Fig. 15.41. Because of the enhanced
channel electron mobility, the OGFET has smaller Ron,sp

compared to the conventional trench MOSFET.
In 2016, Gupta et al. reported the first OGFET results

based on the sapphire substrates, the device showed a 60%
Ron,sp reduction while maintaining the threshold voltage >2 V
[80]. In 2017, Gupta et al. demonstrated an OGFET on bulk
GaN substrates with a breakdown voltage of 990 V and a
low Ron,sp of 2.6 m�·cm2 [81]. In the same year, Ji et al.
demonstrated a high-performance OGFET with a breakdown
voltage over 1.43 kV with a low Ron,sp of 2.2 m�·cm2 [82].
The I-V characteristics of the fabricated OGFET are shown

in Fig. 15.26. Figure 15.27 shows the transfer ID-VGS char-
acteristics and the gate leakage. The threshold voltage, VTH,
defined at a current level of 10−4 A/cm2 (Ion/Ioff = 106), ob-
tainedwas 4.7V (whenVGS sweeps up). A clockwise hystere-
sis of �VTH of 0.3 V was observed. Low sub-threshold slope
of 283 mV/decade was measured from ID = 10−5 A/cm2 to
10−2 A/cm2. The off-state characteristics of the fabricated
devices are shown in Fig. 15.42 (Figs. 15.43 and 15.44).

15.3.8 Static Induction Transistor

Static induction transistor is another form of vertical devices,
in which current flows vertically through a short channel as
shown in Fig. 15.45 [83, 84]. From the equivalent circuit,
the overall transconductance, G′

m, is described by intrinsic
transconductance,Gm, and series channel resistance, rs, to be
G′

m = Gm/(1 + rs·Gm). The small distance between gate and
source induces rs → 0, so that G′

m → Gm. Consequently,
SIT shows a triode-like non-saturating output property, not
following square-law behavior shown in the pentode-like
FET, which has rs·Gm � 1, leading toG′

m → 1/rs. The drain
current is controlled by electrostatically induced potential
energy barrier, that is why the transistor is named, depending
on the gate and drain bias.With no gate bias, the drain current
is simply defined by the effective cross-sessional area of
the channel (Aeff), which is related to the depletion width
formed at the junctions, so that Id = qAeff vd Nd, where q
is electron charge, vd is electron velocity, and Nd is electron
density. As applying more negative gate bias, the depletion
width increases further and merges at pinch-off, developing
the electrostatic barrier in the channel. The minimum barrier
height (·0), saddle point, now depends on the drain bias
through the drain induced barrier lowering (DIBL) as shown
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in Fig. 15.46, governing the electron flow in a manner of
thermionic emission, so Id can be described as,

Id = I0 exp
{ q

kT
(�0 − αVd)

}

, (15.20)

where α is DIBL coefficient. As increasing drain bias, space
charge limited conduction is dominant in the current flow,
and the electron velocity becomes saturated. Under high gate
and drain bias, the current can be modified as

Id = 2Aeffεsvsat
Vd

L2
, (15.21)
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Fig. 15.43 Transfer characteristics of the fabricated OGFET (black
curves) and gate leakage (red curves). The threshold voltages of sweep
up and down were 4.7 V and 5 V (defined at a current level of
10−4 A/cm2). The sub-threshold slope was 283 mV/decade measured
from 10−5 A/cm2 to 10−2 A/cm2. (© 2017 IEEE. Reprinted, with
permission, from D. Ji et al. [82])

where εs is permittivity, vsat is saturation velocity, and L is
channel length. This linear relationship between Id and Vd

together with small channel resistance provide benefits to
power devices.

The SIT design has been developed from buried-gate
to recessed-gate structures using various materials such as
SiC and GaN [85–88]. Figure 15.47 presents the output and
transfer characteristic of the GaN SIT. By using a Schottky
junction, the SIT was fabricated without any p-type GaN
or gate dielectrics, which involve difficulty in the activation
and reliability. The current density and on-resistance are
estimated to be 0.65 kA cm−2 and 1.48 m�cm2. It is also
shown the off current increase as applying larger Vd because
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voltage was achieved [82]. (© 2017 IEEE. Reprinted, with permission,
from D. Ji et al. [82])

the potential barrier height becomes lower, allowing the
thermionic electrons to pass through the barrier.

SITs in GaN form a useful set of devices where with-
out any p-type layers or any gate oxide, one can realize a
transistor.

15.3.9 Conclusions on GaN Vertical Transistors

In this chapter, we have discussed the importance of TCAD
models in GaN. We went through the details of setting up
a model that gives us a scope to study devices inside a
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power converter application. We went through the operation
principles of three important variations of vertical devices
possible in GaN. CAVET, MOSFET, and SITs, discussed in
this chapter, come with their unique advantages and limi-
tations. In terms of their applications, all three flavors of

vertical device would play a significant role. In our view,
a SIT is suited for 200–600 V application, a CAVET is
best suited for operations up to 900 V and above 900 V,
v-MOSFETs are the best candidates. Besides playing a role
as a potential power electronic switch, SITs can be used for
RF amplification application, making it quite versatile.

15.4 Parasitics and Reliability

In this section, we discuss themain parasitic mechanisms that
limit the performance of GaN-based devices, with a specific
focus on charge trapping. In addition, we describe the most
relevant degradation processes and their impact on device
characteristics and lifetime.

15.4.1 Charge-Trapping in GaN-Based Power
HEMTs

GaN power devices have unique properties compared to
conventional silicon transistors. Specifically, GaN transistors
take advantage of the high mobility of the 2-dimensional
electron gas and have a very low on-resistance. As an
example, commercially available devices can have an on-
resistance of 25 m� for a 60 A transistors, see [89]. In
addition, the breakdown field of GaN (3.3 MV/cm) is
more than 10 times higher than that of silicon, and this
enables high voltage operation [90]; kV-range devices
have already been demonstrated, thus clearing the way for
1200 V GaN-based technology [91]. Finally, GaN is a wide-
bandgap semiconductor (Eg = 3.4 eV), and for this reason
devices based on GaN can be operated at high temperatures
(functional operation was demonstrated up to 900 ◦C, see
[92] for details). The fact that GaN can operate at such
high temperatures and electric fields may pose significant
limitations in terms of trapping and reliability. In this section,
we will focus mostly on charge trapping processes, which
may limit the dynamic performance of the devices.

In absence of defects, the two-dimensional electron gas of
a HEMT should always have a high mobility; unfortunately,
when GaN devices are fabricated, point and extended defects
are inevitably incorporated in the material.

Defects in GaN may be intrinsic or extrinsic: intrinsic
defects include vacancies, self-interstitials and antisites, and
their presence is strongly influenced by the growth condi-
tions. Extrinsic defects originate from impurities introduced
by growth (such as carbon, hydrogen, oxygen), dopants (such
as magnesium, silicon, carbon), or external contaminants.
Surface defects can also play a role, especially at interfaces,
in presence of a non-optimized passivation.

Several papers have been published on defects in GaN: a
comprehensive list of relevant references in this field can be
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found in [93]. Here we list the most common defects, along
with some key publications on the topic.

• Nitrogen vacancies have been identified and studied in
several GaN-based devices, with relatively shallow acti-
vation energy, in the upper half of the bandgap (EC –
0.09 eV/EC – 0.27 eV) [94–97].

• Mg-related acceptors are typically located 0.16–0.20 eV
above the valence band and may be present both in GaN-
based optoelectronic devices and in normally-off transis-
tors with p-GaN gate [98].

• Nitrogen antisite defects have been detected in GaN sam-
ples and devices in the energy range between EC – 0.5 eV
and EC – 0.62 eV [96, 99–103].

• Iron and iron-related defects have been investigated by
Silvestri et al. and detected at EC – 0.72 eV [104, 105].

• Gallium vacancies (that have been correlated to the pres-
ence of yellow luminescence in GaN, see [106] and ref-
erences therein) typically have activation energies in the
range EV + 0.85/EV + 0.94 eV (see [107, 108]).

• Substitutional carbon (or carbon at nitrogen site, CN) has
been also indicated as a source for yellow luminescence
in GaN [109]. CN is typically located at EV + 0.9 eV
and plays an important role in determining the electrical
properties of GaN-based transistors [110].

Dislocations have been found to significantly impact on
the density and concentration of deep levels in GaN-based
materials and devices; recent papers have described the acti-
vation energy of defects whose concentration increases with
dislocation density (see for instance [95, 111, 112]).

In a GaN power HEMT, traps may be present at several
locations within the device structure and several mechanisms
may lead to charge trapping. With reference to Fig. 15.48, we
discuss briefly the following processes:

1. The trapping of charge in the gate stack (mechanism 1
in Fig. 15.48); this process results in a shift of threshold
voltage, whose sign depends on the type of trapped carrier.
Trapping of electrons induces a positive threshold voltage
shift and may be particularly severe for metal-insulator-
semiconductor (MIS) structures, as discussed in several
recent reports (see, for instance, [113–117]). In the case of
MIS structures, electrons can be trapped at high positive
gate bias, being injected at the dielectric/semiconductor
interface, or in the dielectric itself [116]. GaN power
transistors with a p-GaN gate may also suffer from hole
trapping, that leads to a negative threshold voltage shift
when the devices are submitted to positive gate stress [90,
118].

2. The trapping of hot-electrons within the AlGaN barrier
or in the GaN channel/buffer layers (mechanism 2 in
Fig. 15.48). This process can impact the on-resistance of

the devices and worsens the performance of the transistors
[119, 120].

3. The ionization of buffer traps; this process is prevalent
when the devices are in the off-state, and the buffer is
significantly depleted (mechanism 3 in Fig. 15.48). Ion-
ization of buffer traps can be promoted by the injection
from the silicon-substrate [10, 110, 121].

4. The injection of electrons at surface states located in the
access regions (mechanism 4 in Fig. 15.48), with conse-
quent increase in the resistivity of the access regions [122].
This effect can be mitigated through the optimization of
the surface treatments and passivation.

15.4.2 Methods to Investigate Charge-
Trapping Phenomena

In power devices, the gate-drain spacing is much longer than
the gate length and the gate-source spacing. Trapping in
the gate-drain access region can significantly lower the on-
resistance of the devices, leading to the so-called dynamic-
Ron issue. Trapping under the gate may lead to positive- or
negative-threshold bias instabilities (PBTI or NBTI). The
de-trapping time-constants of known traps in GaN are in
the range between 1 μs and 100–1000 s, depending on the
temperature and activation energy [93]. As a consequence, a
careful optimization of the material and interface properties
is needed in order to ensure than power GaN HEMTs can
reach operating frequencies in the range 100 kHz–10 MHz,
needed for the applications [123, 124].

Several techniques have been proposed for the investiga-
tion of trap properties in GaN-based transistors. We discuss
here one of the most commonly adopted, the drain-current
transient (DCT) spectroscopy, which is quite similar to cur-
rent deep-level transient spectroscopy (I-DLTS). A typical
schematic of the measurement setup is reported in Fig. 15.49,
as presented by Bisi et al. in [125]. The gate and the drain
are driven by two independent pulse generators, whose out-
put is amplified by two power amplifiers. The devices are
biased through a resistive load (Rsense in Fig. 15.49); the
drain-source voltage (VDS) is measured through a voltage
probe, while the drain current (IDS) is measured through a
high voltage differential probe. Both probes are connected
to an oscilloscope, controlled by a computer. Such systems
can be used both on device and on wafer level, for the
dynamic characterization of the transistors up to 600–1200V.
Typically, transient measurements are carried out after a
double-pulsed measurement has been performed, to evaluate
the total increase in dynamic Ron induced by trapping. The
measurement sequence for DCT is as follows: the devices are
first kept in a trapping bias point (e.g., in the off-state, point
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Fig. 15.48 Schematic representation of a GaN-based power HEMT,
showing different possible locations for traps and trapping processes.
(1) Trapping in the gate stack; (2) injection of hot-electrons in the barrier

or in the buffer; (3) ionization of acceptors in the buffer; (4) injection of
carriers at surface states

F in Fig. 15.49b), for a relatively long time (10–100 s). This
ensures filling of all traps. Then, devices are turned-on, with
the aim of reaching a bias point in the linear regime (point M
in Fig. 15.49b). The evolution of the current transient during
the turn-on phase is measured, and the changes in dynamic
on-resistance are probed.

Figure 15.50 reports the results of double-pulsed mea-
surements carried out on a GaN transistor; trapping was
induced by exposing this device to off-state conditions. As
can be noticed (Fig. 15.50a), increasing stress bias induced a
significant increase in on-resistance. The physical properties
of the traps responsible for the increase in dynamic-Ron

were extrapolated by means of Ron-transient measurements

(Fig. 15.50b). As can be noticed, right after turn-on the value
of on-resistance is significantly higher than the reference
value (at 100 s), and a gradual recovery transient is observed
with increasing times from 1 μs to 100 s. Figure 15.50c
reports the derivatives of the drain-current transients with
respect to logarithmic time (dRON/log(t), DCT spectral plot).
The position of the peaks of these curves are related to the
time constant of the traps, while the peak height is related to
trap density.

Plots like Fig. 15.50c give only a qualitative idea of
the trapping and de-trapping processes and provide a visual
representation of the mechanisms. A more quantitative in-
vestigation can be done by stretched- or multi-exponential
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Fig. 15.49 (a) Conceptual schematic diagram of the proposed high-
voltage double-pulsed system, including the low-voltage pulse gen-
erators, the high-speed power amplifiers, the high-voltage differential
probe devoted to the current probing, and the oscilloscope. (b) Com-
parison between the conventional fixed-VDD gate-lag technique and the
proposed double-pulsed technique. The latter allows the releasing of

the load-line constrains and the de-coupling of Filling/Measuring (F/M)
bias-pairs. (c) Examples of filling and measuring bias-points which
would require negative load-resistors, achievable onlywith the proposed
double-pulsed technique. (© 2014 IEEE. Reprinted, with permission,
from [125])

fitting of the de-trapping transients, that permit to extrapolate
the time-constants of the de-trapping processes [120]. In
a recent paper [93], Bisi et al. presented a comprehensive
comparison of three different methods for the extrapolation
of time-constants from drain-current transients: (i) fitting of
transients by polynomial function and subsequent extrapola-
tion of τ from the peaks of the derivative curves dRON/log(t);
(ii) the fitting of the current transients as the sum of 100 ex-
ponentials with fixed time constants and variable amplitudes;
and (iii) the fitting by means of a stretched multi-exponential
function

IDS(t) = IDS,final −
N

∑

i

Aie
−

(
t
τi

)βi

(15.22)

where the fitting parameters represent the amplitude of the
individual exponentials (Ai) and the related time constant
(τ ) and stretching factors (β i) [126]. The stretching factor
is introduced to take into account the non-ideality of the de-
trapping processes, that can deviate from pure exponential
due to (a) the presence of multiple deep levels; (b) a high
density of defect states, that leads to the creation of mini-
bands [127, 128]; (c) the fact that transients originate from
the presence of defect states in alloys, such as AlGaN, which
lead to multiple defect signatures [129]; and (d) de-trapping
can be governed by non-purely thermal processes, such as
hopping or tunneling [130, 131]. All the three techniques
described above can provide an estimate of the time
constants and be used for the extrapolation of the Arrhenius

plot of the traps. However, a recent paper [93] indicated
that the time constants extrapolated by polynomial fitting
and fixed-time constant exponential can be significantly
different from those extrapolated by stretched exponential
fitting, since several traps feature a non-purely exponential
behavior. Care must be taken to identify, case by case, the
most suitable technique for the study of the de-trapping
transients and for the identification of the related time
constants.

For GaN power devices, the de-trapping kinetics are
investigated in the linear regime, i.e., with a low VDS (e.g.,
0.5–1 V). For this reason, the activation energy is not strongly
influenced by Poole-Frenkel effects, i.e., by a field-assisted
change in the de-trapping barrier. However, if de-trapping
transients are measured in the saturation region, a higher field
may be present, that can modify the de-trapping kinetics. For
more information on the role of Poole-Frenkel phenomena
one can refer to [132], that shows that in presence of
electric field, the de-trapping barrier decreases by an amount
�φPF, proportional to the square root of the electric field F
according to

�φPF =
(
q3

πε

) 1
2 √

F = β
√
F (15.23)

As a consequence, the ionization energy (Ei) of a trap
is modified with respect to the zero-field value Ei(0)
according to
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Fig. 15.50 (a) Double-pulsed ID–VD characterization with high-
voltage off-state (VGF; VDF) quiescent-bias-points. As the quiescent
drain-voltage is increased from 50 to 200 V, the device experiences
a dramatic increase of the dynamic RON. (b) Time-resolved dynamic
RON recovery transients, and (c) derivative of the stretched-exponential

fit-functions, employed to extrapolate the three distinct deep-levels sig-
natures. Three dominant charge (de)trapping process can be identified.
As the filling drain-voltage is increased from 50 to 200 V, the increase
of peak-amplitudes, ascribed to charge-trapping magnitude, can be
observed. (© 2014 IEEE. Reprinted, with permission, from [125])

Ei(F) = Ei(0) − β
√
F (15.24)

It is worth noticing that traps located in a 106 V/cm field
region can have an activation energy 0.2–0.25 eV smaller
than the zero-field energy (see [132] for details).

When analyzing the de-trapping transients, one should
also consider the impact of self-heating effects on the ex-
tracted activation energy: Chini et al. [133] demonstrated
that if devices have a significant self-heating during the de-
trapping phase, this can lead to a wrong estimation of the
activation energy. By calibrating the temperature data taking
into account device self-heating, one can correct the Arrhe-
nius plots and obtain a reliable estimation of the activation
energy of the traps. This requires a careful estimation of the
thermal resistance of the devices, which must be done on the
very same wafer prober used for the DCT analysis. A reliable
on-wafer technique for such estimation was proposed by Joh
et al. in [134].

15.4.3 Performance and Characteristics of GaN
Devices and Challenges

So far we have discussed about the typical traps present in
AlGaN/GaN power devices, and about the methods to inves-
tigate these traps. Now we will focus on the performance and
characteristics of GaN devices.

Figure 15.51 reports the dependence of on-resistance on
the trapping voltage and temperature for a GaN (lateral)
power HEMT. The used measurement conditions range be-
tween 0 V and 600V (voltage) and between 30 ◦C and 150 ◦C
(temperature), which are consistent with real-life operation.
Dynamic Ron has a non-monotonic trend with off-state volt-
age, in the whole measurement range. An explanation for this
behavior can be given based on previous papers [10, 126]
and on Fig. 15.51b: at low trapping voltages (<200 V), the
buffer (carbon-doped) is partly depleted, thus resulting in the
accumulation of negative charge. This increases dynamic-

Page 35 of 54



560 M. Meneghini et al.

Ron with respect to the de-trapped conditions. In the buffer,
the carbon acceptors have energy equal to EV + 0.9 eV.
At higher voltages, the increase in vertical (drain-substrate)
leakage leads to a re-distribution of charge within the stack.
Also, band-to-band conduction may lead to the storage of
positive charges at the interface with the strain-relief layer
(Fig. 15.51b). As a consequence, for voltages higher than
300 V a decrease in dynamic-Ron is observed (Fig. 15.51a).
Remarkably, the value of dynamic-Ron after stress at 600 V is
almost equal to the value under rest-condition, indicating that
current technologies have a negligible dynamic-Ron increase
at high voltage. The interplay between the increase and
decrease in dynamic Ron can be affected by temperature, as
shown in Fig. 15.51a.

From the discussion above, it is clear that there are two
strategies to reduce the dynamic-Ron in high-voltage GaN
transistors. A first approach is to minimize the influence of
carbon doping on 2DEG concentration; this can be achieved
through optimization of the level of C-doping and of the
thickness of the undoped GaN. A second approach is the op-
timization of the leakage through the unintentionally doped
GaN layer; this can favor the redistribution of charge through
the structure, without increasing the vertical leakage current
too much. Thanks to the continuous optimization of the
growth and processing parameters, it is now possible to fabri-
cate devices with zero dynamic-Ron both at room temperature
and high temperature (see an example in Fig. 15.52, up to

600 V, 150 ◦C). In [126], drain current transient measure-
ments were carried out to identify the properties of the traps
responsible for dynamic-Ron. The authors commented that
activation energies in the range 0.6–0.9 eV are typically
ascribed to acceptors in GaN [135, 136]. It is worth noticing
that lateral and vertical charge redistribution can take place
during Ron measurements, thus slightly changing the activa-
tion energy of defects with respect to what expected from
theoretical calculations (see details in [137]).

So far, we only discussed charge trapping mechanisms
induced by the off-state field. During real-life operation,
GaN transistor cross also another regime which is relevant
in terms of trapping, the semi-on state. Typically, semi-on
conditions are reached during the switching transient, e.g.,
when in a boost power converter the transistor is switched
from off- to on-state. During this transition, there is a short
interval during which a high drain voltage and a high drain
current are simultaneously present. This leads to the presence
of hot-electrons, which can favor charge trapping within
the structure of the devices. One strategy for investigating
the impact of hot-electrons in a hard switching event is to
artificially create hard switching conditions by tuning the
overlap between the drain and gate waveform. In [138],
Rossetto et al. investigated the impact of soft- and hard-
switching conditions on the dynamic-Ron of AlGaN/GaN
power HEMTs. They used a custom setup that permits to
modify the overlapping between drain and gate waveforms
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used to induce charge trapping. The results of their study
demonstrated that the investigated samples have a small
dynamic-Ron up to VDS = 600 V in soft switching. On
the other hand, a significant increase in dynamic-Ron was
observed in hard switching. A representation of this phe-
nomenon is reported in Fig. 15.53a, which shows that the
dynamic-Ron vs off-state voltage curves change as a function
of the parameter DGD (drain-gate delay). This parameter
represents the time interval between a drain voltage equal to

VDSQ/2 and a gate level equal to the threshold voltage VTH.
Therefore DGD is positive for soft-switching transitions and
negative for hard-switching transitions. As can be noticed, for
DGD < 0 (hard switching) the dynamic-Ron is significantly
enhanced compared to soft-switching (DGD > 0). The hard
switching intervals reached in Fig. 15.53a (μs range) are
significantly longer than in real-life operation (where a slew
rate of 10–100 V/ns is more realistic), thus corresponding to
an extremely stressful scenario.
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The increased dynamic-Ron measured in hard switching
conditions is ascribed to the trapping of hot-electrons within
the devices. A confirmation of the presence of hot-electrons
was obtained by means of electroluminescence measure-
ments (Fig. 15.53b). No EL signal was measured in soft
switching, since no current flows through the devices during
the switching transition. On the contrary, under hard switch-
ing conditions, EL signal was detected on the whole channel
width, with a peak on the drain-side gate edge.

A further mechanism of charge trapping is related to
the gate stack; in several cases, Vth instabilities have been
reported for GaN-based power transistors, causing negative-
or positive-threshold bias instability (NBTI or PBTI). The
physical origin of such Vth shifts are strongly dependent on
the gate architectures (e.g., metal-insulator semiconductor,
Schottky-gate, p-type gate, etc.).

In MIS-transistors [113–117], threshold voltage instabil-
ities are due to the trapping of electrons at the interface
between dielectric and semiconductor or to the injection of
charge inside the dielectric [116].

More recent papers indicated that also normally-off GaN
power transistors can suffer from threshold voltage instabil-
ities [90, 118, 139, 140]; different mechanisms have been
indicated as responsible for the positive and negative thresh-
old voltage instabilities in GaN-based transistors with p-
type gate. In [140], the authors suggested that a positive
threshold voltage shift may be detected after stressing the
devices at VGS = 1 V (see Fig. 15.54a, b). This Vth variation

was ascribed to the injection of electrons from the 2DEG
to the AlGaN barrier, which may occur once the 2DEG
has been formed (see Fig. 15.54c). For higher voltages,
the accumulation of positive charges (holes) in the AlGaN
barrier and/or at the passivation/AlGaN interface can induce
a negative shift in threshold voltage (Fig. 15.54). Another
paper [139] investigated the role of hole accumulation in the
p-GaN (causing a negative threshold voltage shift) and hole
depletion in the p-GaN (causing a positive threshold voltage
shift). This chapter indicated that an unbalance between the
hole tunneling current through the Schottky barrier and the
thermionic emission on the AlGaN barrier can significantly
change the total charge in the p-GaN, thus resulting in Vth

shift.
Finally, one of the latest trends in GaN technology is the

development of vertical transistors. In several cases, an MOS
approach is used, in order to ensure a high robustness and
a good threshold current. Recently, only few papers on the
stability and reliability of GaN-on-GaN vertical devices have
been published [141–144]. As an example, we refer here
to the results presented in [144]. In this paper, the authors
investigated the stability of the threshold voltage of GaN-on-
GaN vertical fin field-effect transistors (VFETs). The results
of threshold voltage transients indicated the existence of two
different trapping processes (Fig. 15.55a). At low voltages, a
negative shift in threshold voltage was observed; this effect
was ascribed to the de-trapping of electrons from the Al2O3

insulator, induced by a low positive bias. At high voltages
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Fig. 15.54 (a) drain current versus gate voltage after different forward
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(1) injection of electrons from the 2DEG towards the AlGaN barrier;
(2) accumulation of positive charges (holes), injected from the gate.
(Reprinted from [140] Copyright 2018, with permission from Elsevier)
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negative and (2) positive threshold voltage shift. The two mechanisms
take place at low and high stress voltage, respectively. (© 2017 IEEE.
Reprinted, with permission, from [144])

(≥5 V), a substantial positive threshold voltage shift was
observed. This process is due to the injection of electrons
from the channel to the insulator. The recovery of this second
process was found to be slow. A schematic representation of
the two processes is given in Fig. 15.55b; see [144] for details.

15.4.4 Reliability Issues of GaN-Based Power
HEMTs

Thanks to the unique material properties of GaN, AlGaN/-
GaN transistors may be subject to extremely high stress
conditions during operation. GaN devices are currently tar-
geting the 600–650 V market segment [89], but research is
ongoing to extend to 1200 V and beyond. Current levels
can be higher than 50 A on a single component, while – at
least for the moment – specifications are quite relaxed for
the maximum junction temperature (see, for instance, [89,

145] showing a maximum Tj = 150 ◦C). For E-mode devices,
also the maximum gate voltage/current are critical in terms
of reliability. In some cases, the maximum gate-to-source
voltage is specified in the datasheet (see, for instance, [89],
indicating a limit of +7 V), while in some other cases the
maximum gate leakage current is defined (see for instance
[145], indicating a maximum gate current of 50 mA). Finally,
during a switching event GaN power transistors can reach
high levels of instantaneous power dissipation; for a repre-
sentative example, the reader may refer to the results reported
by Bahl et al. in [146], showing that in a boost converter,
a significant current/voltage overlap is observed during the
turn-on phase; peak currents around 15 A were observed
when switching from 400 V, resulting in high power densities
and hot carrier effects.

Studying the reliability of GaN transistors is a necessary
step for the development of this technology. In this section,
we describe the most common failure mechanisms that limit
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Fig. 15.56 (a) Current-voltage breakdown measurements on devices
with different gate insulators: RTCVD SiN (black line); PEALD
SiN (red line); and ALD Al2O3 (blue line). (b) Gate current mon-
itored during step stress with drain and source terminals grounded
(VD = VS = 0 V) and increasing VG in devices with different gate

insulators: RTCVD SiN (black solid line), PEALD SiN (red solid line),
and ALD Al2O3 (blue solid line). Corresponding gate voltage applied
during the step stress is reported with a staircase curve. (Reprinted from
[147], Copyright 2015, with permission from Elsevier)

the reliability of GaN power devices, along with a description
of the related root causes.

15.4.5 Gate-Stack Reliability

As discussed above, the two most studied technologies for
the fabrication of the gate are metal-insulator-semiconductor
(MIS) and p-GaN gate. The threshold voltages of commercial
GaN HEMTs are around 1.1–1.3 V [89, 145], and a certain
overdrive is required. For instance, the datasheet of [89]
indicates a gate drive range from 0 V to 6 V. For this reason,
it is important to evaluate the stability and reliability of GaN
transistors at high positive gate voltage and to define proper
ways to extrapolate acceleration factors and lifetime.

For insulated-gate devices, the time-dependent failure of
the gate dielectric is one of the most relevant degradation
process. This mechanism is similar to what has been detected
and studied in silicon devices and leads to a catastrophic
failure of the gate when a prolonged high-voltage stress is
applied to the samples.

As a representative example, we refer here to the case
of partially recessed GaN HEMTs with insulated gate. In
[147], Meneghesso et al. studied the breakdown voltage of
three different wafers of transistors with a residual AlGaN
thickness of 3.7 nm, having three different gate insulators:

a 15 nm SiN layer deposited by rapid thermal chemical
vapor deposition (RTCVD); a 15 nm SiN layer deposited
by plasma-enhanced atomic layer deposition (PEALD); and
a 15 nm Al2O3 layer, deposited by atomic layer deposition
(ALD). The results of this study indicated that devices with
PEALD-SiN insulator have a leakage more than three orders
of magnitude lower than the two other wafers (Fig. 15.56a).
In addition, devices with PEALD-deposited SiN were found
to have a higher robustness at positive gate voltage (average
failure voltage = 11.9 V), compared to RTCVD-SiN and
Al2O3 (8.65 V and 9.25 V, respectively).

The breakdown voltage evaluated by a simple dc sweep
is not fully representative of the real device robustness un-
der long-term stress; typically, step-stress experiments and
constant-voltage stress tests are carried out with the aim of
analyzing the failure distributions and the related statistics.
Figure 15.56b reports the results of a step-stress experiment
carried out on one device per wafer; gate voltage was in-
creased by 0.5 V every 120 s, while monitoring the electrical
parameters. For positive stress voltages (and above thresh-
old), the 2DEG is fully formed, and a high electric field
builds across the residual AlGaN layer and the gate insulator.
Such field is rather uniform, since the metal and the 2DEG
act as the two plates of a capacitor. As can be noticed, the
properties and quality of the dielectric strongly influence the
overall reliability of the devices. In addition, the samples with
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ALD Al2O3 (blue line). (Reprinted from [147], Copyright 2015, with
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PEALD SiN and RTCVD SiN show a sudden increase in gate
leakage at the end of the stress experiment.

Representative results on the effect of constant-voltage
stress on the gate leakage of insulated-gate HEMTs are
shown in Fig. 15.57. In Fig. 15.57a, we report the variation
of gate leakage during a constant voltage stress (ten devices

per stress condition, two voltages per insulating material).
As expected, by increasing stress voltage a decrease in time-
to-failure is observed. Time-to-failure is generally Weibull-
distributed (see the Weibull plots in Fig. 15.57). In the exam-
ple reported in Fig. 15.57b, the shape parameter β does not
strongly depend on stress voltage and is around 1.1–1.5, i.e.,
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indicative of intrinsic failure. A more detailed analysis of the
failure of MIS-HEMTs and related TDDB was given by Wu
et al. in [148]. The authors of this chapter demonstrated that
the Weibull distribution scales with gate width, confirming
the hypothesis on intrinsic failure. In addition, they extrap-
olated the lifetime to 0.01% of failures at 150 ◦C, 20 years
(Wg = 36 mm), giving voltages of 4.9 V (power law) or 7.2 V
(exponential law).

In a recent paper [149], Warnock and del Alamo discussed
the physical origin of progressive breakdown (PBD) in high-
voltage GaN-based MIS-HEMTs. They observed PBD, char-
acterized by a rapid increase in gate leakage noise, taking
place before hard breakdown. They indicated that the degra-
dation does not take place at the AlGaN/GaN interface. Their
results were found to be consistent with those obtained on
silicon MOSFETs [150], supporting the percolation model
to explain PBD and hard breakdown.

The time-dependent breakdown of dielectrics can be crit-
ical also for vertical GaN devices. Several vertical transistor
structures have been recently proposed: the current aperture
vertical electron transistor (CAVET) [71], which is based
on the use of a current-blocking layer, used to stop vertical
current flow through any path other than the aperture to the
drain; the V-MOSFET or trench-MOSFET (also modified
in the recent OG-FET layout) [81], where a buried p-type
GaN layer is used to increase the threshold voltage of the
devices; and the vertical fin power-FET [151] and vertical
nanowire-FET [152], where current flow is accurately con-
trolled through the use of nanometer-size channels. In most
cases, a dielectric is placed under the gate; this dielectric layer
can be exposed to high electric fields, especially when the
devices are in on-state.

An example of this has been presented by Ruzzarin et al.
in [143]. The authors of this paper studied the stability and
degradation of vertical fin power-FETs submitted to positive
gate stress. The analyzed devices have a vertical metal/in-
sulator/semiconductor layout, where the semiconductor is n-
type.When submitted to positive gate stress, an accumulation
layer is formed in the semiconductor, at the interface with the
dielectric. At high gate bias (>7 V), the field in the 15 nm di-
electric becomes high and can favor a time-dependent break-
down of the oxide. Specifically, a soft failure was observed at
a stress voltage equal to VGstress = 7.25 V (corresponding to
an abrupt increase in gate leakage, Fig. 15.58). A catastrophic
failure was detected at VGstress = 8.75 V (∼6 MV/cm in the
gate insulator, Al2O3).

Results of simulations (Fig. 15.59) indicated that in ver-
tical fin power-FET at high drain voltage the electric field
peaks at the corner of the dielectric. This is supposed to be
the region where failure takes place at high drain bias, in
the off-state. Strategies for reducing the field in the material
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a permanent increase in gate current, for stress voltages higher than
7.25 V, due to the breakdown of the gate dielectric. The catastrophic
failure occurs at VGstress = 8.75 V. (© 2018 IEEE. Reprinted, with
permission, from [143])

can be adopted to significantly improve the robustness of the
transistors at high drain bias.

For devices with p-GaN gate, different degradation mech-
anisms have been proposed over the past years. The metal/p-
GaN interface can be either Ohmic or Schottky [153]. The
second approach allows to substantially reduce the leakage at
the gate. When a Schottky junction is created on p-GaN, the
resulting stack can be modeled as the back-to-back combi-
nation of two diodes. The first results from the metal/p-GaN
Schottky junction, and the second is represented by the p-
GaN/i-AlGaN interface [154]. Wu et al. [155] analyzed the
forward-bias breakdown mechanisms in Schottky metal/p-
GaN gate HEMTs. They demonstrated a positive temperature
dependency of the gate breakdown voltage, with a coefficient
equal to 5 × 10−3 C/V. They demonstrated that – on aver-
age – the breakdown voltage at 200 C is 1 V higher than at
25 C. They explained this positive temperature dependence
by considering the avalanche multiplication in the space
charge region that is present at themetal/p-GaN junction. The
electrons can transfer to the p-GaN and be accelerated by the
high field in the depleted region. Further, they were able to
observe the presence of avalanche luminescence, suggesting
that high gate voltages may lead to the generation of electron-
hole pairs.

Tapajna et al. [156] analyzed the effect of forward
stress on normally-off p-GaN/AlGaN/GaN HEMTs. They
indicated that the time-dependence of the gate current
increase is consistent with percolation process. By using the
Weibull statistics, they estimated the maximum gate voltage
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for long-term operation. In addition, they demonstrated that
the observed degradation process has a low activation energy.

Tallarico et al. [154] demonstrated that the time-to-failure
of GaN-on-Si power HEMTs with p-type gate follows a
Weibull distribution. Also, they suggested that the time-to-
failure is a function of the initial gate leakage, with higher
gate leakage corresponding to a shorter lifetime. They sug-
gested that breakdown is related to the creation of a percola-
tion path in the p-GaN layer.

Rossetto et al. [153] analyzed the influence of theMg dop-
ing concentration on the robustness of AlGaN/GaN HEMTs
at positive gate overstress. They proposed a method to sepa-
rately investigate two different processes, namely, (a) a field-
driven breakdown of the metal/p-GaN Schottky junction,
induced by TLP test with short pulses. High Mg doping
correspond to higher junction fields, thus resulting in lower
failure voltages. (b) A current-driven process detected during
long-term stress, ascribed to the accumulation of charge at the
p-GaN/AlGaN interface [157]. For this process, an increase
in Mg doping was found to improve the stability.

In a more recent paper, Masin et al. [158] demonstrated
that GaN-HEMTs with p-GaN gate can show a time-to-
failure with positive temperature coefficient, when submitted
to positive gate stress. They ascribed degradation to the
accumulation of holes at the p-GaN/AlGaN interface. This

is supposed to increase the injection of electrons from 2DEG
to p-GaN, which are then accelerated by the electric field.
This eventually leads to defect generation and breakdown.

15.4.6 Off-State Reliability

Another relevant regime where GaN transistors can undergo
significant stress is off-state bias, i.e., (for e-mode devices) a
null gate voltage and a high (up to 600–650 V) drain voltage.
Recent papers have investigated the impact of high off-state
bias on the electrical characteristics of GaN transistors (see,
e.g., [159–165]). Under off-state conditions, twomain factors
can promote the degradation of the devices. First, the high lat-
eral field, between gate and drain, can promote a failure of the
devices in proximity of the top epitaxial and/or passivation
layers. In this case, we refer to “lateral breakdown,” since
the mechanism originates from the lateral field. Second, in
off-state conditions a high bias is present also between drain
and substrate. This creates a significant vertical field, which
may lead to the “vertical breakdown” of the epitaxial stack.

An example of lateral breakdown was reported in [161–
163]. Here the authors demonstrated the existence of time-
dependent dielectric breakdown in GaN-based high electron
mobility transistors (HEMTs) submitted to stress in off-
state bias. Specifically, they demonstrated that under off-state
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stress at 600–700 V the devices can show a time-dependent
failure, which was ascribed to the failure of the SiN di-
electric at the edge of the gate overhang, on the drain side.
A representative example of this failure process is shown in
Fig. 15.60a: the variation of drain current during stress in off-
state with VDS = 600 V is reported on ten identical samples.
All the analyzed devices reached a catastrophic failure, i.e.,
a sudden increase in drain current. Time-to-failure (TTF)
was found to have an exponential dependence on stress bias.

This was explained by considering the existence of a field-
dependent degradation process. In addition, TTF was found
to beWeibull-distributed (see, for instance, Fig. 15.60b), with
a β around 0.5. Such a value is indicative of an extrinsic
failure mechanism. Degradation was then ascribed to the
time-dependent breakdown of the dielectric under the gate
overhang. Numerical simulations were carried out to sup-
port this hypothesis. As shown in Fig. 15.61, the electric
field in the nitride peaks at the edge of the gate overhang
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and can reach values around 6 MV/cm at VDS = 600 V.
A physical evidence of this hypothesis was obtained by TEM
evaluation [161]. First, emission microscopy was performed
in off-state conditions, to identify the presence of hot spots
(Fig. 15.62). Then, cross sections were prepared by Focused
Ion Beam (FIB) and then observed by Transmission Electron
Microscopy (TEM, Fig. 15.62). The results demonstrated
that degradation is effectively located at the drain-side gate
edge. Stress induced the generation of a shunt-path between
the gate head and the 2DEG, across the SiN/AlGaN stack.
Such a degradation process is extrinsic (in the sense that it
involves a material other than GaN, i.e., SiN). In [161], the
authors proposed to add a graded layer of silicon nitride under

the head of the gate to improve device reliability (Fig. 15.63).
Figure 15.63 reports the results of a constant voltage stress
experiment: the presence of the extra SiN layer can increase
the TTF by one order of magnitude.

After discussing the extrinsic breakdown mechanisms in-
duced by off-state stress (see above), we discuss here the
intrinsic breakdown mechanisms related to the GaN material
itself. Recent papers (see, for instance, [160, 165]) studied
the robustness of the buffer stack submitted to high off-state
conditions. To separately evaluate lateral and vertical break-
down, two-terminal stress experiments are typically carried
out. The devices are stressed from drain to substrate, and
this results in a significant vertical field. At industrial level,
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results on buffer reliability can be obtained also by means of
high-oltage off-state stress (HVOS) [165], a condition where
a high voltage is applied to the drain, with substrate and
source grounded and gate in pinch-off.

Recently, Borga et al. demonstrated that GaN can show
a time-dependent vertical breakdown that can result in a
sudden increase in vertical leakage current [160]. The study
was carried out on devices having the schematic structure
reported in Fig. 15.64a, that are designed for 200V operation.
Before the execution of the stress tests experiments, the
vertical (2-terminal) leakage current was characterized (see
Fig. 15.64b): two conduction mechanisms were identified,
with a change in slope aroundVD = 300V. Such behavior was
explained by considering that for low vertical bias (<200 V)

conduction is nearly ohmic and possibly assisted by disloca-
tions. For higher voltages (>300V) the depletion of the buffer
results in the ionization of defects. Poole-Frenkel effects are
favored, and an increase in vertical leakage is observed at
high bias.

Figure 15.64c reports the results of a constant voltage
stress test carried out on 18 identical devices with a vertical
voltage of 800 V. After an initial stage where the leakage
is stable, devices show first an increase in the noise super-
imposed to leakage current and then a sudden increase in
vertical leakage. This is similar to the behavior of dielectrics
under time-dependent breakdown testing, typically explained
by the defect-percolation model. Figure 15.64d shows the
time-to-failure (TTF) and leakage current measured on three
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sets of samples stressed at different voltages. As expected,
by increasing stress bias a decrease in TTF and an increase
in leakage current are detected.

A further similarity with dielectric breakdown comes from
the fact that TTF is Weibull-distributed. For reference, one
can look at Fig. 15.65a, which reports the Weibull plots
obtained by stress at three different voltage levels. Fig-
ure 15.65b indicates that TTF has an exponential depen-
dence on stress voltage and supports the hypothesis that the
degradation mechanism is field-dependent. In addition, a low
thermal activation (0.25 eV) was measured.

The time-dependent breakdown of GaN does not represent
a major limitation for this material. For the 200 V technology
analyzed in [160], the maximum voltage for 20 years lifetime
with 1% failure rate is around 560 V.

15.4.7 Stability in Semi-on Conditions

In several real-life application scenarios, GaN-based transis-
tors can be operated under hard switching conditions. A basic
example is the case of a boost power converter, where the
simultaneous presence of high current and high voltage can
take place during the turn-on phase of the devices. It is
therefore important to evaluate the stability of the devices not
only under soft switching, but also under the more dangerous
hard switching regime.

Recently, the interest toward the hard switching behavior
of GaN HEMTs has significantly increased. As an example,
we mention here three recent papers on the topic, that signifi-
cantly contributed to the understanding of the trapping/degra-
dation processes under hard switching, i.e., [138, 166, 167].

In [167], Joh et al. investigated the current collapse in
GaN-based HEMTs by a novel setup, capable of controlling
independently the gate and drain pulses. They suggested
that the current collapse can improve under hard switching,
due to the generation of holes through impact ionization.
The hypothesis in [167] is that in hard switching, if there
is a substantial overlap between voltage and current wave-
forms, hot carriers are produced (in density proportional to
ID•exp(−a/VDG)) and can generate holes via impact ioniza-
tion. Such holes can compensate the electrons trapped at the
surface of the devices.

A similar setup was used by Rossetto et al. in [138], see a
representative schematic in Fig. 15.66. Here the drain-gate-
delay (the time interval between VD = VDSQ/2 and VG = VTH)
is changed to generate hard switching events. In this paper,
the authors showed that hard switching conditions may lead
to an increase in dynamic-on resistance. They ascribed this
effect to the fact that during the switching events, channel
electrons are accelerated and consequently trapped within the
devices.

A comprehensive description of the reliability of GaN-
based transistors under hard switching tests was presented
by Tanaka et al. in [166]. In this chapter, the authors pre-
sented the results of dynamic high-temperature operation life
(D-HTOL) tests, carried out on transistors used in half-bridge
configuration. They used a frequency of 6.6 kHz, an input
voltage of 480 V and a switching current of 10 A. In addition,
they compared two different kinds of transistors, the GITs
and the HD-GITs, during the D-HTOL test. Here the HD-
GIT is the hybrid-drain-embedded gate injection transistor,
namely, a GIT where a pdrain is formed over a thick AlGaN
barrier to suppress current collapse. The authors of this paper
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Fig. 15.66 Representative schematic of the drain and gate pulses ap-
plied during the analysis of the dynamic ON-resistance. The DGD is
defined as the time range between VD = VDSQ/2 and VG = VTH. The

range of the pulse considered for the calculation of the current–voltage
curve is highlighted in shaded pink. (© 2017 IEEE. Reprinted, with
permission, from [138])

demonstrated that in the GIT themaximum switching voltage
decreases as the switching current increases; eventually, for
high switching currents, the maximum switching voltage
becomes lower than the rated voltage. On the other hand, HD-
GITs do not fail even under the most severe hard switching
conditions (VDS = 640 V, I = 27 A). Thermal runaway is
not the primary reason for GIT breakdown. On the contrary,
the better reliability of HD-GITs is explained by the injection
of holes from pdrain. Such holes can compensate the hole
emission from the GaN epilayer under high off-state stress
and the capture of hot electrons under semi-on state. Tanaka
et al. [166] suggested that the hot electron trapping at the
surface of the GIT can trigger the destructive breakdown; a
positive-feedback loop is created, that may lead to the sudden
shift of the EL position from the gate edge to the drain edge.

15.5 Conclusions

The continuous progress of GaN technology makes gallium
nitride an ideal candidate for the development of advanced
power semiconductor devices. Exciting challenges in growth
and fabrication have already been faced, and GaN transistors
are ready to start playing a major role in power conversion.

Within this chapter, we have discussed the main proper-
ties of GaN and of GaN-based devices, with focus on four
aspects: epitaxial growth, lateral device technology, GaN
vertical devices, charge trapping, and reliability issues.

This chapter is a useful reference for the readers willing to
approachGaN technology and for experts in the field desiring

an up-to-date discussion of the most relevant technological
challenges and issues.
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56. Ťapajna, M., Kuzmík, J.: Control of threshold voltage in GaN
based metal–oxide–semiconductor high-electron mobility tran-
sistors towards the normally-off operation. Jpn. J. Appl. Phys.
52(8S), 08JN08 (Aug. 2013)

57. Cai, Y., Zhou, Y., Lau, K.M., Chen, K.J.: Control of threshold volt-
age of AlGaN/GaN HEMTs by fluoride-based plasma treatment:
from depletion mode to enhancement mode. IEEE Trans. Elec-
tron Devices, 53(9), 2207–2215 (2006). https://doi.org/10.1109/
TED.2006.881054

58. Lorenz, A., et al.: Influence of thermal anneal steps on the cur-
rent collapse of fluorine treated enhancement mode SiN/AlGaN/-
GaN HEMTs. Phys. Status Solidi (c). 6(Suppl. 2), S996–S998
(2009)

59. Huang, X., Li, Q., Liu, Z., Lee, F.C.: Analytical loss model of high
voltage GaN HEMT in cascode configuration. IEEE Trans. Power
Electron. 29(5), 2208–2219 (2014)

60. Uemoto, Y., et al.: A normally-off AlGaN/GaN transistor with
R on A = 2.6m � cm 2 and BV ds = 640V using conductivity
modulation. In: International Electron Devices Meeting, pp. 1–4
(2006). https://doi.org/10.1109/IEDM.2006.346930

61. Greco, G., Iucolano, F., Roccaforte, F.: Review of technology for
normally-o ff HEMTs with p-GaN gate. Mater. Sci. Semicond.
Process. 78(October 2017), 96–106 (2018)

62. Hwang, I., et al.: 1.6kV, 2.9 m� cm 2 normally-off p-GaN HEMT
device. In: Proceedings of the International Symposium on Power
Semiconductor Devices and ICs, June, pp. 41–44 (2012)

63. Chowdhury, S., Ji, D.: Vertical GaN Transistors for Power Elec-
tronics. Integrated circuits and systems, Springer. pp. 51–74
(2018). https://doi.org/10.1007/978-3-319-77994-2_3

64. Ji, D., Yue, Y., Gao, J., Chowdhury, S.: Dynamic modeling and
power loss analysis of high-frequency power switches based on
GaN CAVET. IEEE Trans. Electron Devices. 63(10), 4011–4017
(2016)

65. Ambacher, O., Smart, J., Shealy, J.R., Weimann, N.G., Chu, K.,
Murphy, M.: Two-dimensional electron gases induced by sponta-
neous and piezoelectric polarization charges in N- and Ga-face
AlGaN/GaN heterostructures. J. Appl. Phys. 85(6), 3222–3233
(1999)

66. Sabui, G., Parbrook, P.J., Arredondo-Arechavala, M., Shen, Z.J.:
Modeling and simulation of bulk gallium nitride power semicon-
ductor devices. AIP Adv. 6(5), 055006 (2016)

67. Farahmand,M., et al..: Monte Carlo Simulation of Electron Trans-
port in the III-Nitride Wurtzite Phase Materials System: Binaries
and Ternaries, IEEE Trans. Electron Devices. 48(3), 535–542
(2001). https://doi.org/10.1109/16.906448

68. Schwierz, F.: An electron mobility model for wurtzite GaN. Solid
State Electron. 49(6), 889–895 (2005)

69. Ben-Yaacov, I., Seck, Y.-K., Mishra, U.K., DenBaars, S.P.: Al-
GaN/GaN current aperture vertical electron transistors with re-
grown channels. J. Appl. Phys. 95(4), 2073–2078 (2004)

70. Chowdhury, S., Swenson, B.L., Mishra, U.K.: Enhancement and
depletion mode AlGaN/GaN CAVET with Mg-ion-implanted
GaN as current blocking layer. IEEE Electron Device Lett. 29(6),
543–545 (2008)

71. Chowdhury, S., Wong, M.H., Swenson, B.L., Mishra, U.K.:
CAVET on bulk GaN substrates achieved with MBE-regrown
AlGaN/GaN layers to suppress dispersion. IEEE Electron Device
Lett. 33(1), 41–43 (2012)

72. Nie, H., et al.: 1.5-kV and 2.2-m�-cm2 vertical GaN transistors on
bulk-GaN substrates. IEEE Electron Device Lett. 35(9), 939–941
(2014)

73. Chowdhury, S., Swenson, B.L., Wong, M.H., Mishra, U.K.: Cur-
rent status and scope of gallium nitride-based vertical transistors
for high-power electronics application. Semicond. Sci. Technol.
28(7), 074014 (2013)

74. Chowdhury, S., Swenson, B.L., Lu, J., Mishra, U.K.: Use of sub-
nanometer thick AlN to arrest diffusion of ion-implanted Mg into
regrown AlGaN/GaN layers. Jpn. J. Appl. Phys. 50(10 Part 1),
101002 (2011)

75. Ji, D., et al.: Normally off trench CAVET with active mg-doped
GaN as current blocking layer. IEEE Trans. Electron Devices.
64(3), 805–808 (2017)

76. Ji, D., Agarwal, A., Li, H., Li, W., Keller, S., Chowdhury, S.: 880
V/2.7 m� cm2 MIS gate trench CAVET on bulk GaN substrates.
IEEE Electron Device Lett. 39(6), 863–865 (2018)

77. Shibata, D., et al.: 1.7 kV/1.0 m�cm2 normally-off vertical GaN
transistor on GaN substrate with regrown p-GaN/AlGaN/GaN
semipolar gate structure. In: Technical Digest – International
Electron Devices Meeting, IEDM, pp. 10.1.1–10.1.4 (2017)

78. Otake, H., Egami, S., Ohta, H., Nanishi, Y., Takasu, H.: GaN-
based trench gate metal oxide semiconductor field effect transis-
tors with over 100cm2/(Vs) channel mobility. Jpn. J. Appl. Phys.
Part 2 Lett. 46(25–28), L599 (2007)

79. Oka, T., Ueno, Y., Ina, T., Hasegawa, K.: Vertical GaN-based
trenchmetal oxide semiconductor field-effect transistors on a free-
standing GaN substrate with blocking voltage of 1.6 kV. Appl.
Phys. Express. 7(2), 021002 (2014)

80. Gupta, C., Chan, S.H., Enatsu, Y., Agarwal, A., Keller, S., Mishra,
U.K.: OG-FET: an in-situ oxide, GaN interlayer-based vertical
trench MOSFET. IEEE Electron Device Lett. 37(12), 1601–1604
(2016)

81. Gupta, C., et al.: In situ oxide, GaN interlayer-based vertical
trench MOSFET (OG-FET) on bulk GaN substrates. IEEE Elec-
tron Device Lett. 38(3), 353–355 (2017)

82. Ji, D., et al.: Demonstrating >1.4 kV OG-FET performance with a
novel double field-plated geometry and the successful scaling of
large-area devices. In: Technical Digest – International Electron
Devices Meeting, IEDM, pp. 9.4.1–9.4.4, (2018). https://doi.org/
10.1109/IEDM.2017.8268359

83. Nishizawa, J., Terasaki, T., Shibata, J.: Field-effect transistor
versus analog transistor (static induction transistor). IEEE Trans.
Electron Devices. 22(4), 185–197 (1975)

84. Mochida, Y., Nishizawa, J.I., Ohmi, T., Gupta, R.K.: Character-
istics of static induction transistors: effects of series resistance.
IEEE Trans. Electron Devices. 25(7), 761–767 (1978)

85. Choi, Y.C., Cha, H.Y., Eastman, L.F., Spencer, M.G.: Design
optimization of 600VSiC SITs for high power and high frequency
operation. Semicond. Sci. Technol. 20(2), 193–201 (2005)

86. Tanaka, Y., et al.: 700-V 1.0-m� · cm2 buried gate SiC-SIT (SiC-
BGSIT). IEEE Electron Device Lett. 27(11), 908–910 (2006)

87. Li, W., Ji, D., Tanaka, R., Mandal, S., Laurent, M., Chowdhury,
S.: Demonstration of GaN static induction transistor (SIT) using
self-aligned process. IEEE J. Electron Devices Soc. 5(6), 485–490
(2017)

88. Chun, J., Li, W., Agarwal, A., Chowdhury, S.: Schottky junc-
tion vertical channel GaN static induction transistor with a
sub-micrometer fin width. Adv. Electron. Mater. 5(1), 1800689
(2019). https://doi.org/10.1002/aelm.201800689

89. GS66516T Top-side cooled 650 V E-mode GaN transistor Pre-
liminary Datasheet, pp. 1–17. https://www.mouser.com/ds/2/692/
GS66516T%20DS%20Rev%20170413-1113827.pdf (2018)

90. Meneghini, M., Hilt, O., Wuerfl, J., Meneghesso, G.: Technology
and reliability of normally-off GaN HEMTs with p-type gate.
Energies. 10(2), 153 (2017)

Page 50 of 54



15 GaN-Based Lateral and Vertical Devices 575

15

91. Herbecq, N., et al.: 1900V, 1.6mOhm cm2 AlN/GaN-on-Si power
devices realized by local substrate removal. Appl. Phys. Express.
7, 034103 (2014)

92. Maier, D., et al.: Testing the temperature limits of GaN-based
HEMT devices. IEEE Trans. Device Mater. Reliab. 10(4), 427–
436 (2010)

93. Bisi, D., et al.: Deep-level characterization in GaN HEMTs-part
I: advantages and limitations of drain current transient measure-
ments. IEEE Trans. Electron Devices. 60(10), 3166 (2013)

94. Umana-Membreno, G.A., et al.: [sup 60]Co gamma-irradiation-
induced defects in n-GaN. Appl. Phys. Lett. 80(23), 4354 (2002)

95. Soh, C.B., Chua, S.J., Lim, H.F., Chi, D.Z., Liu, W., Tripathy, S.:
Identification of deep levels in GaN associated with dislocations.
J. Phys. Condens. Matter. 16(34), 6305–6315 (2004)

96. Cho, H.K., Kim, K.S., Hong, C.H., Lee, H.J.: Electron traps and
growth rate of buffer layers in unintentionally doped GaN. J.
Cryst. Growth. 223(1–2), 38–42 (2001)

97. Johnstone, D.K., Ahoujja,M., Yeo, Y.K., Hengehold, R.L., Guido,
L.: Deep centers and their capture barriers in MOCVD-grown
GaN. Prog. Semicond. Mater. Optoelectron. Appl. 692, 73–83
(2002)

98. Jiang, X.H., et al.: Reduction of the Mg acceptor activa-
tion energy in GaN, AlN, Al0.83Ga0.17N and MgGaδ-doping
(AlN)5/(GaN)1: the strain effect. J. Phys. D. Appl. Phys. 48(47)
(2015)

99. Cho, H.K., Kim, C.S., Hong, C.H.: Electron capture behaviors of
deep level traps in unintentionally doped and intentionally doped
n-type GaN. J. Appl. Phys. 94(3), 1485–1489 (2003)

100. Umana-Membreno, G.A., Parish, G., Fichtenbaum, N., Keller, S.,
Mishra, U.K., Nener, B.D.: Electrically active defects in GaN
layers grown with and without Fe-doped buffers by metal-organic
chemical vapor deposition. J. Electron. Mater. 37(5), 569–572
(2008)

101. Petrus, M., Nemec, M., Harmatha, L., Paskiewicz, R., Tlaczala,
M., Technology, I.: Investigation of deep energy levels in
heterostructures based on GaN by DLTS. IEEE, pp. 8–11,
2010

102. Ashraf, H., Arshad, M.I., Faraz, S.M., Wahab, Q., Hageman, P.R.,
Asghar, M.: Study of electric field enhanced emission rates of an
electron trap in n-type GaN grown by hydride vapor phase epitaxy.
J. Appl. Phys. 108(10), 103708 (2010)

103. Arehart, A.R., et al.: Comparison of deep level incorporation in
ammonia and rf-plasma assisted molecular beam epitaxy n-GaN
films. Phys. Status Solidi (c). 5(6), 1750–1752 (2008)

104. Silvestri, M., Uren, M.J., Kuball, M.: Iron-induced deep-level
acceptor center in GaN/AlGaN high electron mobility transistors:
Energy level and cross section. Appl. Phys. Lett. 102(7), 073501
(2013). https://doi.org/10.1063/1.4793196

105. Meneghini, M., et al.: Buffer traps in Fe-doped AlGaN/GaN
HEMTs: investigation of the physical properties based on pulsed
and transient measurements. IEEE Trans. Electron Devices.
61(12), 4070 (2014)

106. Reshchikov, M.A., McNamara, J.D., Helava, H., Usikov, A.,
Makarov, Y.: Two yellow luminescence bands in undoped GaN.
Sci. Rep. 8:8091(1), 1–11 (2018)

107. Polyakov, A.Y., Smirnov, N.B., Govorkov, A.V., Shlensky, A.A.,
Pearton, S.J.: Influence of high-temperature annealing on the
properties of Fe doped semi-insulating GaN structures. J. Appl.
Phys. 95(10), 5591–5596 (2004)

108. Calleja, E., et al.: Yellow luminescence and related deep states in
undoped GaN. Phys. Rev. B. 55(7), 4689–4694 (1997)

109. Christenson, S.G., Xie, W., Sun, Y.Y., Zhang, S.B.: Carbon as a
source for yellow luminescence in GaN: isolated CN defect or its
complexes. J. Appl. Phys. 118, 135708 (2015)

110. Moens, P., et al.: On the impact of carbon-doping on the dynamic
Ron and off-state leakage current of 650V GaN power devices.

In: Proceedings of the 27th International Symposium on Power
Semiconductor Devices and IC’s, pp. 37–40 (2015)

111. Venturi, G., et al.: Dislocation-related trap levels in nitride-based
light emitting diodes. Appl. Phys. Lett. 104(21), 211102 (2014)

112. Monti, D., et al.: Impact of dislocations on DLTS spectra and
degradation of InGaN-based laser diodes. Microelectron. Reliab.
88–90, 864–867 (2018)

113. Meneghesso, G., et al.: Reliability and parasitic issues in GaN-
based power HEMTs: a review. Semicond. Sci. Technol. 31(9),
093004 (2016)

114. Lagger, P., Ostermaier, C., Pogany, D.: Enhancement of Vth drift
for repetitive gate stress pulses due to charge feedback effect
in GaN MIS-HEMTs. In: 2014 IEEE International Reliability
Physics Symposium, pp. 6C.3.1–6C.3.6 (2014)

115. Ostermaier, C., et al.: Dynamics of carrier transport via AlGaN
barrier in AlGaN/GaN MIS-HEMTs. Appl. Phys. Lett. 173502,
1–5 (2017)

116. Guo, A., del Alamo, J.A.: Negative-bias temperature instability of
GaN MOSFETs. In: 2016 IEEE International Reliability Physics
Symposium (IRPS), pp. 4A–1 (2016)

117. Wu, T., et al.: The impact of the gate dielectric quality in devel-
oping Au-free D-mode and E-mode recessed gate AlGaN/GaN
transistors on a 200mm Si substrate. In: Proceedings of the 27th
International Symposium on Power Semiconductor Devices and
IC’s, pp. 225–228 (2015)

118. Tallarico, A.N., et al.: PBTI in GaN-HEMTs with p-type gate:
role of the aluminum content on VTH and underlying degradation
mechanisms. IEEE Trans. Electron Devices. 65(1), 38–44 (2018)

119. Meneghini, M., et al.: Time-and field-dependent trapping in GaN-
based enhancement-mode transistors with p-gate. IEEE Electron
Device Lett. 33(3), 375–377 (2012)

120. Joh, J., Alamo, J.A.: A current-transient methodology for trap
analysis for GaN high electron mobility transistors. IEEE Trans.
Electron Devices. 58(1), 132–140 (2011)

121. Meneghesso, G., et al.: GaN-based power HEMTs: parasitic,
reliability and high field issues. ECS Trans. 58(4) (2013)

122. Meneghini, M., et al.: Investigation of trapping and hot-electron
effects in GaN HEMTs by means of a combined electrooptical
method. IEEE Trans. Electron Devices. 58(9) (2011)

123. Chen, K.J., et al.: GaN-on-Si power technology: devices and ap-
plications. IEEE Trans. Electron Devices. 64(3), 779–795 (2017)

124. Nakajima, A., Nishizawa, S., Gan, H.: GaN-based monolithic
power integrated circuit technology with wide operating temper-
ature on polarization-junction platform. In: Proceedings of the
27th International Symposium on Power Semiconductor Devices
& IC’s, pp. 357–360 (2015)

125. Bisi, D., et al.: High-voltage double-pulsed measurement system
for GaN-based power HEMTs. Proceedings of the IEEE Interna-
tional Reliability Physics Symposium, CD.11 (2014)

126. Meneghini, M., Tajalli, A., Moens, P., Banerjee, A., Zanoni, E.:
Materials science in semiconductor processing trapping phenom-
ena and degradation mechanisms in GaN-based power HEMTs.
Mater. Sci. Semicond. Process. 78(October 2017), 118–126
(2018). https://doi.org/10.1016/j.mssp.2017.10.009

127. Omling, P., Weber, E.R., Montelius, L., Alexander, H., Michel, J.:
Electrical properties of dislocations and point defects in plastically
deformed silicon. Phys. Rev. B. 32(10), 6571–6581 (1985)

128. Kirchner, P.D., Schaff, W.J., Maracas, G.N., Eastman, L.F., Chap-
pell, T.I., Ransom, C.M.: The analysis of exponential and nonex-
ponential transients in deep-level transient spectroscopy. J. Appl.
Phys. 52(11), 6462–6470 (1981)

129. Omling, P., Samuelson, L., Grimmeiss, H.G.: Deep level transient
spectroscopy evaluation of nonexponential transients in semicon-
ductor alloys. J. Appl. Phys. 54(9), 5117–5122 (1983)

130. Hasegawa, H., Akazawa, M.: Current collapse transient behavior
and itsmechanism in submicron-gate AlGaN/GaN heterostructure

Page 51 of 54



576 M. Meneghini et al.

transistors. J. Vac. Sci. Technol. B Microelectron. Nanometer
Struct. 27(2009), 2048 (2009)

131. Meneghesso, G., et al.: Trapping phenomena in AlGaN/GaN
HEMTs: a study based on pulsed and transient measurements.
Semicond. Sci. Technol. 28(7), 074021 (2013)

132. Mitrofanov, O., Manfra, M.: Poole-Frenkel electron emission
from the traps in AlGaN/GaN transistors. J. Appl. Phys. 95(11
I), 6414–6419 (2004)

133. Chini, A., Soci, F., Meneghini, M., Meneghesso, G., Zanoni,
E.: Deep levels characterization in GaN HEMTs - part II: ex-
perimental and numerical evaluation of self-heating effects on
the extraction of traps activation energy. IEEE Trans. Electron
Devices. 60(10), 3176 (2013)

134. Joh, J., Del Alamo, J.A., Chowdhury, U., Chou, T.M., Tserng,
H.Q., Jimenez, J.L.: Measurement of channel temperature in GaN
high-electron mobility transistors. IEEE Trans. Electron Devices.
56(12), 2895–2901 (2009)

135. Lyons, J.L., Janotti, A., Van De Walle, C.G.: Carbon impurities
and the yellow luminescence in GaN. Appl. Phys. Lett. 97(15),
152108 (2010). https://doi.org/10.1063/1.3492841

136. Honda, U., Yamada, Y., Tokuda, Y., Shiojima, K.: Deep levels
in n-GaN doped with carbon studied by deep level and minority
carrier transient spectroscopies. Jpn. J. Appl. Phys. 51(4 Part 2),
3–6 (2012)

137. Moens, P., et al.: Impact of buffer leakage on intrinsic reliability of
650V AlGaN/GaN HEMTs. In: Technical Digest – International
Electron Devices Meeting, IEDM, vol. 35.2.1 (2015)

138. Rossetto, I., et al.: Evidence of hot-electron effects during hard
switching of AlGaN/GaNHEMTs. IEEE Trans. Electron Devices.
64(9), 3734 (2017)

139. Sayadi, L., Iannaccone, G., Sicre, S., Häberlen, O., Curatola, G.:
Threshold voltage instability in p-GaN gate AlGaN/GaN HFETs.
IEEE Trans. Electron Devices. 65(6), 2454 (2018)

140. Tajalli, A., et al.: Microelectronics reliability impact of sidewall
etching on the dynamic performance of GaN-on-Si E- mode
transistors. Microelectron. Reliab. 88–90(June), 572–576 (2018)

141. Fabris, E., et al.: Degradation of GaN-on-GaN vertical diodes
submitted to high current stress. Microelectron. Reliab. 90(June),
568–571 (2018)

142. Ruzzarin, M., et al.: Degradation of vertical GaN-on-GaN fin
transistors_ step-stress and constant voltage experiments. Micro-
electron. Reliab. 88–90(June), 620–626 (2018)

143. Ruzzarin, M., et al.: Degradation of vertical GaN FETs under
gate and drain stress. In: IEEE International Reliability Physics
Symposium Proceedings, pp. 4B.1-1–4B.1-5 (2018)

144. Ruzzarin, M., et al.: Instability of dynamic- RON and threshold
voltage in GaN-on-GaN vertical field-effect transistors. IEEE
Trans. Electron Devices. 64(8), 3126 (2017)

145. PGA26E07BA Product Overview Overview. https:/
/industrial.panasonic.com/content/data/SC/ds/ds8/c2/
FLY000074_EN.pdf

146. Bahl, S.R., Joh, J., Fu, L., Sasikumar, A., Chatterjee, T., Pend-
harkar, S.: Application reliability validation of GaN power de-
vices. In: IEEE International Electron Devices Meeting, p. 20.5.1
(2016)

147. Meneghesso, G., et al.: Trapping and reliability issues in GaN-
based MIS HEMTs with partially recessed gate. Microelectron.
Reliab. 58, 151–157 (2016)

148. Wu, T., et al.: Time dependent dielectric breakdown (TDDB)
evaluation of PE-ALD SiN gate dielectrics on AlGaN/GaN re-
cessed gate D-mode MIS-HEMTs and E-mode MIS-FETs. In:
2015 IEEE International Reliability Physics Symposium (IRPS),
p. 6C.4.1 (2015)

149. Warnock, S., del Alamo, J.A.: Progressive breakdown in high-
voltage GaN MIS-HEMTs. In: 2016 IEEE International Reliabil-
ity Physics Symposium (IRPS), pp. 4A-6–1 (2016)

150. Degraeve, R., Kaczer, B., De Keersgieter, A., Groeseneken, G.:
Relation between breakdown mode and breakdown location in
short channel NMOSFETs and its impact on reliability spec-
ifications. IEEE Trans. Device Mater. Reliab. 1(3), 163–169
(2001)

151. Sun, M., Member, S., Zhang, Y., Member, S., Gao, X.:
High-performance GaN vertical fin power transistors on bulk
GaN substrates. IEEE Electron Device Lett. 38(4), 509–512
(2017)

152. Yu, F., et al.: Vertical architecture for enhancement mode power
transistors based on GaN nanowires. Appl. Phys. Lett. 108(21),
213503 (2016). https://doi.org/10.1063/1.4952715

153. Rossetto, I., et al.: Field- and current-driven degradation of GaN-
based power HEMTswith p-GaN gate: dependence onMg-doping
level. Microelectron. Reliab. 76–77, 298–303 (2017). https://
doi.org/10.1016/j.microrel.2017.06.061

154. Tallarico, A.N., et al.: Investigation of the p-GaN gate breakdown
in forward-biased GaN-based power HEMTs. IEEE Electron De-
vice Lett. 38(1), 99–102 (2017)

155. Wu, T., et al.: Forward bias gate breakdown mechanism in
enhancement-mode p-GaN gate AlGaN/GaN high-electron mo-
bility transistors. 36(10), 1001–1003 (2015)

156. Hilt, O., Würfl, J., Kuzmík, J.: Gate reliability investigation
in normally-off. IEEE Electron Device Lett. 37(4), 385–388
(2016)

157. Tapajna, M., Hilt, O., Bahat-Treidel, E., Würfl, J., Kuzmík, J.:
Gate reliability investigation in normally-off p-type-GaN cap/Al-
GaN/GaNHEMTs under forward bias stress. Appl. Phys. Lett. 37,
385 (2016)

158. Masin, F., et al.: Positive temperature dependence of time-
dependent breakdown of GaN-on-Si E-mode HEMTs under pos-
itive gate stress. Appl. Phys. Lett. 115(5), 8–12 (2019)

159. Fleury, C., et al.: Statistics and localisation of vertical break-
down in AlGaN/GaN HEMTs on SiC and Si substrates for
power applications. Microelectron. Reliab. 53(9–11), 1444–1449
(2013)

160. Borga, M., et al.: Evidence of time-dependent vertical breakdown
in GaN-on-Si HEMTs. IEEE Trans. Electron Devices. 64(9),
3616–3621 (2017)

161. Rossetto, I., et al.: Field-related failure of GaN-on-Si HEMTs:
dependence on device geometry and passivation. IEEE Trans.
Electron Devices. 64(1), 73–77 (2017)

162. Rossetto, I., et al.: 2DEG retraction and potential distribution of
GaN-on-Si HEMTs investigated through a floating gate terminal.
IEEE Trans. Electron Devices. 65(4), 1303–1307 (2018)

163. Meneghini, M., et al.: Extensive investigation of time-dependent
breakdown of GaN-HEMTs submitted to OFF -state stress. IEEE
Trans. Electron Devices. 62(8), 2549–2554 (2015)

164. Borga, M., et al.: Impact of the substrate and buffer design on the
performance of GaN on Si power HEMTs. Microelectron. Reliab.
88–90, 584–588 (2018)

165. Moens, P., et al.: Intrinsic reliability assessment of 650V rated
AlGaN/GaN based power devices : an industry perspective. ECS
Trans. 72(4), 65–76 (2016)

166. Tanaka, K., et al.: Reliability of hybrid-drain-embedded gate
injection transistor. In: IEEE International Reliability Physics
Symposium Proceedings, pp. 4B2.1–4B2.10 (2017)

167. Joh, J., Tipirneni, N., Pendharkar, S., Krishnan, S.: Current col-
lapse in GaN heterojunction field effect transistors for high-
voltage switching applications. In: IEEE International Reliability
Physics Symposium Proceedings, p. 6C.5.1 (2014)

168. Ji, D., Li, W., Chowdhury, S.: Switching performance analysis
of GaN OG-FET using TCAD device-circuit-integrated model.
In: IEEE 30th International Symposium on Power Semiconductor
Devices and ICs (ISPSD), Chicago, pp. 208–211 (2018). https://
doi.org/10.1109/ISPSD.2018.8393639

Page 52 of 54



15 GaN-Based Lateral and Vertical Devices 577

15

Matteo Meneghini received his PhD in Electronic and Telecommuni-
cation Engineering (University of Padova), working on the optimization
of GaN-based LED and laser structures. He is now associate professor at
the Department of Information Engineering at the University of Padova.
His main interest is the characterization, reliability, and simulation
of compound semiconductor devices (LEDs, Laser diodes, HEMTs).
Within these activities, he has published more than 300 journal and
conference proceedings papers.

Srabanti Chowdhury (George and Ida Mary Hoover faculty fellow’19,
Gabilan fellow’19) is an associate professor of Electrical Engineer-
ing (EE) at Stanford. Her research focuses on wideband gap (WBG)
materials and device engineering for energy efficient and compact
system architecture for power electronics and RF applications. Besides
gallium nitride, her group is exploring diamond for various electronic
applications.

Joff Derluyn received his PhD from the University of Gent in 2003.
Afterwards, he worked at imec in Leuven Belgium, on the fabrication
of GaN electronic devices. In 2010, he co-founded the start-up company
EpiGaN, where he still works as CTO. There, he focuses on the epitaxial
growth of GaN for electronic applications.

Farid Medjdoub received his Ph.D. degree in Electrical engineering
from the University of Lille in 2004. He then worked as a research
associate at the University of Ulm and as a senior scientist at IMEC
on GaN-based devices.He is currently a CNRS scientist leading a team
at IEMN in France. His current research focuses on wide bandgap semi-
conductor device development for power and RF applications including
simulation, design, fabrication, and advanced characterization.

Dong Ji received his Ph.D. in Electrical and Computer Engineering from
the University of California Davis in 2017. He worked as a postdoctoral
scholar at Stanford University. His research focus on III-V compound
semiconductors for power electronics and optoelectronics applications.

Jaeyi Chun received his Ph.D. degree in Nanobio Materials and Elec-
tronics in 2016 from Gwangju Institute of Science and Technology,
South Korea. Heworked at the University of California, Davis, as a post-
doctoral researcher from 2016 to 2019. He is currently a post-doctoral
researcher, working on GaN vertical transistors at Stanford University.

Page 53 of 54



578 M. Meneghini et al.

Riad Kabouche received his Ph.D. degree in Electrical engineering
from the University of Lille in 2017. He has been working on circuit
design and characterization of devices based on the emerging AlN/GaN
heterostructure for millimeter wave power applications.Since 2018, he
works as a Postdoctoral researcher in the Institute of Electronic, Micro-
electronic and Nanotechnology (IEMN).His current research interests
include the characterization and simulation of RF and Power GaN
devices.

Carlo De Santi was born in Verona, Italy, in 1985 and obtained his
Ph.D. in 2014. He holds a post-doc position in the microelectronics
group at the university of Padova. His main research activities are
characterization, physical modeling, and reliability of various GaN-,
Ga2O3-, SiC, GaAs-, InP-, diamond, and CdTe- and Si-based electronic
and optoelectronic devices.

Enrico Zanoni is full professor at the University of Padova, Department
of Information engineering. His research interests involve electrical
characterization, modeling, and reliability of semiconductors devices.

Gaudenzio Meneghesso graduated in Electronics Engineering at the
University of Padova in 1992working on the failure mechanism induced
by hot electrons in MESFETs and HEMTs. In 1997 he received the
Ph.D. degree in Electrical and Telecommunication Engineering. He is
now full professor at the University of Padova. His research interests
involve the Electrical characterization, modeling, and reliability of
semiconductors devices.

Page 54 of 54




