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Physics-Based Compact Model for
p-GaN/AlGaN/GaN HEMTs

Application: Understanding of Degradation After γ-Ray
Irradiation

Abstract

Gallium Nitride (GaN)-based high electron mobility transistors (HEMTs) are
rapidly emerging as front-runners in high-power mm-wave circuit applications. De-
spite the recent commercial success of GaN-based devices, internal physical mech-
anisms are often not completely understood. This thesis explores the nature of
gallium nitride devices from the point of view of compact modeling paying particu-
lar attention to power electronic applications. To model the behaviour of such de-
vices, the physics of the typical AlGaN/GaN Schottky HEMT is studied by solving
the Schrödinger’s and Poisson’s equations in order to have a unified and accurate
definition of the Fermi level and 2DEG charge.

The physical-based model is used to help our understanding of the effects of γ-
irradiation on GaN-based devices. Thanks to this approach we demonstrate that we
are able to point the leading factor in the induced degradation. Furthermore, we
propose a novel approach to model the p-GaN/AlGaN/GaN structure by implement-
ing the p-GaN layer in the developed AlGaN/GaN model. The simulation results are
then compared with the experimental data obtained by four devices showing excel-
lent agreement. Finally, inspired by the method used to include the p-GaN layer
under the gate, and aware of the results that ferroelectric materials are showing in
the rising NCFET technology, we studied the physics of such material following the
phenomenological approach described by the Landau-Khalatnikov equations. The
ferroelectric material is implemented in the AlGaN/GaN model. The simulations
result is consistent with the studies conducted on the NCFET where the MFMIS
structure shows higher ON-current, and transconductance.
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Introduction

Part of the semiconductor industry’s formula for success is to make incremental
changes, not drastic changes. The planar Metal-Oxide-Semiconductor Field-Effect
Transistor (MOSFET) has served the electronic industry well for 40 years. Aggres-
sive engineering has managed to reduce its size again and again without change to
its basic structure [1]. The basic concept behind the Field-Effect Transistor (FET)
is quite simple as illustrated in figure 1.

The device consist of an active channel through which electron (or holes) flow
from the source to the drain. The source and drain contact are ohmic contacts. The
conductivity of the channel is modulated by a potential applied to the gate. This
results in the modulation of the channel so that no current flows into the gate. The
gate isolation is done in a variety of ways, leading to a number of different devices.
In the previously introduced MOSFET, the gate is isolated from the channel by an
oxide. This is the basis of the silicon devices.

Another approach is the one purse in the Metal-Semiconducotr FET (MES-
FET) where the gate forms a Schottky barrier with the semiconductor keeping a
small gate current in the useful range of gate voltages. Finally Heterojunction
Field-Effect Transistor (HFETs) or Modulation-Doped FETs (MODFET) use a large
bandgap semiconductor to isolate the gate from the active channel [2].

An emerging class of materials that has became primary choice for blue LEDs,
blue LASER diodes and other optoelectronic devices is the (Al,Ga,In)N-based sys-
tems. These materials are fundamentally different from conventional cubic semi-
conductors in that they exist normally in the hexagonal (wurtzite) phase and exhibit
strong polarization in the < 0001> direction [2].

The troubled history and the recent success of nitride semiconductor devices
are both very much related to the unique material properties of GaN and its most

Figure 1: Basic Structure of a Field Effect Transistor. The physical principle behind
the FET involves the use of a gate to alter the charge in a channel.
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Physics-Based Compact Model for p-GaN/AlGaN/GaN HEMTs

relevant alloys InGaN and AlGaN [3]. Depending on the alloy composition, the
direct bandgap (the difference between conductance and valence energy in the ma-
terial band diagram) varies from about 0.7 eV to 6.2 eV, covering a wide wavelength
range from red through yellow and green to blue and ultraviolet. This leads to
unique material properties, such as high break down voltage, high charge density,
high thermal conductivity and high electron mobility.

Despite the recent commercial success of GaN-based devices, internal physi-
cal mechanisms are often not completely understood. Sophisticated theories and
physic-based compact models have been developed for previous generations of semi-
conductor devices [3]. However, the unique properties of nitrides present a chal-
lenge. The aim of this study is to present a physic-based analytical model for Al-
GaN/GaN HEMT which is derived from consistent solution of Schrödinger’s and
Poisson’s equations. In the following, the structure of the Thesis will be introduced
through a series of capsule descriptions of the chapters.

Chapter 2: Gallium Nitride. This chapter gives a brief overview of the High Electron
Mobility Transistor (HEMT) working principle. A particular attention will be
paid on a specific material: the Gallium Nitride and its unique properties.

Chapter 3: Modeling of D-Mode GaN HEMT. Surface potential calculation, intrinsic
charge calculation, drain current model, mobility degradation, drain induced
barrier lowering, access region and parasitic resistance and finally parame-
ter extraction strategy; in brief, the core model and the real physical effect
that define the physic-based AlGaN/GaN compact model will be analytically
described in this chapter.

Chapter 4: Understanding of γ-Ray Degradation in Schottky HEMT. In this chap-
ter the concept of degradation in natural space radiation environment will be
introduced. The described compact model will be than used to understand
γ-ray degradation in AlGaN/GaN HEMTs identifying the main factor leading
to the induced degradation.

Chapter 5: Modeling of E-Mode GaN HEMT. The concept and the working princi-
ple of normally-off HEMT will be presented giving particular attention to
pGaN/AlGaN/GaN structure. The compact model will be then used to un-
derstand the effect of the pGaN layer under the gate in the measured gate
capacitance.

Chapter 6: Negative Capacitance in GaN HEMT. In this chapter the concept of ferro-
electricity will be introduced starting from the Landau-Khalatnikov descrip-
tion of Ferroelectric dynamics. After that a single domain crystal will be im-
plemented under the gate of the GaN model to show how the DC performances
can increase.

Chapter 7: Conclusion. Finally, summary of the obtained results and conclusions are
presented. Further work that is needed in this area is also discussed.

N. Modolo Introduction 15



Chapter 1

Gallium Nitride

1.1 HEMT working principle

In the MESFET the gate is insulated from the channel by a barrier created by
either a Schottky barrier (or a p+n junction). The charge in the channel is provided
by dopants in the channel. The dopants, while providing charge, also cause increase
of impurities and reduced mobility. Thus, a question arises: is it possible to have
channel charge but avoid dopant scattering? This is possible in the Si MOSFET
where the charge can be induced by inversion. However, the MOSFET charge has
to contend with interface roughness scattering [4].

In advanced semiconductor devices, junctions between two different semicon-
ductor materials can be formed to improve device performances. A compound semi-
conductor is obtained combining multiple chemical elements to constitute a crystal
with the properties of a semiconductor. Creating compound semiconductors allow
an increase in the degrees of freedom on the fundamental properties of the semi-
conductor such as the energy gap (Eg) or the crystal lattice constant (Å). Most com-
pound semiconductors are from combinations of elements from Group III and Group
V. A semiconductor deposited on another one with different composition through
epitaxial growth is considered an heterostructure. The interface between two differ-
ent layers is called heterojunction [5]. The most widely used heterostructure FET is
the High Electron Mobility Transistor (HEMT). A typical modulation doped device
structure is shown in figure 1.1.

The basic working principle of HEMT is given by the difference in bandgap (Eg)
and electron affinity (X ) between the AlGaN and the GaN layers. This difference
create a conductance (and valence) band discontinuity that produce a quantum well
in which the electrons are confined. The quantum well has a triangular form and
the electrons are confined with high density in a very narrow region that have 2-
dimensional properties. The term 2-Dimensional Electron Gas (2DEG) is used to
describe the electron system [2]. It’s important to note that the electrons confined
in the quantum-well are located in the i-GaN that is not doped and consequently is
almost free from impurities. The charge density in the channel ns [cm−2] is deter-
mined by the energy levels of the electrons and is described by the Schrödinger wave
function. Many of the first generation HEMT devices belong to the AlGaAs/GaAs or
InAlAs/InGaAs family [5].

Today, with the upsurge of wireless communication market, as well as the steady
but continuous progress of traditional military applications, microwave transistors
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Figure 1.1: Band profile of a AlGaN/GaN HEMT showing band bending leading to
a triangular quantum well at the AlGaN/GaN interface.

are playing a critical role in many aspects of human activities. The requirements for
the performance of microwave transistor are becoming more and more demanding.
Because of these needs, there has been a significant investment in the development
of high performance transistors and amplifiers based on Si/SiGe, GaAs, SiC and
GaN [6]. Table 1.1 lists the major parameters of these materials while the John-
son’s figure of Merit (JM) is used to calculate and compare their power-frequency
limits. The JM gives the power-frequency limit based solely on material properties
and can be used to compare different materials for high frequency and high power
applications [7].

The requirement for high power and high frequency is highly related to semi-
conductor material with both large breakdown voltage and high electron velocity.
From this point of view, wide band gap materials, like GaN and SiC, with higher
JM are preferable. Whether it be GaN or SiC, each has its own merits and obstacles
to wide spread adoption. The wide band-gap result in higher breakdown voltages
because the ultimate breakdown field is the field required for band-to-band impact
ionization [6]. Moreover, both have high electron saturation velocities, which allow
high frequency operation. The ability of GaN to form heterojunctions makes it su-

Unit Si GaAs 4H-SiC GaN Diamond

Eg [eV] 1.1 1.42 3.26 3.39 5.45

µn [cm2/Vs] 1350 8500 700 1500-2000 1900

vsat [107cm/s] 1.0 1.0 2.0 2.5 2.7

EBR [MV/cm] 0.3 0.4 3.0 3.3 5.6

εr - 11.8 13.1 10.0 9.0 5.5

JM = EBRvsat/2π 1 2.7 20 27.5 50

Table 1.1: Material properties related to the power performances at high frequen-
cies for various materials.
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perior compared to SiC, in spite of having similar breakdown fields and saturation
velocities. GaN can be used to fabricate HEMTs whereas SiC can only be used to
fabricate MESFETs. The advantages of HEMT include high carrier concentration
that combined with the high electron mobility results in a high current density and
low channel resistance, which are especially important for high frequency operation
and power switching applications [8]. From the amplifier point of view, GaN-based
HEMT have many advantages over existing production technologies (e.g. GaAs) [6].
The high output power density allows the fabrication of much smaller size devices
with the same output power. Higher impedance due to the smaller size allows for
easier and lower loss matching in amplifier. The operation at high voltage due to its
high breakdown electric field not only reduces the need for voltage conversion, but
also provides the potential to obtain high efficiency, which is a critical parameter for
amplifiers. The wide band-gap also enables it to operate at high temperatures. At
the same time, the HEMT offer better noise performances than that of MESFET’s
[8]. These attractive features in amplifier applications enabled by superior semi-
conductor properties make the GaN-based HEMT a very promising candidate for
microwave power applications [6]. In the next section, the main reasons that make
Gallium Nitride a unique compound semiconductor will be discussed.

1.2 GaN - Unique Material Properties
The first Gallium Nitride (GaN) material has been produced by passing ammo-
nia over hot gallium by Jusa and Hahn in 1939. However, to realize its true po-
tential, it is necessary to wait until 1991 when Nakamura developed a suitable
Metal-Organic Chemical Vapor Deposition (MOCVD) equipment for GaN [9]. By
combining the buffer-layer technology developed by Akasaki and Amano [10] and
Nakamura [9] with the idea of double heterostructure, the first bright blue Light-
Emitting Diode (LED) was demonstrated using InGaN [11]. For their important
contributions the researchers Akasaki, Amano and Nakamura were awarded the
Nobel Prize in Physics in 2014 for "the invention of efficient blue light-emitting
diodes which has enabled bright and energy-saving white light sources".

While enabling the white LED has been the most significant contribution GaN
has made to society to date, due to significant energy saving compared to other
white light sources [12], numerous other applications exist or are being developed.
To understand the main reasons that make III-V nitrides an almost ideal class of
material, is important to have an insight of its properties.

Energy gaps (Eg) for nitride semiconductors and their alloys span the wide
range from 0.7 to 6.2 eV. In optical terms is important to take into account that
there are two types of semiconductors: direct band gap (such as InAs, GaAs) and
indirect band gap (such as Si, Ge). GaN is a direct band gap material.

To understand why this is a key material property, the concept of radiative re-
combination has to be introduced. Interactions among electrons, holes, photons,
phonons and other particles are required to satisfy conservation of energy and crys-
tal momentum. An important process that describe these interactions is called ra-
diative recombination, where an electron in the conduction band annihilates a hole
in the valence band, with the same momentum, releasing the excess energy as pho-
ton. As illustrated in figure 1.2, this is possible in a direct band gap semiconductor
where, for the conservation of the energy, the energy of the emitted photon will be
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Figure 1.2: Direct vs indirect band gap recombination. In case of the direct re-
combination, the energy is released in the form of photons, while in case of indirect
recombination it is released in the form of phonons (until the electron and hole have
the same momentum) and eventually photons.

equal to the energy lost by the electron to recombine with the hole.
For an indirect band gap material, the process must also involve the absorption

or emission of energy in form of crystal lattice vibration (phonons) until electron
and hole have the same momentum [13]. The involvement of the phonon makes
this process less likely to occur in a given span of time, which is why radiative
recombination is far slower in indirect band gap material than direct band gap
ones. Optoelectronic is the transformation of a bias current (electrons) in emitting
light (emission of photons) with high efficiency. That’s why LEDs and LASERs use
direct band gap materials. Equation 1.1, where h is the Planck constant, shows
that the frequency of the emitted photon υ is proportional to its energy.

Eg ' Eph = hυ (1.1)

Since, as mentioned above, in nitride semiconductors and their alloys the energy
gap ranges from 0.7 to 6.2 eV, this means that using the appropriate combination,
it is possible to span the entire ultraviolet (UV) visible light spectrum (figure 1.3).

Spontaneous polarization is an other unique material property that is ab-
sent in other well-known semiconductors used in optoelectronic devices such as
GaAs and ZnSe but that is shown by this class of materials. This property has
great importance in applications because is part of the technological development
of electronic devices like AlGaN/GaN High Electron-Mobility Transistors (HEMTs)
[3]. In nature there exist two class of materials carring the polarization charge:
the ferroelectrics and the pyroelectrics. In the ferroelectrics (whose principle will be
introduced in Chapter 5 with the concept of negative capacitance), the polarization
charge can be inverted by applying a suitably strong electric field. In pyroelectrics,
the polarization charge cannot be directly measured because its direction and ori-
entation cannot be altered and is always parallel to the pyroelectric axis. Luckily,
just after GaN became a target of technological applications, a big step forward
in the theory of solids, called Modern Theory of Polarization (MTP) [14], provided
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Figure 1.3: Bandgap diagram of III nitrides with overlaid visible light colors versus
their corresponding lattice parameters.

an easy and accurate way to compute the polarization charge using first-principles
computational tools. Understanding the effects that these polarization fields have
on the electric property of the material is important for a proper comprehension of
the physics of AlGaN/GaN HEMTs. Using a less rigorous but more intuitive ap-
proach, the presence of spontaneous polarization charge (QSP ) in the junction can
be explained by the intrinsic asymmetry of the bonding in the equilibrium wurtzite
crystal structure. In addition, mechanical stress also results in polarization, which
is then called piezoelectric polarization, where QPZ is the corresponding charge.
The piezoelectric polarization is negative for tensile and positive for compressive
strained AlGaN layers. Therefore, the orientation of the spontaneous and piezo-
electric polarization is parallel in case of tensile strain and antiparallel in case of
compressive strain. Unstrained GaN has a lattice constant aGaN = 3.189 Åwhile for
AlN it is aAl = 3.11 Å[5]. AlGaN lattice constant can be calculated from the Vegard’s
law [15] which states:

aAlGaN = x ·aAl + (1− x) ·aGaN (1.2)

where x is the percentage of aluminum in the alloy. The tensile strain then can be
expressed as:

εret = aGaN −aAlGaN

aAlGaN
(1.3)

where the AlGaN layer is grown on GaN buffer. Since in AlGaN/GaN HEMTs this
is always the case, equations 1.2 and 1.3 show that the interface is always under
tensile strain (parallel to the spontaneous polarization).

Now that the distribution of the charge in pyroelectrics materials has been ex-
plained, the working principle to generate 2DEG in a polar heterostructure will be
presented. Consider the AlGaN/GaN structure along with the charge density and
the band diagram illustrated in figure 1.4. For the previous considerations, the lat-
tice mismatch between AlGaN and GaN sets the AlGaN cap under tensile strain,
hence spontaneous and piezoelectric polarization are parallel.

At the metal/AlGaN interface, the negative polarization charge −Qπ(AlGaN) is
the sum of QSP and QPZ contributions, while the positive charge at the surface
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Figure 1.4: Typical AlGaN/GaN heterostructure used in polar HFET technology,
along with the charge distribution and the band diagram.

NDD
+ results from the ionized surface donors [2]. At the AlGaN/GaN interface, the

sum of the polarization contributions from the AlGaN and GaN will be called net
polarization charge Qπ(net):

Qπ(net)=Qπ(AlGaN)−Qπ(GaN)

where Qπ(net) is a positive number because of the higher polarization in the AlGaN
relative to GaN. The band diagram, shows that the conduction band discontinuity
forms one side of the quantum well which, as mentioned in the previous section, is
triangular. The 2DEG is in the GaN layer at a distance ∆d from the heterointerface,
where ∆d is the centroid of the charge distribution. To find out the 2DEG carrier
density ns, the analysis starts from the continuity equation at zero bias:

Φs −V1 − ∆Ec

q
+Vdi

− = 0 (1.4)

where from [2]
Vdi

− = qns

ε
·∆d

and
V1 = (Qπ(net)− qns) · dAlGaN

ε
=Vb +VAlGaN

Substituting these values into equation 1.4 gives:

ns = ε(Vb +∆Ec/q−Φs)
q(dAlGaN +∆d)
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The physical difference between conventional and polar HEMTs is simply in the ori-
gin of the electrons in the 2DEG. In the conventional HFETs, the channel electrons
are provided by donor sheet, while in GaN-based HFETs, they come from ionized
surface donor states. If a gate metal is placed on top of the AlGaN layer and a
positive gate voltage is applied, the potential barrier barrier at the metal/AlGaN
interface is given by:

Φs =Φb −VG

where VG is the applied voltage and Φb is the metal semiconductor barrier height
that is given by:

Φb =φs −φm

and

φs = X (AlGaN)+ Eg(AlGaN)
2q

Thus, for the AlGaN/GaN HEMT, the 2DEG sheet charge density as function of the
gate voltage can be written as:

ns = ε(Vb +∆Ec/q−φb +VG)
q(dAlGaN +∆d)

(1.5)

The threshold voltage can be calculated from equation 1.5, placing ns = 0 and VG =
VTH :

VTH =Φb −
∆Ec

q
−Vb (1.6)

A complete analysis of the 2DEG charge density starts from solving the Schrödinger’s
and Poisson’s equations. In fact, the 2DEG concentration is related to the position
of the Fermi level via Fermi-Dirac distribution by the following equation:

ns = Ds
kBT

q
ln

[
1+exp

(E f −E0

kBT

)]
where Ds is the 2DEG density of states and only the first sub-band energy E0 has
been assumed dominant. This approach will be explored later in Chapter 2, which
is dedicated to the compact modeling of the AlGaN/GaN HEMT.

1.3 GaN - Impact
Over a long period, R&D institutes and laboratories acts as a pivot in pushing
through GaN-based solutions while industrial companies followed from afar. But
since then, the situation has changed. Today, it is crystal-clear that, from a theo-
retical point of view, GaN offers fantastic technical advantages over traditional Si
MOSFETs. Even though the current GaN power market remains tiny compared
to $32.8B silicon power market, GaN devices are confidently breaking through into
different applications [16]. According to the last annual market research report
’Power GaN 2018: Epitaxy, Devices, Applications and Technology Trends’ [17], the
global gallium nitride semiconductor devices market is expected to reach $500M by
2023. Factors driving the growth of the market are: increasing demand for power ef-
ficient electronic devices, rapid advancements in technology and rising investments
in R&D by major semiconductor manufacturing companies [18].
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Figure 1.5: Expected impact in the market of GaN technology from the market
research firm Yole Déveleppement. The power supply has been identified as the
key application leading the economic growth of gallium nitride devices.

Moreover, the rapid adoption of automated devices and increasing usage of the
wireless charging are further propelling the market growth. The potential usage of
GaN in healthcare sector, in 5G infrastructures, and in aerospace & defence sector
is also expected to propel the market growth over the forecast period [16]. However,
high product cost of GaN devices may restrain the market growth to some extent.

On the basis of the product, the global gallium nitride semiconductor devices
market was dominated by radio frequency semiconductor devices is 2017. To date,
a large number of possible applications has been suggested [19]. As shown in figure
1.5, the power semiconductor segment is expected to grow with the highest Com-
pound Annual Growth Rate (CAGR is a business and investing specific term equiv-
alent to the more generic exponential growth rate with an interval of one year).

Many end-use industries are widely opting GaN technology. Key players op-
erating in the global GaN semiconductor devices market include industrial giants
like Infineon, ON Semiconductors, STMicroelectronics, Panasonic and Texas In-
struments [17]. In particular, several developments in 2018 are highlighting this
trend:

• Infineon announced it would start volume production for CoolGaN 400V and
600V e-mode HEMT products by the end of 2018,

• STMicroelectronics and CEA Leti announced their cooperation in developing
GaN-onSi technologies for both diode and transistor, and expect to have a
validated engineering sample in 2019.

For all the aforementioned reasons, in order to take part in this technological revo-
lution it becomes necessary to understand the operating principle of gallium nitride
devices. In the next chapter a physic-based compact model of AlGaN/GaN HEMT
will be presented.
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Chapter 2

Modeling of D-Mode GaN HEMT

2.1 GaN compact models: Overview
As GaN technology matures in terms of process and fabrication, the focus of GaN
research is shifting to modeling and circuit design. Because of this, there is an
increasing demand for accurate non-linear models. To create a model that can re-
produce the behavior of a device, two approaches can be used:

1. Empirical Model: this type of model focus on the selection and combination
of mathematical functions to numerically fit the behavior of the model to mea-
sured data [20]. Because of their nature, empirical models use a large number
of fitting parameters, which have to be extracted by experimental data. The
extraction of these parameters is difficult and often ambiguous due to their
non-physical nature [21].

2. Physical Model: this approach analyzes the causes of the device behavior
following the semiconductor physics such as material characteristics and car-
rier transport. The equations are physical, with a much smaller number of
parameters than empirical models [20] and since they have a physical mean-
ing the extraction is easier to facilitate. The physics-based models are the
preferred solution because they give better prediction of the statistical varia-
tions in the device and follow well-defined geometrical and temperature scal-
ing rules [21].

The SPICE model, which is also known as a compact model, is a set of long equa-
tions that combine physical and empirical methods to reproduce the very complex
transistor characteristics with high speed and accuracy for SPICE simulations [1].
The model equations contain adjustable parameters that have to be extracted to
accurately reproduce the current, capacitance and noise over many orders of mag-
nitude for the entire operating range of terminal voltages, gate lengths and widths,
and temperatures. The accuracy of the final result greatly depends on the model
equations. BSIM stands for "Berkeley Short-channel Insulated-gate field effect
transistor Model". BSIM has been the first industry standard model and continues
to be the most popular compact model today. The genesis of BSIM may be traced
back to BSIM1 published in 1984 [22], which was followed by BSIM2 in 1988 [23].
BSIM3 [24] was such an improvement over the previous models that the Compact
Model Council (CMC), an industry standard organization formed in 1995 to choose,
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Figure 2.1: Cross Section of the AlGaN/GaN HEMT discussed in this chapter.
Inside the red square there is the core module which delimits the intrinsic re-
gion and defines the surface potential ψs(x), the intrinsic charge in each terminal
Qgi,Qsi,Qdi and the drain current ID .

maintain and promote the use of standard semiconductor device models, selected
BSIM3v3 as the world’s first industry standard model.

A review of the device modeling literature reveals that much work has been
done in the area of nonlinear modeling in the contest of GaN HEMT treatment [25].
Some of these models follow an empirical approach like the Angelov [26], EEHEMT
[27] and DynaFET [28], while others like the Tsinghua-HKUST [29], MVSG [30]
and the ASM GaN [21] follow a physical approach. In 2018, after almost seven
years of research and development, the Advance SPICE Model for GaN (ASM GaN)
passed all the steps of the CMC standardization process and has been selected as
the first industry standard model for gallium nitride transistors [31, 32].

Since the development of a compact model is a long process that requires several
years and many resources for testing and verification, the following chapter will
not propose a new solution to model the AlGaN/GaN heterostructure but instead
address the topic using as main reference the ASM GaN model since it has been
recently chosen as new industry standard for GaN HEMT. It is important to note
that the mathematical passages given below do not have a single source but are the
result of the organic study of numerous papers released between 2011 and 2019.
Some passages are intentionally made by the author of the thesis as they are not
shown in the reference paper or in the manual. In light of this, this chapter can be
considered as a valid tool to understand the physics of GaN devices in a compact
and detailed way. The cross-sectional view of the AlGaN/GaN HEMT discussed here
is shown in figure 2.1. For the reasons explained in Chapter 1, namely the band
gap difference at the AlGaN/GaN interface, a triangular potential well confines
the free electrons in the GaN buffer and forms the 2-Dimensional Electron Gas
(2DEG). Since a GaN HEMT is such a complex system, in order to clearly organize
and represent the physics concept behind it, it is necessary to divide the device
model into two separate modules, the core module and the real device effect
module. Each of them will then be divided into several partitions defined by their
corresponding physics.
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2.2 Core Model

The formation of the 2DEG is the core of the HEMT device operation and a physics-
based analytical expression for ns is a primary requirement in the development
of a compact model for these devices. The main difficulty in modeling the 2DEG
charge density arise from the complicated variation of the Fermi level E f . A self-
consistent solution of the Schrödinger’s and Poisson’s equations in the quantum
well, assuming triangular profile potential, is expressed from the following system
of equations [21]:

ns = Ds
kBT

q

n∑
i=0

ln
[
1+exp

(E f −E i

kBT

)]
(2.1)

E i =
( ħ
2m∗

) 1
3
[

3
2

qπE

(
i+ 3

4

)] 2
3

(2.2)

VG =VTH + qns · tAlGaN

εAlGaN
+ E f

q
+V (x)

=VTH +VAlGaN +ψs(x)

(2.3)

where Ds is the 2DEG density of stated and from here on is assumed Ds = 3.240×
1013 cm−2 [33], tAlGaN is the thickness of the AlGaN layer, VTH is the threshold
voltage calculated in equation 1.6, E i are the electron energy levels, ħ = h/2π is
the Planck constant, m∗ is the density of states effective mass and V (x) represent
the surface potential dependence at any point x in the channel. Assuming that the
electric field E in equation 2.2 is generated by only the 2DEG then [2]:

E = qns

ε
(2.4)

and substituting 2.4 in equation 2.2:

E i '
( ħ
2m∗

) 1
3
[

3
2

qπ
(
i+ 3

4

)] 2
3 ( qns

ε

) 2
3 = γins

2/3 (2.5)

The coefficients γi, in equation 2.5, are explicitly related to the density of state ef-
fective mass m∗ and therefore material dependent. The experimentally determined
value of such parameters will determine the position of the energy level. In the
AlGaN/GaN interface only the first and second energy level E0 and E1 need to be
considered. From here on the value of these energy levels is:

E0 = 2.12×10−12 ·ns
2/3

E1 = 3.73×10−12 ·ns
2/3

(2.6)

The next step is to find an accurate and smooth expression to define the surface
potential by solving equation 2.1, and 2.6.
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2.2.1 Surface Potential
The calculation of the Surface Potential (SP) poses a primary challenge since it
starts from equations 2.1 and 2.6 where the solution is transcendental. To obtain ns
and E f it is assumed that VD = VS = V (x) = 0. Consequently, the surface potential
ψs(x) = E f /q+V (x) will be the same in any point x of the channel. Following the
approach proposed by S. Khandelwal et al. [21, 34, 35], the variation of the Fermi
level with VG can be divided into three different regions:

1. Sub-VTH Region: where the device is off EI
f ¿ E0 ' E1

2. Moderate 2DEG Region: where the device is on and EI I
f < E0 < E1

3. Strong 2DEG Region: where the device is on and E0 < EI I I
f < E1

The next paragraphs will be dedicated finding the Fermi level and the charge den-
sity in each region. If the reader is not interested in the mathematical passages,
equations 2.21 and 2.20 are respectively the final expressions of the unified Fermi
level EU

f and the charge density nU
s valid in all the three working regions.

1. Sub-VTH Region (EI
f ¿ E0 ' E1)

In this case from equation 2.3, for nI
s ' 0, the Fermi level is:

EI
f ' q(VG −VTH)= qVG0 (2.7)

Since |EI
f |À E0,1 then:

EI
f −E0,1 ' EI

f

Substituting this result in equation 2.1 the value of the charge density can be cal-
culated solving the following system of equations:

nI
s =

CAlGaN

q
·
(
VG0 −

EI
f

q

)

nI
s = 2Ds

kBT
q

exp

(
EI

f

kBT

)
where the value of the gate capacitance is given by CAlGaN = εAlGaN /tAlGaN and
depends from the Aluminum percentage in the AlGaN layer and its thickness. After
some simple calculations, the charge density is given by:

nI
s = 2Ds

kBT
q

exp

(
q

kBT

(
VG0 −

qnI
s

CAlGaN

))
and since nI

s ' 0 then the value of the charge density in the Sub-VT Region is:

nI
s = 2Ds

kBT
q

exp
(

qVG0

kBT

)
(2.8)

and from equation 2.3 the Fermi level can be expressed as:

EI
f = qVG0 −2Ds

qkBT
CAlGaN

exp
(

qVG0

kBT

)
(2.9)
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2. Moderate 2DEG Region (EI I
f < E0 < E1)

In this region the 2DEG is forming and since: exp(EI I
f −E1) ¿ exp(EI I

f −E0), then,
the second energy level can be neglected. From the notable special limits:

lim
f (x)→0

ln[1+ f (x)]= f (x)

Then, since exp(EI I
f −E0)' 0:

ln

[
1+exp

(
EI I

f −E0

kBT

)]
= exp

(
EI I

f −E0

kBT

)
(2.10)

and substituting equation 2.10 and equation 2.6 in equation 2.1:

nI I
s = Ds

kBT
q

exp

(
EI I

f −γ0(nI I
s )2/3

kBT

)
The value of the charge density can be calculated again solving the following system
of equations: 

nI I
s = CAlGaN

q
·
(
VG0 −

EI I
f

q

)

nI I
s = Ds

kBT
q

exp

(
EI I

f −γ0(nI I
s )2/3

kBT

)
The system can be solved explicating the Fermi level:

=⇒


nI I

s = CAlGaN

q
·
(
VG0 −

EI I
f

q

)

EI I
f = kBT

q
ln

(
q

kBT
nI I

s

Ds

)
+γ0(nI I

s )
2/3

Then:
EI I

f = kBT
q

ln
[

CAlGaN

DskBT
(VG0 −EI I

F )
]
+γ0

CAlGaN

q
(VG0 −EI I

f )
2/3

and finally [34]:

EI I
f =VG0 ·

ln(βVG0)+γ0

(
CAlGaNVG0

q

)2/3

VG0 +Vth +
2
3
γ0

(
CAlGaN ∗VG0

q

)2/3 (2.11)

where
β= CAlGaN

DskBT
and VT = kBT

q
(2.12)

and from equation 2.3 the charge density in Moderate 2DEG Region is:

nI I
s = CAlGaNVG0

q
·
VG0 +VT · [1− ln(βVG0)]− 1

3
γ0

(
CAlGaNVG0

q

)2/3

VG0 +VT + 2
3
γ0

(
CAlGaNVG0

q

)2/3 (2.13)
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3. Strong 2DEG Region (E0 < EI I I
f < E1)

In this region the 2DEG is formed and again since: exp(EI I I
f −E1)¿ exp(EI I I

f −E0),
then, the second energy level can be neglected. From the notable special limits:

lim
f (x)→∞

ln[1+ f (x)]= ln[ f (x)]

Then, since exp(EI I I
f −E0)À 1:

ln

[
1+exp

(
EI I I

f −E0

kBT

)]
= ln

[
exp

(
EI I I

f −E0

kBT

)]
=

EI I I
f −E0

kBT
(2.14)

and substituting equation 2.14 and equation 2.6 in equation 2.1:

nI I I
s = Ds

kBT
q

(
EI I I

f −γ0(nI I I
s )2/3

kBT

)

The value of the charge density can be calculated solving the following system of
equations: 

nI I I
s = CAlGaN

q
·
(
VG0 −

EI I I
f

q

)
nI I I

s = Ds

q

[
EI I I

f −γ0(nI I I
s )

2/3
]

and explicating the Fermi level:

=⇒


nI I I

s = CAlGaN

q
·
(
VG0 −

EI I I
f

q

)
EI I I

f = ns

Ds
+γ0n

2/3
s

Then:
EI I I

f = CAlGaN

qDs
(VG0 −EI I I

F )+γ0
CAlGaN

q
(VG0 −EI I I

f )
2/3

and finally [34]:

EI I I
f =VG0 ·

VTβVG0 +γ0

(
CAlGaNVG0

q

)2/3

VG0
(
1+VTβ

)+ 2
3
γ0

(
CAlGaNVG0

q

)2/3 (2.15)

and from equation 2.3 the charge density is Strong 2DEG Region is:

nI I I
s = CAlGaNVG0

q
·

VG0 −
1
3
γ0

(
CAlGaNVG0

q

)2/3

VG0
(
1+VTβ

)+ 2
3
γ0

(
CAlGaNVG0

q

)2/3 (2.16)
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Unified Model for Charge Density and Fermi level

An important issue when implementing a compact model is the discontinuity be-
tween the working regions. A good compact model have to be defined by equations
that are smooth and continuous for several orders of derivatives.

In order to find a unifying expression for E f and ns applicable for the full range
of operation, it is useful to notice that equations 2.11, 2.13 and 2.15, 2.16 respec-
tively, differ only by one term at the numerator and one term at the denominator,
both with a factor given by the thermal voltage VT = kBT/q defined in equation 2.12.
An approximated unified expression for the above cut-off Region (II + III) can be ob-
tained by removing all terms with the thermal voltage Vth. However, to improve
accuracy, S. Khandelwal proposed a new algorithm to obtain a unified solution first
for Region II + III [34]:

n(I I+I I I)
s = CAlGaNVG0

q
·H(VG0) (2.17)

E(I I+I I I)
f =VG0(1−H(VG0)) (2.18)

where

H(VG0)=
VG0 +VT[1− ln(βVG0n)]− 1

3
γ0

(
CAlGaNVG0

q

)2/3

VG0

(
1+ VT

VG0d

)
+ 2

3
γ0

(
CAlGaNVG0

q

)2/3 (2.19)

Here, VG0n and VG0d are functions of VG0 given in [21] by the interpolation expres-
sion:

VG0x =
VG0αx√
V 2

G0 +α2
x

where αn = e
β

and αd = 1
β

Then for the full range of gate voltages [21, 35], obtaining a single continuous uni-
fied expression for the charge density:

nU
s = 2VTCAlGaN ·

ln
[
1+exp

(
VG0

2VT

)]
1

H(VG0)
+ CAlGaN

qDs
exp

(
−VG0

2VT

) (2.20)

and the Fermi level:

EU
f =VG0 −2VT ·

ln
[
1+exp

(
VG0

2VT

)]
1

H(VG0)
+ CAlGaN

qDs
exp

(
−VG0

2VT

) (2.21)

From equation 2.20, is easy to observe that equation 2.17 is obtained for VG > VTH
while 2.8 is obtained for VG < VTH . In figure 2.2, the vertical voltage drop in each
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Figure 2.2: Matlab simulation of the gate vertical voltage drop, defined in equation
2.3, in an AlGaN/GaN structure with threshold VTH =−4 V, where the AlGaN layer
has 20% Aluminum and thickness tAlGaN = 16 nm.

layer under the gate, is plotted using together the calculated unified Fermi level and
equation 2.3. The charge density used to evaluate the voltage drop in the AlGaN
layer VAlGaN is plotted in figure 2.3. The obtained result has an accuracy in
order of millivolts [21]. This is because in the calculation of Region II and III the
energy level E1 has been neglected. This can be a problem in particular during the
transition between Region I and II where the energy levels E0 and E1 are very close
to each other and they should both be considered to calculate E f .

For a SP-compact model, accuracy better than nanovolts is desirable [35]. For
this reason the solution given in equation 2.21 has to be improved including E1.
To do so the ASM GaN model follows the Householder’s method for solving implicit
functions [36]. The obtained solution is:

EH
f = EU

f − p
q

(
1+ pr

2q2

)
(2.22)

where the quantities k0,1,E0,1,VGef f ,p,q and r are defined in table 2.1. Using this
method, the obtained accuracy is in the order of femtovolts. The unified EH

f ob-
tained in equation 2.22 can be used to calculate the surface potential at both ends
of the channel, in fact:

ψs(x)= EH
f +V (x) (2.23)

Now that a continuous and smooth expression for the surface potential has been
calculated, it can be used to evaluate the intrinsic charge in each terminal of the
device QG , QS and QD in a very precise way.
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Figure 2.3: Matlab simulation of the charge density used to evaluate the vertical
voltage drop of the AlGaN/GaN structure in figure 2.2.

Quantity Expression Quantity Expression

E0,1 exp
(

EU
f −k0,1V

2/3
Gef f

kBT

)
p CAlGaN

q VGef f −
∑1

i=0 DsVT ln(E i +1)

VGef f VG −VTH −EU
f q −CAlGaN

q −∑1
i=0

Ds
1+E−1

i
·
(
1+ 2

3 kiV−2/3
Gef f

)
k0,1 γ0,1

CAlGaN
q

2/3 r ∑1
i=0

2
9 Dski(1+E−1

i )V−4/3
Gef f +

Ds
VT

(
1+ 2

3 kiV−1/3
Gef f

)2

(1+E−1
i )2

Table 2.1: Quantities to increase the Fermi level accuracy using Householder
method

2.2.2 Intrinsic Charge

Terminals Potential

Before starting the calculation of the intrinsic charge in each terminal is important
to understand what is their corresponding potential. To do so, equation 2.23 has to
be discussed since significant effects such as the saturation velocity and the mobil-
ity have to be taken into account when calculating the intrinsic potential in each
terminal. On the source side:

ψS = EH
f +VS,e f f (2.24)

where, referring to the cross section of a general AlGaN/GaN Schottky HEMT in
figure 2.1, VS,e f f = VSi that is the intrinsic source voltage. Regarding the drain
side:

ψD = EH
f +VD,e f f (2.25)

In this case, the calculation of VD,e f f can be done as follow:
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Figure 2.4: Matlab simulation of the surface potential, in source (ψS) and drain
(ψD) side, for different VD in AlGaN/GaN structure with gate length L = 5×10−4 cm,
threshold VTH =−4 V, electron mobility µs = 1500 cm2/V s, velocity saturation νS =
1×107 cm/s, where the AlGaN layer has 20% Aluminum and thickness tAlGaN = 16
nm.

VD,sat = 2L · νS

µ
· VG0

VG0 +2L · νS

µ

and

VD,e f f =
VDi√

1+
(

VDi

VD,sat

)2
(2.26)

where L (cm) is the gate length, µ (cm2/Vs) is the electron mobility and νS (cm/s)
is the electron velocity saturation which are determined by the material properties.
In figure 2.4, the ψS and ψD are plotted with VS = 0 V and VD = [0,1,2,5] V using
Matlab. As expected, when VD = VS = 0 the potential is only determined by the
Fermi level and ψS =ψD . To conclude this preamble concerning how the potential
is calculated in the channel, from here on is useful to define the following quantities:


ψm = ψD +ψS

2

ψds =ψD −ψS

(2.27)

where ψm is the average surface potential and ψds is the differential potential be-
tween the drain and source terminal.
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Charge Calculation

The model of the intrinsic charge is normally done assigning drain charge and the
source charge as QDi = xp ·Qch and QSi = (1−xp) ·Qch respectively, where Qch is the
channel charge and xp is the partitioning factor. To simplify the problem, is quite
common to see standard compact models, such as BSIM4 [37], make use of simpli-
fied schemes like 60/40 and 50/50. A more rigorous and physical way is proposed in
[35] defining: 

QDi =
L∫

0

x
L
·Qch(VG ,Vx)dx

QSi =
L∫

0

1− x
L

·Qch(VG ,Vx)dx

QGi =−(QSi +QDi)

where the third equation is given by the conservation of the charge. Using these
definitions, the total intrinsic charge QGi can be written as:


ns = CAlGaN

q
·
(
VG −VTH − E f

q
−Vx

)

QGi =
L∫

0

qWns(VG ,Vx)dx

=⇒ QGi =
L∫

0

WCAlGaN · (VG0 −ψs(x))dx (2.28)

To perform the integration, in [32] is proposed to change the integration variable:

dx = L(VG0 −ψ+VT)
(VG0 −ψm +VT)(ψD −ψS)

dψ (2.29)

where VG0, VT and ψm are defined in equations 2.7, 2.12 and 2.27 respectively.
From this, equation 2.28 can be solved:

QGi =
ψD∫
ψS

LWCAlGaN · (VG0 −ψ)(VG0 −ψ+VT)
(VG0 −ψm +VT)(ψD −ψS)

dψ (2.30)
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QGi =
WLCAlGaN

(VG0 −ψm +VT)(ψD −ψS)
·
ψD∫
ψS

(VG0 −ψ)2 +VT(VG0 −ψ)dψ

= Υ

ψds

VTVG0ψds +
ψD∫
ψS

V 2
G0 −ψ(2VG0 +VT)+ψ2 dψ


= Υ

ψds

(
VTVG0ψds +VG0ψds − (2VG0 +VT) · (ψ2

D −ψ2
S)

2
+ ψ3

D −ψ3
S

3

)

= Υ

ψds

(
VG0(VT +VG0)ψds − (2VG0 +VT)ψmψds +

ψ2
D +ψ2

S +ψDψS

3
·ψds

)

=Υ
(
VG0(VT +VG0)− (2VG0 +VT)ψm + ψ2

D +ψ2
S +ψDψS

3

)

where
Υ= WLCAlGaN

(VG0 −ψm +VT)
The final expression of the intrinsic gate charge is:

QGi =
WLCAlGaN

(VG0 −ψm +VT)

(
VG0(VG0 +VT −2ψm)

−VTψm + ψ2
D +ψ2

S +ψDψS

3

) (2.31)

Now that the total charge in the channel has been calculated, the source and drain
terminal charges are given by the following system of equations:

QDi =
L∫

0

x
L
·QGi dx

QSi =−(QGi +QDi)

To calculate the total drain charge, equation 2.29 is integrated from the source to
an arbitrary point x as follow:

x∫
0

dx =
ψ(x)∫
ψS

L(VG0 −ψ+VT)
(VG0 −ψm +VT)(ψD −ψS)

dψ

resulting in:

x = L(ψ−ψS)
(VG0 −ψm +VT)ψds

(
VG0 +VT − ψ+ψS

2

)
From this, the drain charge can be expressed as:

QDi =
ψD∫
ψS

L(ψ−ψS)
(VG0 −ψm +VT)ψds

(
VG0 +VT − ψ+ψS

2

)
QGi dψ
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The integral can be solved with the same methodology used to calculated the gate
charge. The final expression of the intrinsic drain charge is given in [35]:

QDi = WLCAlGaN

120(VG0 −ψm +VT)2

[
ψ2

S(16ψD −5(VT +8VG0))

+2ψS(12ψ2
S −5ψD(5VT +8VG0)+10(VT +VG0)(VT +4VG0))

+15ψ2
D(3VT +4VG0)−60VG0(VT +VG0)2 +12ψ3

D +8ψ3
S

+20ψD(VT +VG0)(2VT +5VG0)
]

(2.32)

and the intrinsic source charge is:

QSi =−(QGi +QDi) (2.33)

From equation 2.31, 2.32 and 2.33 all the terminal capacitances can be calculated
as follow: 

CGi =
dQGi

dVG
+ dQGi

dVS
+ dQGi

dVD

CDi = dQDi

dVG
+ dQDi

dVS
+ dQDi

dVD

CSi =
dQSi

dVG
+ dQSi

dVS
+ dQSi

dVD

(2.34)

In the simplified case where VD = VS = 0, the gate capacitance can be calculated
from equation 2.3 and 2.31:

1
CG

= dVG

dQG

VG =VTH +VAlGaN +ψs(x)

Then:

CG =
(

d(VTH +VAlGAN +ψs)
dQG

)−1

=
(

dVAlGAN

dQG
+ dψs

dQG

)−1

=
(

1
CAlGaN

+ 1
Cs

)−1

(2.35)

From equation 2.35, the gate capacitance is given by the series of the AlGaN ca-
pacitance (that is constant CAlGaN = εAlGaN /tAlGaN and defined by the geometries
of the device) and the surface capacitance that will increase with the increase of the
2DEG charge.

In order to study the precision of the model, it has been implemented, using
Verilog-A code, in the electronic design automation software Advanced Design Sys-
tem (ADS) by Keysight EEsof EDA. The simulation result has been compared with
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Figure 2.5: Simulation vs experimental data on a Schottky HEMT with a diameter
of 120 nm, where the AlGaN layer has thickness 20 nm and 24% of Al. The Figure
shows excellent agreement in the result, also for the first order derivative. The
simulation is performed implementing the Verilog-A code in ADS.

real experimental data performed on a Schottky HEMT with a diameter of 120 nm,
where the AlGaN layer has a thickness of 20 nm and 24% of Aluminum.

The real measurement of the gate capacitance is usually done in a dedicated
structure with a 2 terminal AlGaN/GaN device (equivalent to the described model
with VS = VD = 0). The experiment is performed probing the device with a sinu-
soidal gate voltage at different DC levels. Figure 2.5 shows excellent agreement
between the proposed model and the experimental data (comparing also the first
derivative), while figure 2.6 shows the contribution of each capacitance.

2.2.3 Drain Current

The calculation of the drain current at any point x along the channel, is done under
the gradual channel approximation with drift diffusion model [38]. The ballistic
conduction mechanism is not taken in to account because the channel length of
GaN HEMT devices is big enough to neglect this effect. Under this conditions the
drain current can be expressed as:

ID =−µWQch
dψ
dx

+µW
dQch

dx
VT
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Figure 2.6: The Figure shows the contribution of surface and AlGaN capacitance
used to calculate the gate capacitance using equation 2.35. The experimental data
comes from the same device of figure 2.5. The simulation is performed implement-
ing the Verilog-A code in ADS.

Then, using Qch = qns = CAlGaN(VG0 −ψs(x)) from equation 2.3, taking dx to the
left side and integrating it from 0 to L:

ID =−µW
L

Qch ·dψ+µWVT ·dQch

=−µW
L

CAlGaN[(VG0 −ψ) ·dψ−VT ·d(VG0 −ψ)]

The integration of the right term can be done as follow:

ID =−µW
L

CAlGaN

ψS∫
ψD

VG0 −ψ+VT ·dψ

=µW
L

CAlGaN

(
ψVG0 +ψVT − ψ2

2

)∣∣∣ψD

ψS

The resulting drain current is given by:

ID =µW
L

CAlGaN(VG0 −ψm +VT) ·ψds (2.36)

2.3 Real Device Effects
The ASM GaN model includes different sub-modules to describe different real de-
vice physical effects. In the following section, the discussion will be focused exclu-
sively to the effects that are taken into account in Chapter 3 and 4.
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2.3.1 Mobility Degradation

The carrier mobility in the channel for HEMT devices is found to depend on the
2DEG charge density, which depends on the electrical electric field. In [39], the
physical description of the mobility degradation due to the vertical electric field is
modeled as:

µe f f =
µ0

1+µAE y,e f f +µBE 2
y,e f f

(2.37)

where µ0 is the low field mobility, µA and µB are model degradation parameters to
be extracted from experimental data and E y,e f f is the effective vertical electric field
calculated using the Gauss’s law as:

dE (x)
dx

= ρ(x)
εAlGaN

=⇒ E y,e f f =
Qch

εAlGaN
= CAlGaN

εAlGaN
(VG0 −ψm)

where Qch = CAlGaN(VG0 −ψm) is the average channel charge.

2.3.2 Short Channel Effects

Velocity Saturation

With the increase in the lateral electric field, the carriers gain sufficient energy
to be scattered by optical phonons, resulting in a decrease in their mobility and
ultimately saturation of the carrier velocity [38]. To account for this effect, equation
2.37 is modified as:

µe f f ,SAT = µe f f√
1+

(
µe f f

νS ·Ex

)2
(2.38)

where Ex = (ψd −ψS)/L = ψds/L is the lateral electric field and νS is the velocity
saturation.

DIBL

The Drain Induced Barrier Lowering (DIBL) effect is a short-channel effect refer-
ring to a reduction of threshold voltage on the transistor at higher drain voltages
[4]. The barrier lowering increases as channel length is reduced, To account this
model, the threshold voltage is modified as:

VTH =VTH0 +∆VDIBL

=VTH0 −η0 · VDS√
1+

(
VDS

VD,scale

)2

(2.39)

where η0 and VD,scale are parameters that have to be extracted from experimental
data.
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Figure 2.7: Cross Section of the AlGaN/GaN HEMT from figure 2.1, highlighting
the effect of the access region resistances in the calculation of the ON resistance.

Channel Length Modulation

The Channel Length Modulation (CLM) effect, which occurs for drain voltages
higher than the saturation voltage, is a decrease in the effective length of the chan-
nel as the saturation point starts to move toward the source [40]. The CLM on the
drain current is modeled modifying equation 2.36 as follow:

ID,CLM = ID[1+λ(VDS −VD,e f f )]= ID(1+λVDSx) (2.40)

where VD,e f f is defined in equation 2.26 and λ has to be extracted from experimen-
tal data. Using equations 2.37, 2.38 and 2.40, the drain current in equation 2.36
can be rewritten as:

ID = µe f f ·CAlGaN√
1+

(
µe f f

νS ·Ex

)2

W
L

(VG0 −ψm +VT)(1+λVDSx) ·ψds (2.41)

2.3.3 Access Region Resistance
Since the distance between gate edge and drain/source edges are large and usually
in the order of few µm, gate-to-drain/source access region plays an important role
in defining the drain current [41]. In figure 2.7 is highlighted the effect of the access
resistance in the cross section of the AlGaN/GaN HEMT.

The total ON-Resistance consists of two bias independent contact resistance RC,
the intrinsic channel resistance Rch and the access region resistance RD/S,acc which
is not linear and depends on the amount of current flowing through this region. The
current in the access region can be defines as:

Iacc =Wqns,acc ·νacc =Qacc ·νacc (2.42)

where ns,acc is the charge density in the accumulation region which, being far from
the gate and the drain contacts, is supposed to be constant and νacc is the electron
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velocity [41]. As ns,acc does not increase significantly with increasing of VD , to
support the increasing current, νacc should increase. Initially the electron velocity
increase linearly, but then it saturates to the saturation carrier velocity νS,acc.

RD/S,acc determines a voltage drop VR between the drain contact and the in-
trinsic region across the access region. The transition between the linear and the
saturated electron velocity is made smooth and continuous using a classic interpo-
lation scheme that has been used several times along the chapter:

νacc = νS,acc ·
VR√

V 2
R +V 2

R,SAT

(2.43)

where

VR,SAT = Lacc
νS,acc

µ0,acc

Lacc is the length of the access region given by the distance from the gate to the
drain/source and µ0,acc is the mobility at low field of the electrons in the access
region. Combining equations 2.42 and 2.43 we obtain:

Iacc =
Qacc ·νS,acc√
1+

(VR,SAT

VR

)2
= ISAT,acc√

1+
(VR,SAT

VR

)2

After some simple calculation:

VR = VR,SAT · Iacc√
I2

acc − I2
SAT,acc

= VR,SAT

ISAT,acc
· Iacc√

1−
(

Iacc

ISAT,acc

)2

= LaccνS,acc

µ0,accISAT,acc
· Iacc√

1−
(

Iacc

ISAT,acc

)2

= Lacc

µ0,accQacc
· Iacc√

1−
(

Iacc

ISAT,acc

)2

(2.44)

The access region resistance is obtained combining equation 2.42 and 2.44:

RD/S,acc =
VR

Iacc
= Lacc

µ0,accQacc
· 1√

1−
( ISAT,acc

Iacc

)2

= Lacc

µ0,accWqns,acc
· 1√

1−
( ISAT,acc

Iacc

)2

(2.45)
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Figure 2.8: ID-VG simulation vs experimental data of Schottky HEMT with thresh-
old voltage VTH −4.9 V, length gate length L = 5 µm and width W = 10 µm. The
simulation is performed implementing the Verilog-A code in the electronic design
automation software Advanced Design System (ADS) by Keysight EEsof EDA.

2.4 Conclusion
A surface potential based model for GaN HEMT has been presented in this chap-
ter including the core model and some of the main real device effects. The model
has been implemented using Verilog-A code in the electronic design automation
software Advanced Design System (ADS) by Keysight EEsof EDA. The simulation
result is then compared with the measured ID-VD and ID-VG of a Schottky HEMT
with threshold voltage VTH −4.9 V, gate length L = 5 µm, width W = 10 µm, length
gate-drain access region LGD = 2.5 µm, length gate-source access region LGS = 1.5
µm, thickness AlGaN tAlGaN = 26 nm, percentage of aluminum Alx = 20% show-
ing excellent agreement (see figure 2.8 and 2.9). To perform the fitting with the
experimental data, several parameters have to be extracted following an extraction
strategy that will be introduced in Chapter 3 where the model has been used to sup-
port our understanding of the effects of cumulative γ-ray irradiation on AlGaN/GaN
HEMTs.

In Chapter 4 the model has been modified including a highly doped p-GaN layer,
proposing a novel approach to simulate the pGaN/AlGaN/GaN HEMT. This struc-
ture is becoming widely used in power electronic applications.

Finally in Chapter 5, using an approach similar to the one proposed to model
the pGaN layer, we will present a novel approach to simulate a GaN HEMT with
Negative Capacitance under the gate, showing that this structure can lead to an
increase of the DC performance of the device.
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Figure 2.9: ID-VD simulation vs experimental data of Schottky HEMT with thresh-
old voltage VTH −4.9 V, length gate length L = 5 µm and width W = 10 µm. The
simulation is performed implementing the Verilog-A code in ADS.
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Chapter 3

Understanding of γ-Ray
Degradation in Schottky HEMT

3.1 Radiation Defects in GaN
Silicon-based semiconductor devices have dominated space applications for several
decades but have now approached their theoretical limit [42]. Subsequently, space
industries and research communities have shown interest in wide band-gap semi-
conductors, such as Gallium Nitride.

Gallium nitride not only shows superior electrical performances such as high
current density, high mobility, and high breakdown voltage but also superior radi-
ation hardness, making it an attractive material in radiation-harsh environment
applications. For these reasons, many GaN-based devices are used in satellite and
military systems, where radiation tolerance is critical [43]. The intrinsically high
radiation resistance is the consequence of the strong bonding in binary and ternary
nitrides. The stream of ionizing radiation at which GaN materials and devices such
as transistors and light-emitting diodes start to show degradation is about two or-
ders of magnitude higher than in their GaAs equivalents [44]. This difference is
attributed to the more compact lattice structure of GaN.

A material’s ability to resist high-energy radiation is inversely proportional to
its crystal lattice constant, a. As we can see in Chapter 1, the lattice constant for
GaN (aGaN = 3.189 Å) is about 60% of the lattice constant of Si (aSi = 5.431 Å) and
GaAs (aGaAs = 5.653 Å). It is expected, therefore, that the GaN-based electronics
will be more stable when exposed to radiations [45]. The energy required to displace
an atom from its position in the crystal lattice is denoted by Ed. This parameter
has been measured in several semiconductors and empirically determined to be
inversely proportional to the volume of the unit cell. From the known size of the
GaN unit lattice, it suggests that the GaN is quite radiation hard [43]. Independent
of this empirical method, it was deduced, by analyzing the transport properties of
electron-irradiated GaN films, that the displacement energy for GaN is (19±2 ) eV,
which is much larger than 9.8 eV obtained for GaAs (see figure 3.1).

3.1.1 Displacement Damage

Displacement damage is the most important effect observed in irradiated GaN de-
vices and is the result of nuclear interaction which cause lattice defects. Displace-
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Figure 3.1: Empirical relationship between mean displacement energy Ed and in-
verse lattice parameter for various semiconductors [43]. GaN excels.

ment damage is due to cumulative long-term non-ionizing radiation damage in the
GaN. The collisions between an incoming ion and a lattice atom displaces the atom
from its original lattice position, leaving vacancies, interstitials and complexes of
both, sometimes with impurities in the GaN [44]. If an energetic particle such as a
neutron or proton collides with the nucleus of a lattice atom, the primary knock-on
atom may be displaced from the lattice if the incident particle has sufficient energy
(E > Ed). If a lattice atom is displaced, it may results in a stable defect or trap,
which will affect the performance of the HEMT.

Although an atom may be knocked out of its lattice position by the incoming par-
ticle, the vacancy-interstitial pair may recombine; a phenomenon which depends
on the temperature. In gallium nitride, some annealing thus occurs at room tem-
perature giving it an high amorphization threshold. Depending on the distance
between the vacancy and interstitial, two cases are distinguished [43]. If the dis-
tance is small, the two point defects are correlated and the recombination rate is
proportional to the defect concentration; if it is large, they are not correlated and
the recombination occurs through the diffusion of the defects, which is a random
process.

The response of GaN to radiation damage is a function of radiation type, dose,
energy as well as the carrier density, impurity content and dislocation density
in the GaN. There are three main GaN-based heterostructures used for electron-
ics, namely AlGaN/GaN, which is the most common nitride-based heterostructure;
AlN/GaN which produces the highest two dimensional electron gas density, but has
issues with stability of the AlN and finally, InAlN/GaN, an emerging system with
high thermal and and chemical stability and lattice matching to GaN at an In mole
fraction of 0.17 [44]. Given the applications for GaN HEMTs, they are commonly
be subject to fluxes of high energy protons and electrons if used in low earth or-
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Figure 3.2: The relative importance of the three major types of γ-ray interaction.
The lines show the value of Z (number of protons) and hν (energy of the incident
photons) for which the two neighboring effects are just equal [42].

bit satellites as well as neutrons or γ-rays if used in radiation-hard electronics for
nuclear or military systems. Each of these forms of radiation produces different
types of damage [46]. In general, proton and electron irradiation produce simple
point defects in the nitride lattice [47], while neutron irradiation creates extended
defects called Gossick zones, which are heavily disordered core regions surrounded
by a space charge region with strong band bending [46].

Regarding γ-radiation, the response is quite complicated. Although a large num-
ber of possible interaction mechanisms are known for gamma rays, only three major
types play an important role in radiation measurements: Photoelectric Absorption,
Compton Scatteringm and Pair Production [42].

All these processes lead to the partial or complete transfer of γ-ray photon en-
ergy to electron energy (see figure 3.3a,b,c). The relative importance of the three
major types of γ-ray interaction is conveniently illustrated in figure 3.2. Three
areas are defined on the plot within which photoelectric absorption, Compton scat-
tering, and pair production each predominate. The next paragraphs summarize the
mechanisms that characterize each effect using a primary reference in which the
topic is exhaustively discussed [42].

Photoelectric Absorption: The photoelectric absorption process is a low-energy
phenomena in which the incident photon interact with an absorbed atom, where
the energy of the photon is completely absorbed by an electron bounded with the
atom (valence band). This interaction cannot take place with an electron in the
conduction band and, in the process, the energy of the incident γ-ray has to be
higher than the work function of the material. The result is that the electron is
ejected by the atom. The photoelectron appears with an energy given by:

Ee− = hν−Eb (3.1)

where Eb represent the energy lost to unbind the electron from the atom. In ad-
dition to the photoelectron, the interaction creates a hole in the shell of the atom.
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Figure 3.3: Three major types of γ-ray interaction with the incident atom.

This vacancy is quickly filled through capture of a free electron from the medium or
rearrangement of electrons from other shells of the atom. Since the lifetime of the
hole is almost negligible, the photoelectric absorption is characterized only by the
ejection of an electron (see figure 3.3a).

Compton Scattering: The interaction process that leads to Compton scattering
is a mid-energy phenomena which takes place between the incident γ-ray photon
and an electron in the absorbing material. This is often the most predominant inter-
action mechanism. In Compton scattering, the photon transfers a portion of its en-
ergy to the electron which is known as recoil electron and is then deflected through
an angle θ with respect to its original direction. The higher the transferred energy
from the photon to the electron, the higher the reflection angle θ. The probability
that this type of interaction occurs depends on the number of electrons available as
scattering targets and therefore, as we can see in figure 3.2, it increases linearly
with Z. The Compton scattering is characterized by the generation of an electron
and a photon (see figure 3.3b).

Pair Production: The pair production process is an high-energy phenomena only
possible in case the γ-ray energy exceeds twice the rest-mass energy of an electron
(1.02 MeV). As a practical matter, the probability of this interaction remains very
low unless the γ-ray energy approaches several MeV. In the interaction, the incident
photon disappears and is replaced by an electron-hole pair (see figure 3.3c). No
single expression exist for the probability of pair production per nucleus, but its
magnitude increases approximately with quadratic dependence with the increase
of the absorber atomic number.
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Figure 3.4: Keysight B1500A semiconductor device analyzer used to perform the
measurement.

Previous reports of the effects of γ-ray irradiation on GaN devices exhibited some
conflicting results. Some studies claim that the defects produced by gamma irra-
diation can improve the device performance such as increasing drain saturation
current [48]. In contrast, others reported the drain current was reduced about
60% after high dosed of irradiation (around 7×104 rad) [49]. In some cases, low
dose γ-irradiation leads to a partial relaxation of the elastic strain in AlGaN/GaN
heterostructures and enhances the electron mobility by 5-10%. Furthermore, the
increase in the saturation current is believed to be due to the knock-on of nitro-
gen atoms. This displacement creates nitrogen vacancies which act as donors and
increase the effective channel doping and thus the drain current [44]. In gen-
eral, GaN-based HEMTs irradiated with γ-rays exhibit shifts in drain current (ID),
threshold voltage (VTH), transconductance (gm), and gate leakage current (IG).
However, although these effects have been broadly explored [48, 45, 50, 51], the
main reasons for the shifts in characteristics remain inconclusive. In addition, the
comparison among irradiation effects due to cumulative and single γ-ray dose re-
mains unexplored. This chapter is structured in two parts: (i) The first part is dedi-
cated to the experimental part, studying the effects of γ-ray in four different power
Metal Insulator Semiconductor (MIS)-HEMT with different irradiation doses; (ii)
the second part is dedicated to the modeling, in order to understand the origin of
the instability by comparing simulation results with experimental data.

3.2 γ-Ray Degradation in MIS-HEMT
In this study, we systematically irradiate GaN-on-Si Power MIS-HEMTs in four
different γ-ray dose regimes. The device electrical parameters chosen to compare
the electrical reliability of the MIS-HEMT device after the irradiation doses are:
ID , VTH , and IG . Subsequently, X-Ray Photoelectric Spectroscopy (XPS), Scanning
Electron Microscopy (SEM) and Energy Dispersive X-Ray (EDX) are performed to
further analyze the γ-ray induced degradation.
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3.2.1 Experiment Details
The experiment is conducted on a typical AlGaN/GaN MIS-HEMT, fabricated on
a 6-inch Si wafer. The devices feature a 5 µm gate length, 100 µm width, 20 µm
drain-gate length, 3 µm source-gate length, 26 nm Al0.2Ga0.8N barrier, 30 nm SiN
gate dielectric, a passivation layer combining SiN and SiO2 dielectrics, and an Al-
based pad metalization. The devices have a threshold voltage VTH = −10 V. Four
identical samples are selected with different γ-ray dose regimes (see table 3.1), and
each samples further consists of four devices. The irradiation is done with a 60Co
source of photon energy 1.33 MeV at room temperature. The radiation room has
a cylindrical chamber of 10.6 cm diameter and 14.2 cm height with 8 needles of
60Co source for uniform irradiation. The maximum 60Co source capacity is 185
TBq where the becquerel (Bq) is defined as the activity of a quantity of radioactive
material in which one nucleus decays per second and is therefore equivalent to an
inverse second, s−1. During the pristine stage and after each irradiation regimes,
the devices are measured through Keysight B1500A semiconductor device analyzer
(see figure 3.4).

3.2.2 Experiment Results and Discussion
Figure 3.5 shows the comparison of transfer characteristic (ID-VG) during the pris-
tine stage and after each γ-ray irradiation dose in all samples. An increase of the
drain current and a threshold voltage shift are observed in all the samples after cu-
mulative γ-ray irradiation. The change is more significant after the first irradiation
dose, and saturates toward the higher irradiation doses. Table 3.2 summarize the
quantitative increase in ID after each γ-ray dose. We can see that, in comparison to
the pristine stage, after 5 kGy γ-ray dose, Sample 1 exhibits a 13% increase in the
drain current. For Sample 2, this increase after the same dose, decreases slightly
to 12%. The improvement in ID decreases further to 8% in Sample 3. A similar
trend is found after 10 kGy γ-ray dose, since, Sample 3 shows an increase in the
drain current up to 12% while Sample 4 reach just a 4%. This demonstrates that
the improvement in ID is larger when the device is irradiated through small incre-
mental cumulative irradiation doses than with significant incremental cumulative
γ-ray doses.

Irradiation Sample 1 Sample 2 Sample 3 Sample 4

Pristine Pristine Pristine Pristine

1 1 1 1

γ-Ray Dose 2 3 5 10

(kGy) 3 5 10 20

4 - - -

5 - - -

Table 3.1: γ-ray dose regime for 4 identical samples. Note that each sample consists
of 5 devices.

N. Modolo Chapter 3 49



Physics-Based Compact Model for p-GaN/AlGaN/GaN HEMTs

Figure 3.5: Measured ID-VG in all four samples after various γ-ray doses.

γ-Ray Sample 1 Sample 2 Sample 3 Sample 4

(kGy) (mA) (mA) (mA) (mA)

Pristine 47.6 46.7 47.3 47.9

1 51.2 51.5 52.0 51.9

2 54.5 - - -

3 53.5 52.5 - -

4 53.0 - - -

5 54.0 52.4 51.5 -

10 - - 53.0 49.8

20 - - - 50.7

Increase 5 kGy 13% 12% 8% -

Increase 10 kGy - - 12% 4%

Table 3.2: Comparison of ID at VG = 0 V and VD = 20 V after each γ-ray dose.
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Figure 3.6: Measured IG-VG in Sample 2, 3, and 4 after various γ-ray doses.

Previous investigations report different reasons for the improvement in current
after γ-irradiation on GaN devices. Some of these point to an increase in the carrier
concentration (ns) in the channel [50], improvement in mobility (µ) [52], generation
and annihilation of point defects in terms of nitrogen vacancies (VN) that act as
donor or acceptors [45] and an improvement in the AlGaN/GaN interface due to
trap redistribution and modification of existing native defect structures [53]. In an
ideal HEMT transistor, the shift in VTH is associated with variation in the sheet
density of the total charge σ (∆VTH =∆σd/ε).

Since the increase in ID is also associated with shifts in VTH in our case, there-
fore the dominating reason for improvements in current is the increase in the 2DEG
charge density. An increase in ns can be anticipated due to the creation of nitrogen
vacancies (VN that act as donor) [45]. To confirm the creation of nitrogen vacancies
after irradiation, XPS analysis is performed on AlGaN/GaN epi-layer structures
during the pristine stage and after 1 kGy of γ-irradiation at the Department of
physics, Indian Institute of Technology (IIT) Delhi-India. The XPS system at IIT
Delhi is from Omicron Nanotechnology, Germany. It consist of a monochromatic
source of energy 1486 eV and a detector of resolution 0.6 eV. The system is cali-
brated using the carbon (C) peak of energy 285.4 eV. The data analysis post XPS
characterization has been carried out using XPSPEAK41 software that uses a stan-
dard peak de-convolution method. XPS is used to characterize the chemical compo-
sition of Al 2p, Ga 3d, O 1s and N 1s (where the first term is the chemical component
and the second term is used to define the outer most shell in each element).
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Figure 3.7: Device pad SEM image after 5 kGy γ-irradiation, showing the creation
of small cavities. In the figure is highlighted with a yellow circle the inner cavity
and orange the periphery. The table contains the atomic percentage of the elements
characterized by EDAX analysis.

Figure 3.8: Elemental distribution showing the formation of Aluminum oxide. (a)
Shows the distribution of aluminum. The concentration decreases significantly in
the periphery of the cavity. (b) Shows the distribution of Oxygen. The concentration
is higher in the periphery of the cavity confirming the formation of AlOx
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As no change has been found in the composition of Ga 3d whereas the composi-
tion of N 1s is decreased post 1 kGy γ-irradiation in observation, it highlights the
creation of nitrogen vacancies after radiation. Simultaneously, by the spectrum of O
1s and Al 2p, annealing at the surface has been confirmed. The detailed discussion
about our XPS results can be found in our publication [54]. Figure 3.6 shows the
leakage current behaviour with an applied reverse gate bias voltage (VG), during
pristine stage and after each radiation in Samples 2, 3, and 4. It is found that, with
the increase of the radiation dose, there is a monotonic increasing in noise in all
the samples. For example in Sample 2, the noise is higher after 5 kGy of radiation
dose as compared to at 3 kGy and 1 kGy. Similarly in case of Sample 3 the noise is
higher post 10 kGy compared to the previous doses of radiation. Finally, the same
trend is observed in case of Sample 4. Post 5 kGy of radiation, small cavities has
been confirmed on the contact pads of the devices by SEM imaging in all three sam-
ples. Furthermore, EDX analysis has been performed around these small cavities.
It is found that the aluminum percentage has been reduced around the periphery
of these small cavities from 61% Al composition inside the cavity to 18% on its pe-
riphery as shown in figure 3.7. The elemental mapping in EDAX analysis confirms
the formation of AlOx as we can see in figure 3.8 and in the table of figure 3.7.

3.3 γ-Ray Degradation in Schottky HEMT
In this section, we will demonstrate that the physics-based GaN model presented in
Chapter 2 can facilitate the analysis of the effects of the γ-ray induced degradation
and be used to understand the origin of the instability by comparing simulation
results with experimental data of the fabricated AlGaN/GaN HEMT subjected to
cumulative γ-ray dose. Meanwhile, the parameters extracted from the modeling
part, such as mobility and contact resistance are also verified simultaneously with
experimentally measured values carried out using a dedicated Hall measurement
and Circular Transmission Line Measurement (C-TLM).

3.3.1 Device Fabrication and Experimental Results
The Schottky AlGaN/GaN HEMTs are fabricated at Indian Institute of Technology
(IIT) Delhi-India in a dedicated fabrication facility. AlGaN/GaN epi-layers stacks
are fabricated using Metal Oxide Chemical Vapor Deposition (MOCVD) technique.
Ti/Al/Ni/Au stack is used for ohmic contact formation whereas Ni/Au is used for the
Schottky contact formation. The gate length is L = 0.8 µm, whereas the width is
W = 100 µm. SiN of thickness 1000 Å has been used as a final passivation for the
device. The γ-radiation is performed using a 60Co source with photon energy 1.33
MeV and 1.17 MeV at room temperature. Four doses of γ-ray are given cumulatively
in the order of 1 kGy, 9 kGy, 20 kGy and 30 kGy. Figure 3.9 shows the measured ID-
VG characteristic subjected to different cumulative γ-ray radiations. In this case we
observe an increase in drain current (ID) with no change in the threshold voltage
(VTH) after irradiating the Schottky HEMT devices.

In addition, a dedicated structures for Hall measurements and circular line mea-
surements (C-TLM) are fabricated to investigate the shifts in carrier concentration
(ns), mobility (µ), contact resistance (RC) and sheet resistance (Rsh). In table 3.3
we can see that the extracted 2DEG density remains almost the same while the
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Figure 3.9: Measured ID-VG characteristic subjected to cumulative γ-ray radia-
tions.

mobility presents a significant increase. The physical discussion leading to an in-
crease of the mobility has been reported earlier, such as the decrease of the active
defects/traps [53], increase in the diffusion length of the minority carrier [45], and
relaxation in the elastic strain and structural-impurity reordering [52]. Further-
more, the extracted RC and Rsh exhibit a decrease with the increase of the radia-
tion dose. The decrease in the contact resistance can be explained by the annealing
effect due to the localized rising temperature [48] while the sheet resistance is in-
versely proportional to the increasing mobility.

Despite the experimental data obtained from dedicated Hall measurement and
C-TLM indicate an increase in the mobility and a decrease in the contact and sheet
resistance, it is difficult to precisely indicate the main root cause of the increase in
the drain current, because all the extracted parameters in table 3.3 are possibly
leading to this increase. In order to clarify the main root cause, the physics-based

γ-Ray ns µ RC Rsh

(kGy) ×1012 (cm−2) (cm2/Vs) (Ω) (Ω/ä)

Pristine 7.5 1590 2.18 482

1 7.7 1603 2.14 478

10 7.5 1670 1.98 461

30 7.7 1715 1.52 428

60 7.9 1875 1.15 375

Table 3.3: Carrier concentration and mobility from Hall Measurement, contact re-
sistance and sheet resistance from C-TLM
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Figure 3.10: Input output parameters in used to calibrate the model with the pris-
tine case and with the experimental data coming from the Hall measurement and
C-TLM. The saturation velocity under the gate region (νS) and access region (νS,acc)
are supposed to be identical and equal to 1.05×107 cm/s. The same assumption is
made for the mobility which is always the same along channel and access region
and equal to the value determined experimentally by Hall measurement.

GaN model presented in Chapter 2 is used implementing the Verilog-A code in the
electronic design automation software Advanced Design System (ADS) by Keysight
EEsof EDA. The parameters extraction strategy that was used will be explained in
the next section.

3.3.2 Parameter Extraction Strategy
In this section, we turn our focus on the extraction strategy used in order to extract
the parameters for the device under study. It is important to emphasize that the
following extraction method was used throughout the thesis every time a simulation
result is fitted to the experimental data. Figure 3.11 has the intermediate plots
during the extraction of the main parameters which are identified by tuning the
simulation with the experimental data.

The fitting starts with 3.11a, where the threshold voltage is extracted from the
ID-VG in linear scale. Then the mobility is extracted using at the same time ID-VG
in linear scale and the transconductance plotted in figure 3.11e. The next step is
the extraction of the n f actor which defines the sub-threshold slope and IG0 which is
an empirical parameter used to describe the gate leakage. This is done from the ID-
VG in log scale (see figure 3.11b). To facilitate the extraction we supposed µacc = µ0
and νS,acc = νS. With this simplification ns,acc, RC, and vS is are defined fitting the
simulation result with the measured ID-VG . In figure 3.11c we can see the effect
introduced by this parameters in increasing the ON resistance and the saturation
current. Finally the self-heating effect is taken into account tuning the parameter
RTH (see figure 3.11d). The quality of the parameter extraction is usually evaluated
by the fitting of the transconductance and drain conductance. In figure 3.11e and
f we can see that the simulation shows excellent agreement with the experimental
data.
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Figure 3.11: Step by step DC parameter extraction strategy tuning the simulation
performed using ADS with the measured ID-VG and ID-VD . In the figures is shown
how to extract the main parameters starting from threshold voltage identification
from ID-VG .

The measurement fitted in figure 3.11 is the ID-VG and ID-VD of the Schot-
tky HEMT fabricated to study the effects of γ-ray radiation n GaN-based HEMT
devices. Now that the model is well calibrated with the pristine case of the real de-
vice, the next step is to use the GaN model to facilitate the analysis of the effects of
the γ-ray induced degradation and to understand the origin of the instability using
as input the experimental data coming from the Hall measurement and C-TLM of
the fabricated AlGaN/GaN HEMT subjected to cumulative γ-ray dose.
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Figure 3.12: ID-VG and ID-VD before radiation (pristine case) and for each radiation
dose. The simulation shows excellent agreement with the experimental data. The
GaN model can follow the change in the mobility and contact resistance due to the
cumulative γ-irradiation. For this reason the GaN model can give us an insight of
the contribution of each parameters in the increase of the drain current.

Extracted Parameter Value

VTH Threshold Voltage -4.9 (V)

n f actor SS Factor 0.5

Cd,scd SS Degradation Factor 0.15

µa 1st Order µ0 Degradation 11×10−9

µb 2st Order µ0 Degradation 0

Vd,scale DIBL Parameter 7

η0 DIBL Parameter 0.035

RTH0 Thermal Resistance 350 (K/W)

λ Channel Length Modulation 1×10−3

Table 3.4: Output parameters based on the fitted curve in the fresh device.
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Figure 3.13: Fitted ID-VG and ID-VD characteristics tuning only the mobility and
the contact resistance to identify which one is the leading factor in the origin of the
instability.

3.3.3 Understanding of γ-Ray Degradation using GaN Model

In order to further clarify the main cause of the increase of the drain current in
the radiated device, the physic-based GaN model is used following the methodology
shown in figure 3.10. First of all, by using the charge density and mobility from
Hall measurement and the contact resistance from the C-TLM (see table 3.3) the
pristine case can be fitted and the output parameters can be extracted. The result
of this procedure is resumed in table 3.4. Furthermore, the GaN model calibrated
with the output parameters is used to fit the experimental characteristics in the
devices under different radiation doses. The simulation has been fitted for all the
measured gate bias in 4 identical samples showing always excellent agreement with
the experimental data. Figure 3.12 shows the comparison of the experimental and
fitted ID-VG and ID-VD before radiation (pristine case) and for each radiation dose.
In order to further understand the main cause resulting in ID increase, the ID-VG
and ID-VD characteristics are simulated considering that only the µ is changing
with the increase of the irradiation dose (RC is fixed) or RC is changing with the
increase of the irradiation dose (µ is fixed). As compared to the experimental curve,
it is clearly noticeable that the fitted ID-VG and ID-VD obtained by only considering
the contact resistance as fitting parameter, shows a larger deviation compared to
the fitted ID-VG and ID-VD obtained by only considering the the mobility as fitting
parameter (see figure 3.13). This support the conclusion that the main degraded
factor leading to the increase of the drain current is the increase of the mobility.

3.4 Conclusion

In this chapter, the degradation in GaN-based HEMTs due to γ-radiation has been
extensively studied. The chapter face up the problem of understanding the effect of
this degradation using two approaches. From the experimental point of view, the
analysis is carried out involving I-V characterization, C-TLM characterization and
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material characterization such as Hall measurement, EDAX and XPS analysis. In
the second part the GaN model developed in the previous chapter is used to help
our understanding of the measurement results and point the leading factor in the
degradation due to γ-radiation in the fabricated AlGaN/GaN Schottky HEMTs.
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Chapter 4

Modeling of E-Mode GaN HEMT

4.1 Working Principle
As introduced in Chapter 1, GaN-based HEMTs are receiving significant attentions
for high power, high frequency, and high efficiency power switching applications
due to the advantage of GaN over the conventional silicon and to the possibility
of manufacturing these devices at a comparable or lower cost than their aging Si-
based competitors [55].

Despite the exceptional properties of GaN HEMTs, the inherent 2DEG not only
provides a high mobility in the channel but also leads to an intrinsic normally-
on characteristic. In practical power switching applications, enhancement-mode
(E-mode) devices with positive threshold voltage (VTH) are preferred compared to
depletion-mode (D-mode) devices for consideration of fail-safe and simplifying the
gate drive topology [56]. In the last years, different approaches, designed to fabri-
cate normally-off HETMs, have been proposed [57], each one with different advan-
tages/disadvantages:

(i) Fluorine Implantation: in the early stages, fluorine plasma ion implanta-
tion into the AlGaN or GaN gate region to deplete the channel showed good re-
sults. The main problem is that the stability of the threshold voltage strongly
depends on the optimization of the implantation process [58].

(ii) MIS/MOS-HEMTs with Recessed Gate: in this case, the AlGaN layer is
partially removed to contact the insulator with the GaN and reduce the elec-
tron concentration in the channel increasing the threshold voltage. However
this method is sensitive to trapping-related degradation mechanisms, caused
by defects at the GaN/insulator interface and/or in the bulk insulator, which
under stress conditions can affect the shift of the threshold voltage [59].

(iii) p-(Al)GaN/AlGaN/GaN: characterized by a layer of (Al)GaN, doped with ac-
ceptor atoms such as magnesium (Mg), between the gate and the barrier layer,
which causes the band diagram to rise from the gate side pulling the conduc-
tion band in the channel up and, consequently, opposing the formation of the
2DEG. However, p-types are characterized by long-term degradation and the
difficulty related to its doping [56].

To date, the normally-off p-GaN solution seems to represent a promising technology
because of the good trade-off between reliability and cost and is now available from
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Figure 4.1: p-GaN/AlGaN/GaN HEMT structure discussed in this chapter where
the p-GaN material is deposited under the gate of a Schottky HEMT device.

a broad range of suppliers [60]. In this type of structure, a Schottky contact is
established between the top metal layer and the p-type semiconductor. However,
relatively few data on the effect of the Schottky contact under the gate are available
in literature [61].

To understand the phenomenological behavior of the gate vertical voltage drop
in p-GaN HEMT, different models have been proposed [62, 63, 55, 56, 61]. These
simplified analytical models always consider the gate as two back diodes. The top
diode comes from the Schottky junction, while the bottom diode is similar to a PiN
diode with the AlGaN acting as the "insulator" and the 2DEG as n-type semicon-
ductor. The main limit of this approach is that the model of the equivalent circuit of
the gate structure is made by only two back diodes, whose behavior is complicated
to predict and varies depending on the bias, as reported by A. Stockman et al. [63]
and N. Xu et al. [56]. This solution is not optimal and does not take into account
the Schrödinger’s and Poisson’s equations that should be solved in order to have a
precise understanding of what is happening in each layer under the gate.

Following the approach presented by T. L. Wu et al. [61], which investigates
the p-GaN/AlGAN/GaN structure starting from its Capacitance-Voltage (C-V) char-
acteristics, we propose a novel solution to understand the p-GaN HEMT using a
physical-based model that defines the vertical voltage drop in the structure by solv-
ing the Schrödinger’s and Poisson’s equations. The developed model is implemented
in the GaN model presented in Chapter 2 and is verified comparing the simulation
results with the experimental data measured from four samples. The results give
an unprecedented insight of the effect of the p-layer in the device; analyzing the
gate capacitance, the thickness of the depletion region, the electric field and the
vertical voltage drop in each layer under the gate.

4.2 Modeling the p-GaN HEMT
In order to understand the p-GaN/AlGaN/GaN structure (see figure 4.1), it is im-
portant to give a clear definition of the voltage drop in each layer of the structure.
Figure 4.2 shows a detailed typical cross section of the device along with the energy-
band diagram simulated using Synopsis’ TCAD software where the Poisson’s equa-
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Figure 4.2: (a) Detailed cross section of the p-GaN/AlGaN/GaN structure with rela-
tive voltages along with the simulated energy-band diagram at (b) zero bias and (c)
VG = 6 V.

62 Chapter 4 N. Modolo



Physics-Based Compact Model for p-GaN/AlGaN/GaN HEMTs

tion is solved self-consistently with the carrier continuity equations, taking into
account the polarization charge [61]. From the energy band diagram we can see
that the effect introduced by the p-GaN layer is to push down the Fermi level in the
channel, causing the device to become normally-off. At zero bias (see figure 4.2b),
the static voltage drop in each layer defines the threshold voltage of the device. The
analysis of this important parameter has been exhaustively done by B. Bakeroot et
al. [64] resulting in the following simplified equation:

VTH =ψB +Vbi +
∆Ec1

q
− ∆Ec2

q
−Vb

where ψB is the Schottky barrier height of the metal towards the conduction band,
Vbi the built-in potential of the Schottky contact, ∆Ec1 the conduction band offset
between the p-GaN and the AlGaN barrier, ∆Ec2 the conduction band offset be-
tween the AlGaN and the GaN, and Vb the voltage barrier in the AlGaN resulting
from the polarization and piezoelectric charge given by the unique polar properties
of GaN materials. When a bias is applied, the vertical voltage drop is given by:

VG =VTH +VpGaN +VAlGaN +ψs(x) (4.1)

where VpGaN is the voltage drop in the p-GaN later and VAlGaN is the voltage drop
in the AlGaN which is dependent to the 2DEG charge:

VAlGaN = qns

εAlGaN
· tAlGaN (4.2)

The surface potential ψs(x) is strictly related with the energy of the electron in the
2DEG that is given by the Fermi level E f and the channel potential dependence at
any point x in the channel V(x):

ψs(x)= E f

q
+V (x)

It is interesting to see that equation 4.1 is the same as equation 2.3 introduced in
Chapter 2 to model the AlGaN/GaN structure with the addition of the term VpGaN
to take into account the voltage drop in the p-GaN layer. This means that if VpGaN
is defined, the new structure can be implemented in the previously developed Al-
GaN/GaN model.

When a positive bias is applied (see figure 4.2), the surface potential ψs(x) will
start to increase until the energy of the electrons in the channel reaches the con-
duction band, leading to the formation of the 2DEG. Combining equations 4.1 and
4.2, the 2DEG charge can be expressed as follow:

ns = εAlGaN

q · tAlGaN
· [VG −VTH −VpGaN −ψs(x)

]
(4.3)

The problem can be simplified if we assume a uniform charge distribution in the
2DEG, which is valid without loss of generality in case VS =VD = 0. In this case the
surface potential is given by ψm and the charge in the channel is qns =Qch leading
to the following equation:

Qch = CAlGAN
[
VG −VTH −VpGaN −ψm

]
(4.4)
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Figure 4.3: Qualitative representation of the charge distribution when a positive
bias is applied in the p-GaN/AlGaN/GaN structure. Regarding the PiN junction the
2DEG channel can be considered equivalent to an highly doped n-type semiconduc-
tor.

4.2.1 Voltage Drop in the p-GaN Layer
VpGaN is the result of two voltage drops: (i) is the drop in the metal/p-GaN contact
which forms a Schottky junction and (ii) is the drop in the p-GaN/AlGaN contact
which forms a PiN structure with the AlGaN as insulator and the two 2DEG as
N-layer (see figure 4.3).

Schottky Junction

To model the Schottky junction we consider its depletion region like a series capac-
itance with CPiN following the approach proposed by T. L. Wu et al. [61]. Conse-
quently, they share the same dynamic charge:

dQch = CPiN dVPiN = C j,Sch dVj,Sch

The Schottky junction capacitance is given by:

C j,Sch = C j0(
1+ Vj,Sch

Vbi

)m (4.5)

where m = (0∼ 1) is a dimensionless non-ideality factor usually used to describe the
non-uniformity of the doping profile [65]. In case of non-uniform doping:

Q = q

xd∫
0

N(x)dx (4.6)
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Then:

C = dQ
dV

= dQ
dx

· dx
dV

= qN(x)
dx
dV

= qN(x)
dx
dC

· dC
dV

where:
dx
dC

= εd(C−1)
dC

=− ε

C2 =⇒ qN(x)=− C3

qε · dC
dV

(4.7)

From equation 4.5, equation 4.7 can be divided in:

(i)
dC
dV

=−mC j0

Vbi

(
1+ V

Vbi

)−1−m

(ii) C3 = C3
j0

(
1+ V

Vbi

)−3m


(ii)
(i)

=−
VbiC2

j0

m

(
1+ V

Vbi

)1−2m

Finally, the non-uniform doping profile can be expressed as:

N(V )=
VbiC2

j0

qεm

(
1+ V

Vbi

)1−2m

If C j0 =
√

qNAε

2Vbi
=⇒ N(V )= NA

2m

(
1+ V

Vbi

)1−2m
(4.8)

From equation 4.8 we can see that if (1) m < 1/2, N(V ) will increase with the in-
crease of the voltage and if (2) m > 1/2, N(V) will decrease. To verify the result just
obtained in equation 4.8, we can start from the equation that relates the thickness
of the depletion region and the capacitance of equation 4.5:

xd = ε

C
=

√
2εVbi

qNA

(
1+ V

Vbi

)m
(4.9)

Then:

dx
dV

= m
Vbi

√
2εVbi

qNA

(
1+ V

Vbi

)m−1

=⇒ dx = m
Vbi

√
2εVbi

qNA

(
1+ V

Vbi

)m−1
dV
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From equation 4.6, combined with equations 4.8 and 4.9:

Q = q

xd∫
0

N(x)dx = q
V∫

0

N(V ) · m
Vbi

√
2εVbi

qNA

(
1+ V

Vbi

)m−1
dV

=
V∫

0

qNA

2m

(
1+ V

Vbi

)1−2m m
Vbi

√
2εVbi

qNA

(
1+ V

Vbi

)m−1
dV

=
V∫

0

√
qNAε

2Vbi

(
1+ V

Vbi

)−m
dV =

V∫
0

C dV

(4.10)

Analyzing equations 4.5, 4.8, 4.9, and 4.10, we can see that charge, capacitance,
non-uniform doping and thickness are all correctly related, meaning that the model
is self-consistent. From equation 4.10, the charge depleted in the Schottky junction
can be calculated solving the integral:

Q j,Sch = Vbi

1−m

√
qNAεGaN

2Vbi

(
1+ Vj,Sch

Vbi

)1−m
(4.11)

Since, the Schottky capacitance can be considered in series with the PiN capac-
itance, the charge C j,Sch is the sum of the static charge Q0 that corresponds to
equation 4.11 at zero bias, and the dynamic charge Qch (see figure 4.3):

Q j,Sch =Q0 +Qch

Q0 = Vbi

1−m

√
qNAεGaN

2Vbi

(4.12)

Combining equation 4.11 and equation 4.12 and squaring both sides we obtain:

(Q0 +Qch)2 = (
Q j,Sch

)2

(Q0 +Qch)2 =
[

Q0 ·
(
1+ Vj,Sch

Vbi

)1−m
]2

(Q0 +Qch)2

=⇒ Vj,Sch =Vbi ·
[(

1+ Qch

Q0

) 1
1−m −1

]

The voltage drop in the Schottky junction can be expressed as:

Vj,Sch =Vbi ·

(
1+Qch ·

√
2(1−m)2

qNAεGaNVbi

) 1
1−m

−1

 (4.13)

66 Chapter 4 N. Modolo



Physics-Based Compact Model for p-GaN/AlGaN/GaN HEMTs

In case of uniform doping where m = 1/2, equation 4.13 becomes:

Vj,Sch =
Q2

ch +2Qch

√
2qNAεGaNVbi

2qNAεGaN
(4.14)

From equation 4.14, it is interesting to observe that:

(i) at zero bias the device is off, Qch = 0, and the dynamic voltage drop in the
Schottky junction is zero;

(ii) the voltage drop in the p-GaN is inversely proportional to the doping level;

(iii) Vj,Sch has a quadratic dependence with the gate charge while the AlGaN layer
VAlGAN =Qch/CAlGaN is linearly dependent.

PiN Junction

To model the voltage drop in the PiN junction, it is important to assume that the
2DEG channel is equivalent to a particular highly doped n-type semiconductor
where the doping level is modulated by the charge density in the channel and there-
fore by the gate voltage. The analysis starts from equation 4.15, which describes
the relationship between the electric field of the p-type semiconductor and the in-
sulator contacts under the simplified assumption that there is no surface charge
present between the p-GaN and the AlGaN:

εGaNEP = εAlGaNEAlGaN (4.15)

The two electric fields are defined as:
EP = qNA

εGaN
tP

EAlGaN = qns

εAlGaN

(4.16)

Combining equations 4.15 and 4.16 leads to:

qNA tP = qns

=⇒ tP = ns

NA
(4.17)

Equation 4.17 express the thickness of the depletion region in the p-GaN/AlGaN
contact as proportional with the charge in the channel and inversely proportional
with the Mg concentration in the p-GaN. From equation 4.6 and under the as-
sumption of uniform distribution, which is valid without loss of generality in case
VS =VD = 0, we can relate the gate charge with tP :

tP = Qch

qNA
(4.18)
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The potential drop in the p-GaN is given by:

VP =
tP∫

0

EP dx = qNA

2εGaN
t2
P (4.19)

Combining equations 4.18 and 4.19:

VP = Q2
ch

2qNAεGaN
(4.20)

From equation 4.20, which describes the dynamic voltage drop in the p-GaN/AlGaN
contact, we can do the same considerations of equation 4.14, observing that:

(i) at zero bias the device is off, Qch = 0, and the dynamic voltage drop in the
p-GaN/AlGaN contact is zero;

(ii) the voltage drop in the p-GaN is inversely proportional to the doping level;

(iii) VP has a quadratic dependence with the gate charge. This means that for
high voltages, the voltage drop in the p-layer will become predominant.

The total drop in the p-GaN layer is given by the contribution of both equations 4.13
and 4.20, which in case of uniform doping with m = 1/2 becomes:

VpGaN =
Q2

ch +Qch

√
2qNAεGaNVbi

qNAεGaN
(4.21)

4.2.2 Fully Depleted p-GaN

The thickness of the p-GaN is an important parameter to take into account. From
equation 4.21, we see that the extension of the depletion region is inversely propor-
tional to the doping level in the p-GaN. If the Mg concentration is low enough, the
depletion region will extend significantly up to the case of a fully depleted device. In
case of fully depleted p-GaN layer, the Space Charge Region (SCR) cannot continue
to increase and the relative capacitance becomes constant and equal to:

C f d = εGaN

tpMAX

To have a smooth and continuous transition, we propose to solve the problem start-
ing from the definition of voltage drop in a fully depleted device. In this case the
capacitance is constant and the voltage drop is given by:

Vf d = Qch

C f d
=Qch ·

tpMaX

εGaN
(4.22)
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Figure 4.4: Modeling flow-chart used to simulate the p-GaN/AlGaN/GaN structure
next to its equivalent circuit

Equations 4.21 and 4.22 can be interpolated using the following classic interpola-
tion scheme:

Vp,e f f =
VpGaN

k

√
1+

(VpGaN

Vf d

)k
(4.23)

where k is an interpolation coefficient with default value k = 2. Using this expres-
sion to define the voltage drop in the p-GaN layer, we take into account the fact that
the SCR cannot extent above a maximum value tpMAX .

The calculation of the charge in the channel which is strongly related with the
surface potential and therefore the Fermi level (see equation 4.4), can be obtained
solving the Schrödinger’s and Poisson’s equations. This is done by different physics-
based compact models [31, 29, 30], each one with a different algorithm.

In this case, the p-layer has been implemented using Verilog-A in the core model
presented in Chapter 2. Figure 4.4 shows the modeling flow-chart used to simulate
the p-GaN/AlGaN/GaN structure next to its equivalent circuit. The new developed
model has been used to study the impact of the p-type layer starting from the device
measurements of four samples.

4.3 Results
To verify the developed mode, it has been used to fit the experimental data of four
samples. The heterostructures are grown by MOCVD on a 200 mm silicon (111)
substrate. A 70 nm Mg-doped p-type GaN is grown on top of an epitaxial stack
consisting of an AlN nucleation layer, GaN buffer layer, GaN channel, and 16 or
12.5 nm Al0.25Ga0.75N barrier layer.

Two different flows in growing the last p-type GaN ayer are used [61]. To inves-
tigate the C-V characteristics, a simple 75 µm × 75 µm is fabricated. A summary
of the important process parameters can be found in table 4.1.
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Figure 4.5: Measured and simulated C-V characteristic. The simulation shows
excellent agreement with the experimental data for all the samples. In case of
Samples A, B, and C, with the increase of the gate voltage it follows the decrease of
the capacitance due to the increase of the depletion region thickness, while in case
of Sample D which has a fully depleted p-GaN it remains constant.

4.3.1 Gate Capacitance

In figure 4.5 the simulation and the measured experimental data are compared
showing excellent agreement and demonstrating that the new developed model is
able to include the effect of the p-GaN layer. Since the developed model is physical
based, it allows an unprecedented insight of the effect of each layer in the struc-
ture. In fact, the total gate capacitance is the resulting of the series of the Schottky
junction, the PiN junction and the surface capacitance:

CG =
(

1
C j,Sch

+ 1
CPiN

+ 1
Cs

)−1
(4.24)

In figure 4.6, the contribution given by each series capacitor is plotted for Sample A.
The three capacitance are sharing the same dynamic charge dQch, so their relative

Sample A Sample B Sample C Sample D

Mg flow Low Medium Medium Very Low

AlGaN 16 nm 16 nm 12.5 nm 16 nm

L×W 75 × 75 µm 75 × 75 µm 75 × 75 µm 75 × 75 µm

Al 25% 25% 25% 25%

p-GaN 70 nm 70 nm 70 nm 70 nm

Table 4.1: Summary of the important device parameters of Samples A,B,C, and D.
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Figure 4.6: Contribution of each capacitance in the p-GaN/AlGaN/GaN structure
for the calculation of the total capacitance CG of Sample A. For VG >VTH , when the
2DEG is formed, the surface capacitance Cs becomes big enough to be considered
negligible in the calculation of the total capacitance CG .

values can be calculated from the respective voltage drop as:

Cx = dQch

dVx

In figure 4.7(a, b, c, and d), the effect of the Schottky junction capacitance in series
with the PiN capacitance is highlighted for Samples A, B, C, and D respectively.
Unlike MIS-HEMT, where the total capacitance is the series capacitance of the two
insulator layers in the stack, the p-GaN introduces the effect of lowering the total
gate capacitance as the gate voltage increases, as a consequence of the increase of
the SCR thickness. Since the developed model is physical-based, the number of
parameters is reduced and the extraction is facilitate.

Table 4.2 shows the extracted parameters for Samples A, B, C and D. The ex-
tracted NA indicates that in Samples A, B, and C the Mg concentration is always
around 1019 cm−3. The main reason why Sample C looks higher compared to Sam-
ple A and B is due to the thickness of the AlGaN, which is 12.5 nm in Sample C and
16 nm in Sample A and B.

4.3.2 Depletion Region

In Sample D, the gate capacitance behaves differently because the Mg concentra-
tion is significantly lower compared to the other three samples. In this case CG
is constant and the p-layer can be considered fully depleted since the SCR is not
extending anymore. From figure 4.7d, we can see that at a sufficiently high gate
voltage, for example VG = 4 V, the contribution of Cs can be neglected and the gate
capacitance is given simply by CPiN and C j,Sch. In the fully depleted case this is
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Figure 4.7: Detail of the effect of the Schottky and the PiN junction lowering the
total capacitance when the gate voltage increases for Samples A, B, and C. In case
of Sample D the device is fully depleted so since the voltage drop is defined by the
interpolation of equations 4.21 and 4.22, it becomes hard to distinguish the single
effect of the Schottky junction and the PiN junction. For this reason only their total
contribution is plotted.

equivalent to:

CG =
( tpMAX

εGaN
+ tAlGaN

εAlGaN

)−1

The maximum extension of the depletion region can be extracted:

tpMAX = εGaN ·
(

1
CG

− tAlGaN

εAlGaN

)
As we can see in table 4.2, the extracted value is tpMAX = 41.5 nm which is smaller
than the expected tpGaN = 70 nm. This means that the depletion region in a fully
depleted device is not extending along all the p-GaN layer but it will saturate at a
maximum value tpMAX < tpGaN .

To have an intuition of the reason why this happens, in figure 4.10 a qualita-
tive representation of the charge distribution in the two series capacitors is plotted.
When the gate voltage increases, the thickness of the depletion region in both con-
tacts increases causing the decrease of the corresponding capacitance.

Under the assumption that the charge in the plates of the capacitance must be
the same, the extension of the depletion region will continue to increase until the
charge NA in the p-type semiconductors is enough to guarantee that the charge in
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Figure 4.8: Simulation result of Sample D setting the maximum extension of the
depletion region equal to the thickness of the p-GaN layer and without taking into
account the maximum extension of the depletion region.

the two plates of the PiN capacitance is balanced. If the entire p-layer is emptied
the 2DEG should disappear to maintain the conservation of the charge. For this
reason tpMAX < tpGAN .

Figure 4.8 shows the result of the simulation conducted on Sample D compar-
ing the cases tpMAX = 41.5 nm with tpMAX = tpGAN = 70 nm, and tpMAX =∞. If
tpMAX = tpGAN = 70 nm, at VG = 4 V the gate capacitance becomes too small, con-
firming that the depletion region is not extending along all the p-GaN layer. If the
maximum extension of the SCR is not considered and equation 4.21 is used instead
of equation 4.23, the gate capacitance will continue to decrease.

The extracted tpMAX = 42 nm is significantly smaller compared to the p-GaN
thickness because in case of Sample D the doping level is very low. Since for Sam-
ples A, B, and C the doping is very high and consequently the effect introduced by

Unit Sample A Sample B Sample C Sample D

NA cm−3 1.35×1019 1.75×1019 2.2×1019 4×1017

Vbi V 1.95 1.95 1.95 1.2

VTH V 1.5 2.4 2.9 0.1

CGSO µF/cm2 0.008 0.008 0.008 0.008

tpMAX nm 65 65 65 42

n f actor - 0.5 1.5 2.5 0.5

m - 0.5 0.5 0.5 0.5

k - 3 3 3 3

Table 4.2: Summary of the extracted parameters for Samples A,B,C, and D.
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Figure 4.9: Depletion region in Sample A, B, and C next to the corresponding Elec-
tric field in the Schottky junction.

the saturation of the depletion region is almost negligible. With this assumption,
the thickness and the electric field in the Schottky junction can be calculated as:

t j,Sch = εGaN

C j,Sch
=

√
2εGaNVbi

qNA

(
1+ Vj,Sch

Vbi

)m

E j,Sch = 2(Vbi +Vj,Sch)
t j,Sch

(4.25)

Figure 4.9 shows that in case of high Mg concentration, the average thickness of
the Schottky junction is around t j,Sch = 13 nm with an electric field of E j,Sch = 3.7
MV/cm. In Chapter 1 table 1.1 we can see that the breakdown voltage in GaN
materials is around 3.3 MV/cm which is slightly smaller than the average simulated
electric field in the Schottky junction. The value of E j,Sch is particularly high also

Figure 4.10: Qualitative representation of the charge distribution in the two se-
ries capacitance. To keep the charge balanced, the p-layer cannot be completely
depleted.
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Figure 4.11: Vertical voltage drop in the channel vs voltage drop in the p-GaN
and AlGaN layers. The simulation is calibrated with the extracted parameters of
Sample A.

at zero bias confirming that such magnitude is not dependent from the model but
from the material parameters. In fact at zero bias the electric field is:

E j0 = 2Vbi

t j0
=

√
2qNAVbi

εGaN
(4.26)

where t j0 is the thickness of the deletion region at zero bias. Here, it is important
to observe that this is not the average electric field in the Schottky junction but the
maximum electric field at the metal-semiconductor interface. The average electric
field along the depletion region can be calculated as:

E j,m = E j,MAX +E j,MIN

2
= E j,MAX

2
∼ 1.8 MV /cm (4.27)

which is smaller than EBR = 3.3 MV/cm. Furthermore, it has to considered that the
model of the metal/semiconductor interface ignored some possible effects that take
place when the metal is deposited on the GaN material such as inhomogenities,
dangling bond and any abrupt change at the interface.

4.3.3 Vertical Potential Drop
Thanks to the developed model, we can give an unprecedented insight of the po-
tential drop in each layer of the device. To do so, we will not consider the voltage
drop at zero bias given by the static elements of the heterojunction such as work
function, built-in potential, piezoelectric polarization charge, and conduction band
offset [64], but only the dynamic potential, to see how it is divided in each layer of
the device with the increase of the gate voltage.

Figure 4.11 shows the vertical voltage drop in the p-GaN/AlGaN/GaN structure
while fitting the experimental data of Sample A. In figure 4.11a it is possible to see
that:

• if VG <VTH the increase of the gate voltage is all taken by the channel which
sees an increase of the Fermi level until it reaches the conduction band and
the 2DEG is formed;
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Figure 4.12: Measured and simulated ID-VG characteristic. The simulation shows
good agreement with the experimental data for all the samples.

• if VG >VTH , the potential in the channel is almost saturated and the increase
in the gate voltage is taken by the p-GaN and he AlGaN layer.

In figure 4.11b we can see in detail how the voltage drop is divided between the
p-GaN and AlGaN. In case of high doping, the two drops are almost the same for
all the operation region since VpGaN is inversely proportional to the doping level as
we can see in equation 4.23. If the simulation is conducted up to 10 V, at a certain
moment, the p-GaN voltage will become dominant since its dependence with Qch is
quadratic while for the AlGaN is linear. The same considerations are valid also for
Sample B and C.

4.3.4 ID-VG

To conclude the developed physical-based model of the p-GaN/AlGaN/GaN HEMT
has been used to fit the ID-VG measurements for each sample showing a good agree-

Unit Sample A Sample B Sample C Sample D

L×W µm 0.8 × 100 0.8 × 100 0.8 × 100 0.8 × 100

µ0 cm2/Vs 1400 1100 1000 1400

µa - 5×10−9 7×10−9 9×10−9 2×10−9

µb - 5×10−17 3×10−17 6×10−17 8×10−17

νS cm/s 1.1×105 1.1×105 1.1×105 1.1×105

ns,acc cm−2 7.5×1012 7.5×1012 7.5×1012 6.5×1012

Table 4.3: Summary of the extracted parameters for Samples A,B,C, and D.
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ment with the experimental data and confirming the validity of the model. Figure
4.12 shows the result of the simulation compared with the measured drain current
while tables 4.2 and 4.3 indicate all the extracted parameters. The meaning of all
these parameters is explained in Chapter 2. The velocity saturation and the mobil-
ity in the access region are assumed to be the same as in the channel.

4.4 Conclusion
In this chapter, we proposed a novel approach to extend the GaN model developed
in Chapter 2, including a p-GaN layer under the gate of the AlGaN/GaN structure.
To the best of the knowledge of the author this is the first time a physical-based
compact model includes such structure. The physics and the strategy used to im-
plement the Verilog-A code has been well explained and verified comparing the
simulation results with the experimental data measured on four different devices.
Inspired by the method used in this chapter to include the p-GaN layer under the
gate, and aware of the results that ferroelectric materials are showing, in the rising
NCFET technology, when deposited under the gate of Si-based devices, the main
objective of the next chapter study is to try to implement the negative capacitance
in the AlGaN/GaN model to study how this unique material can improve the DC
performance of GaN-based devices.
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Chapter 5

Negative Capacitance in GaN
HEMT

5.1 Concept and Reasons
The necessity for extremely low power consumption in not only important in the
high power electronic applications but also in low power systems, which requires
this property to better conduct data sensing, data processing and data communica-
tion [66]. At transistor level, the most effective way to reduce power consumption
is lowering the supply voltage Vdd. However, if Vdd is lowered, the drive current of
the transistor is also reduced. if the drive current is reduced, the circuit delay is
increased and off-state leakage current keeps flowing during the period [67], which
is not desirable from the low power consumption perspective .

In order to achieve energy-efficient switching at given Vdd, the ratio between
ON-current and OFF-current needs to be as high as possible. The increase in
ION /IOFF can be translated in a decrease of the sub-threshold slope of the tran-
sistor [68]. In general, the sub-threshold slope (SS) is expressed by:

SS = δVG

δ log10(IDS)
=

(
δψs

δ log10(IDS)

)
·
(
δVG

δψs

)
(5.1)

where ψs is the surface potential. The first term of equation 5.1 is a transport
term which represent the conductance, meaning how much current can flow by
lowering the potential along the channel. Standard FET analysis shows that this
ratio is ∼ 2.3 · kBT/q because of the so-called Boltzmann tyranny which defines the
fundamental thermionic limit of the SS that in case of a MOSFET is 60 mV/dec at
room temperature [66].

The second term is a voltage divider term which represent how efficiently the
surface potential ψs can bend at a given gate voltage VG [67]. Since VG and ψs are
related by a capacitive voltage divider as shown in figure 5.1a, it is apparent that
the second term (often called the body factor m) given by:

δVG

δψs
= 1+ Cs

Cins
(5.2)

must exceed one, thus putting a lower limit to the sub-threshold slope of 60 mV/dec.
To overcome this limit, Tunnel Field-Effect Transistor (TFET) improves the first
term by utilizing band-to-band tunnelling and energy filtering between source and
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Figure 5.1: (a) Equivalent circuit for the division of the gate voltage between the
insulator capacitance and the semiconductor capacitance in a standard FET struc-
ture. (b) Block diagram of a special capacitance with positive feedback to introduce
the concept of negative capacitance.

channel band edges [67]. Negative Capacitance Field-Effect Transistor (NCFET)
improves the second term by amplifying ψs due to negative capacitance of the fer-
roelectric gate insulator [68].

In the last few years, a number of proof-of-concept demonstrations of negative
capacitance have been achieved [69, 70, 71, 72]. The physical mechanism that al-
lows ferroelectric materials to show negative capacity can be understood in terms
of positive feedback as follows. Suppose we have a (positive) capacitor C0 (F/cm2)
that sees a terminal voltage equal to the applied voltage V plus a feedback voltage
α f Q proportional to the charge on the capacitor Q (C/cm2), like the one shown in
figure 5.1b:

Q = C0(V +α f Q) (5.3)

This yields:

Q = C0

1−α f C0
·V = CinsV

Clearly with α f C0 > 1, Cins becomes negative, leading to an instability so that the
charge would increase until limited by the nonlinear terms that have been neglected
in this qualitative example. The negative capacitor can be stabilize by putting an
ordinary capacitor Cs in series so that the overall capacitance Ctot = (1/Cins+1/Cs)−1

is positive. From equations 5.1 and 5.2 it follows that the body factor:

δVG

δψs
= 1− Cs

C0
· (α f C0 −1) (5.4)

can, in principle, be made arbitrarily small showing that the negative capacitance
can be used as a voltage transformer that steps up the applied potential VG into the
channel potential ψs [73]. More generally, the linear capacitor of equation 5.3 could
be replaced with a more general non linear capacitance function, such that

V = F−1(Q)−α f Q

that can be expanded up to the fifth power to write:

V =α0Q+β0Q3 +γQ5 (5.5)
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Figure 5.2: Classification of ferroelectric within the group of (crystalline) dielectrics.
Ferroelectric are a subgroup of pyroelectric, which themselves are a subgroup of
piezoeletric.

where the parameter α0 = 1/C0 −α f . With this premise, the generic role of positive
feedback in giving rise to negative capacitance has been presented. It should be
noted that equation 5.5 does not just represent a toy model for ferroelectrics. In
fact, it can be obtained starting from the state-of-the-art approach for modeling the
dynamics of ferroelectric capacitors based on the Landau-Khalatnikov (LK) equa-
tion [74], which will be introduced in the next section.

The main objective of this chapter is to present the working principle of ferro-
electric materials and try to implement the negative capacitance in the developed
GaN model to study how this unique material can improve the DC performance of
the device.

5.2 Ferroelectric Dynamics
Ferroelectricity describes a non-linear dielectric behavior and is characterized by a
permanent reorientable polarization [75]. As introduced in Chapter 1, crystal pos-
sessing a permanent dipole, that is often referred to as spontaneous polarization,
are classified as pyroelectrics. Ferroelectricity is defined as a crystal property where
a permanent dipole can be reoriented with an applied electric field. Because ferro-
electric crystal must have a permanent dipole, every ferroelectric is therefore also a
pyroelectric and every pyroelectric is also a piezoelectric [76]. Figure 5.2 shows this
subgroup-relation.

The distinguishing characteristic of ferroelectric crystal from all other pyroelec-
tric crystals is the reorientability of the dipole moment. For example, AlN is a
pyroelectric material, but under the application of an electric field opposing the
dipole direction, it will undergo dielectric breakdown prior to the switching of the
polarization to the opposite direction. There are no definitive crystallographic con-
siderations distinguishing ferroelectrics from pyroelectrics; the only difference lies
in the ability of the permanent dipole to be reoriented with an electric field less
than the dielectric breakdown field [75].

The ferroelectric response is typically characterized by measuring the polariza-
tion response to the electric field. This response is a hysteresis loop. A typical
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Figure 5.3: Typical ferroelectric hysteresis loop in Metal-Ferroelectric-Metal (MFM)
structure. Left: instantaneous distribution of charge in the electrodes (grey) and
in the ferroelectric during polarization reversal. White and black arrows indicate
the polarization direction and the direction of the electric field respectively. Right:
correlation between these charge distributions and different point of the hysteresis
loop in the polarization vs voltage (P-V ) characteristic.

example is provided in figure 5.3 alongside the relative polarization direction and
the direction of the electric field [70].

5.2.1 Landau-Khalatnikov Model
A phenomenological approach to describe the dielectric behavior of ferroelectric
starts from equation 5.6 by L. D. Landau and I. M. Khalatnikov:

ρ
dP
dt

=−dU
dP

(5.6)

where P (C/cm2) is the polarization, ρ > 0 is the frictional inertia of the system
that account for dissipative processes during the ferroelectric switching [69] and U
(eV) is a series expansion of the free energy of the ferroelectric material that can be
written as:

U =
(α0

2

)
P2 +

(
β0

4

)
P4 +

(γ0

6

)
P6 −PEF (5.7)

where EF is the electric field across the FE and α0, β0 and γ0 are anisotropy con-
stants [74]. By minimizing the free energy with respect to the polarization, one
obtains an expression for the eletric field parallel to the polarization:

dU
dP

= 0−→ EF0 =α0P +β0P3 +γ0P5 (5.8)

that leads to:
EF =α0P +β0P3 +γ0P5 +ρdP

dt
(5.9)
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Figure 5.4: Calculated polarization dependence of free energy. If α0 > 0, the lowest
free energy state is for zero polarization. If α0 < 0, there are two non-zero lowest
free energy states that corresponds to the coercive polarization ±PC.

Equation 5.7 and 5.9 can be utilized to do some considerations about the stability
of the system. For simplicity, the contribution of the fifth order term is neglected
(γ0 = 0) and β0 is positive. In figure 5.4 is shown that the polarization dependence
of the free energy differs dramatically respect to the sign of α0. When α0 > 0 the
lowest free energy state is for zero polarization. If α0 < 0 there are two minimum
free energy states with non-zero polarization. In figure 5.5, is plotted the corre-
sponding electric field EF vs the polarization which result in the typical S shaped
characteristic.

Since the Negative capacitance is given by the negative slope of the S curve, ob-
tained in the interval −Pc < P < Pc where Pc is called Coercive Polarization, figure
5.5 shows that, to have the desired behaviour, α0 has to be negative. This condition
is not always true, in fact the value of α0 changes linearly with the temperature as
we will discuss in the next subsection. Finally, in figure 5.6 the polarization in the
ferroelectric is plotted vs his derivative over time dP/dt (supposing the electric field
EF = 0). The figure shows that dP/dt = 0 at three different values:

P = PRa) P = 0b) P =−PRc)

where PR is called Remnant Polarization. At P ±PR , if a small perturbation in-
crease (decrease) the polarization, dP/dt becomes negative (positive), which pushes
P back to the starting point. This means that P =±PR are dynamically stable solu-
tions of 5.9. This situation is illustrated by the convergent arrows around P =±PR .
On the other hand, at P = 0 , if a small perturbation increase (decrease) the polar-
ization, dP/dt becomes negative (positive), which pushes P away until it reaches
the dynamically stable points P = ±PR . This situation is illustrated by the diver-
gent arrows at P = 0.
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Figure 5.5: Polarization as a function of the electric field. If α0 > 0 the capacitance
is always positive. The negative slopes of the S curve when α0 < 0 results in a
negative capacitance. The scheme A-B-C-D represent the unstable hysteresis-free
path. The conventionally observed includes in the scheme A-B-D-C, which includes
the hysteresis.

To put this in perspective, the above-mentioned analysis of the stability of a
ferroelectric material shows that the negative capacitance state is not stable in an
isolated FE capacitor. For this reason, it is really difficult to experimentally capture
this phenomenon. The only way to stabilize the ferroelectric is to put it in series
with a dielectric so that (supposing the same thickness to simplify) the total electric
field is:

ET = EDE +EF

=
(
1
ε
+α0

)
P +β0P3 +γ0P5 +ρdP

dt

If 1/ε+α0 > 0 than the ferroelectric is stabilized. In order to use the negative capac-
ity to improve the performance of the device in VLSI, the ferroelectric material is
deposited under the gate of the device in series with the capacity given by the oxide.
It is therefore important to carefully design the thickness of such layer in order to
have a stable system [77].

To plot figure 5.4, 5.5 and 5.6 the value of α0 and β0 has been extracted from
experimental data. In these calculations we assumed a coercive electric field EC = 1
MV/cm and a Remnant polarization PR = 35 µC/cm2. Based on these parameters,
the anisotropic constants are calculated using the following procedure.
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Figure 5.6: dP/dt as a function of the polarization. The system is stable when
P =±PR and unstable if P = 0. From figure 5.5 is possible to see that the instability
occur when the ferroelectric is in the negative capacitance condition.

Procedure for Extraction of the Anisotropic Constants

In figure 5.5, it is shown that the electric field is equal to zero when P = 0 and
P = PR . In this condition, equation 5.8 leads to the following relations:

0=α0PR +β0P3
R =⇒ PR =±

√
−α0

β0
(5.10)

Differentiating both sides of equation 5.8 with respect to P, the following relation
is obtained:

dEF

dP
=α0 +3β0P2

From figure 5.5, we can see that at EF = EC, dEF /dP = 0 and P =−PC:

0=α0 +3βP2
C =⇒ PC =

√
− α0

3β0

that leads to the following relation with the coercive electric field:

−α0PC −β0P3 = EC =−2α0

√
− α0

3β0
(5.11)

Solving equations 5.10 and 5.11 with respect to α0 and β0, the following relations
are obtained:

α0 =−3
p

3
2

· EC

PR
β0 = 3

p
3

2
· EC

P3
R

(5.12)

In [78], it is shown how to extract the coefficients taking into account also the fifth
order term γ0. In this case the required information from the experimental data
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Figure 5.7: Polarization as a function of the electric field in a first-order transition
with PR = 35 µC/cm2, PC = 36 µC/cm2, EC = 1 MV/cm compared with the relative
second-order transition. The hysteresis loop is almost the same so they cannot be
distinguished easily from the experimental data.

are: the Riemman polarization PR , the coercive electric field EC and the coercive
polarization PC. Comparing 5.12 and 5.13, it is easy to see that they coincide if
rp =p

3.

α0 =−EC

PC
·
r2

p(3r2
p −5)

2(r2
p −1)2

β0 = EC

P3
C

·
r4

p −5

2(r2
p −1)2

γ0 =−EC

P5
C

·
r2

p −3

2(r2
p −1)2

where rp = PR

PC

(5.13)

In this more general case where we are considering also the fifth order coefficient,
it is possible to study the phase transition of different order polar materials as we
can see in the next section.

5.2.2 Temperature Dependence
The phase transition of polar materials can be categorized into two different orders:
the first order and the second order [77] depending on the value of the anisotropic
coefficients:

• γ0 ≈ 0 and β0 > 0 −→ second-order transition

• γ0 > 0 and β0 < 0 −→ first-order transition

Figure 5.5 shows an example of second-order phase transition from non-polar phase
to polar phase. However, many ferroelectric materials undergo first-order phase

N. Modolo Chapter 5 85



Physics-Based Compact Model for p-GaN/AlGaN/GaN HEMTs

Figure 5.8: First-order phase transition with varying temperature.

transition. The phenomenological theory described by the L-K equations can ac-
count for this as well. To do so, the fifth order term γ0 must be taken into account.

The main difference between the two behaviors is in the number of independent
variables that we use. In case of first-order transition (γ0 > 0), there are three inde-
pendent variables: PR , EC and PC. In case of the second-order transition (γ0 ≈ 0),
there are two independent variables: PR and EC. This means that the coercive po-
larization cannot be controlled and so PC = PR /

p
3. In the example of figure 5.5,

PC ∼ 20 µC/cm2. In figure 5.7 are compared the P-E curves using the same PR = 35,
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µC/cm2 and EC = 1 MV/cm. For the first-order phase transition the coercive po-
larization is forced to be PC = 26 µC/cm2 instead of PC = 20 µC/cm2. This small
difference, though ostensibly trivial, will dramatically impact the study of the tem-
perature dependence.

The temperature dependence of the dielectric behavior results from the assump-
tion that the coefficient α depends linearly with the temperature while β0 and γ0
are temperature-independent coefficients [76]:

αT0 =α0

(
1− T

T0

)
where T0 is the Curie-Weiss temperature. Equation 5.7 can be rewritten taking
into account this effect:

U =
(αT0

2

)
P2 +

(
β0

4

)
P4 +

(γ0

6

)
P6 −PEFT (5.14)

and then

EF =αT0P +β0P3 +γ0P5 +ρdP
dt

(5.15)

In case of second-order phase transition, if the temperature T > T0, aT0 becomes
positive and the material loses its ferroelectric property since the ferroelectric phase
can never be induced by applying an electric field. In this condition, the character-
istic of the polarization vs the free energy and the electric field is similar to the blue
line in figure 5.4 and 5.5. The free energy presents one global minima at P = 0 and
the P-E has always positive slope.

In case of first-order transition, the situation is dramatically different. Below
the Curie-Weiss temperature T0, the free energy presents two global minima and
a characteristic single hysteresis (see figure 5.8a). Above T0 three local minimums
can be observed. However the shape of the P-E curve is still a single hysteresis
(see figure 5.8b). Above the critical Curie temperature TC, the P-E characteristic
changes, showing the so called "broken hysteresis". The effect becomes more evident
if the temperature goes beyond the limit temperature of ferroelectric (T1). In this
condition, the ferroelectric has two negative slopes mediated by a non-polar phase
(see figure 5.8c).

Finally, if the temperature is still increased above the limit temperature of the
field-induced ferroelectric properties (T2), the ferroelectric phase can never be in-
duced by applying an electric field. As result, no hysteresis is present beyond T2.
From equation 5.14, TC, T1 and T2 can be formulated as [79].

TC = T0 ·
(
1+ 3

16
β2

0

|α0γ0|

)

T1 = T0 ·
(
1+ 1

4
β2

0

|α0γ0|

)

T2 = T0 ·
(
1+ 9

20
β2

0

|α0γ0|

)
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Figure 5.9: Cross-section of the MFMIS structure discussed in this chapter where
the ferroelectric material is deposited under the gate of a Schottky HEMT device.

5.3 Device Implementation
It is easy to see that if we set QF = P · AF and VF = EF tF , where tF is the thickness
and AF is the area of the ferroelectric, equation 5.9 leads to an expression for the
voltage across the ferroelectric capacitor [73]:

VF =αTQF +βQ3
F +γQ5

F +ρdQF

dt
(5.16)

with the anisotropic constants:

αT = tF · αT0

AF
, β= tF · β0

AF
and γ= tF · γ0

AF

From equation 5.16 is possible to express the corresponding FE non-linear capaci-
tance as:

CF =
(

dVF

dQF

)−1
= 1
αT +3βQ2

F +5γQ4
F

(5.17)

Using equation 5.17, the voltage drop across the ferroelectric can be rewritten as:

VF =
∫ QF

0

1
CF

dQ+ρdQF

dt
(5.18)

demonstrating that the equivalent circuit for a ferroelectric capacitor consists of
an internal resistor ρ in series with a non-linear capacitor CF dependent from the
charge in the ferroelectric.

5.3.1 Modeling NC-GaN HEMT
The concept of NCFET was first proposed in 2008 by S. Salahuddin and S. Datta
[73]; gradually it gained popularity due to its remarkable characteristics. NCFET
has the same structure as the MOSFET except that a ferroelectric thin layer is
deposited at the top of the gate insulator. If deposited under the gate of a tran-
sistor, the Metal-Ferroelectric-Metal-Insulator-Semiconductor (MFMIS) structure
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Figure 5.10: Modeling flow-chart implemented in Verilog-A and used to simulate
the NC-GaN HEMT. The GaN model is based on the experimental data of the non-
irradiated Schottky HEMT studied in Chapter 3.

(see figure 5.9) can be equivalently represented by two circuit components: the fer-
roelectric capacitance CF and the internal gate capacitance CG,int. The purpose of
the intermediate metallic layer is to average out the non-uniform potential profile
along the source-drain direction and any charge non-uniformity, thereby, making
the single-domain Landau-Khalatnikov based description of the system a valid one.

A negative value of CF results in a voltage amplification at the internal gate,
and can be expressed through the following equation [80]:

AV = VG,int

VG
= |CF |

|CF |−CG,int
(5.19)

where the ferroelectric capacitance is expressed in equation 5.17 and CG,int is the
series of the surface capacitance Cs and the insulator capacitance which is Cox in
case of MOSFET and CAlGaN in case of GaN HEMT. This internal voltage amplifi-
cation will results in higher ON current at the same applied voltage [81].

The internal positive capacitance has the important role to keep the NC state
stable, as discussed previously in the chapter. This is true only if the total gate ca-
pacitance CG = (C−1

G,int+C−1
F )−1 is positive. This condition implies that |CF | > CG,int

to realize a thermodynamically stable NC state. At the same time, the effect of
the amplification will be greater, the more (|CF |−CG,int) ¿ 1. Keeping CG,int con-
stant, it is easy to understand that the impact of the ferroelectric can be engineered
changing the thickness of that layer (and the value of the corresponding capacitance
CF = εF /tF ).

Since |CF | > CG,int ensures the condition of no hysteresis [81], the simulation
has been conducted in the quasi-static domain. In this scenario, the dynamic term
dQF /dt of equation 5.16 can be ignored. Furthermore, we assume QF = QG since
the ferroelectric is in series with the gate capacitance. It is important to emphasize
that the primary purpose of this study is to show the impact of the negative ca-
pacitance in GaN HEMT devices to provide comprehensive insight into the physics
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behind the electrical behaviour and the model is not specifically dependent on the
ferroelectric material and set the relative of parameters α0, β0, γ0 and T0 chosen.
To put this study into perspective, the GaN HEMT model has been calibrated with
the experimental data of the non-irradiated Schottky HEMT studied in Chapter
3. The anisotropic constants are the same used by U. Radhakrishna in the Man-
ual: MVSNC model [82] where the ferroelectric in a second-order phase transition
material implemented under the gate of a MOSFET.

To model the NC-GaN HEMT we follow the same strategy used in Chapter 4 to
implement the p-GaN layer under the gate. From the voltage balance condition we
get:

VG =VF +VTH +VAlGaN +ψs

=αQG +β3QG +γ5Q5
G +VTH +VAlGaN +ψs

(5.20)

where VTH is the threshold voltage, VAlGAN = qns/CAlGAN and ψs is the surface
potential. QG in terms of surface potential can be expressed as:

QG =
ψD∫
ψS

LWCAlGaN · (VG0 −ψ)(VG0 −ψ+VT)
(VG0 −ψm +VT)(ψD −ψS)

dψ (5.21)

(see equation 2.30 in Chapter 2 for more details). Now ψs can be substituted from
equation 5.20 in 5.21 to obtain QG as a function of VF for a given value of VG .
Figure 5.10, showns the modeling flow-chart implemented in Verilog-A which is
used to solve the system of equation in order to obtain the drain current (ID) of the
NC-GaN HEMT.

Simulation Results

The key to study the impact of the ferroelectric layer is in the internal voltage
amplification defined in equation 5.19 which is related to the difference between
the ferroelectric and internal capacitance:

|CF |−Cins = |εF |
tF

−
(

tAlGaN

εAlGaN
+ 1

Cs

)−1

Keeping the thickness of the AlGaN constant, the matching between the two capac-
itance can be increased varying the thickness of the ferroelectric. figure 6.11 and
6.12 show the results of the simulations while implementing the Verilog-A code in
the ADS software. Figure 5.12a represents the internal node amplification.

It is clear that with the increase of the thickness, there is an increase in the
matching between the two series capacitance which consequently increases the volt-
age amplification of the internal note (see equation 5.19). This continues until the
thickness reaches a critical limit until the condition (|CF | > CG,int) is no longer true
and the system becomes unstable. Figures 5.12a,b,c,d,e,f show that AV can lead to
a significant increase of the drain current current improving the DC performance
of the device such as ON current, transconductance and drain conductance.

In the best case, which corresponds to a thickness of the ferroelectric layer tF =
60 nm, the simulation shows a voltage amplification of the internal node AV = 3
tripling the value of the transconductance compared to the normal Schottky HEMT
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Figure 5.11: Impact of variation of the ferroelectric thickness on the voltage ampli-
fication of the internal node.

(see figure 5.12c). From the ID-VG characteristic in linear scale (see figure 5.12a),
we can observe that under the effect of negative capacitance the same drain current,
at VG = −2 V, can be reached at VG = −4 V and the same drain current, at VG = 0
V, can be reached at VG = −3 V where the threshold of the device is VTH = −4.9.
From the ID-VG characteristic in logarithmic scale (figure 5.12b) we see that the
sub-threshold slope is decreased by 25% where the ON current is now fourfold.

In figure 5.12e and 5.12f are plotted the ID-VD and drain conductance respec-
tively. Both are significantly increased. In particular we can observe that the ID-VD
at VG =−4 is now almost bigger than the ID-VD at VG =−2 of the normal Schottky
HEMT. All these improvements are consistent with the studies conducted on the
NCFET showing that the negative capacitance can be used to improve the perfor-
mances of GaN devices.

Finally, to conclude our study we take into account the impact of the variation of
the ferroelectric temperature, keeping in mind that the material has a second-order
phase transition. This means that (taking as reference figure 5.5), with the increase
of the temperature, the negative capacitance decreases. When the temperature is
higher than the Curie-Weiss the S curve is folded to such a point that the ferroelec-
tric loses its negative slope resulting in a positive capacitance causing the voltage
amplification of the internal node to be AV < 1 and leading to the collapse of the
drain current. Figure 5.13a shows the impact of the variation of the ferroelectric
temperature in the voltage amplification of the internal node.

The results of the simulation is consistent with the theory. With the rise of
the temperature, the DC performances of the device start decreasing. At ∆T > T0
the ferroelectric capacitance is positive and the gain becomes AV < 1 leading to a
collapse of the drain current (in figure 5.13b the ID-VG is plotted as example).
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Figure 5.12: Impact of variation of the ferroelectric thickness on the DC perfor-
mance of GaN HEMT. All the DC performances are significantly increased. In order
are plotted: (a) ID-VG linear scale, (b) ID-VG log scale, (c) transconductance, (d) gate
capacitance, (e) ID-VD and (f) drain conductance.
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Figure 5.13: Impact of the variation of the temperature in the DC performance of
NC-GaN HEMT.

5.4 Conclusion
In this chapter the ferroelectric concept and the main reasons that makes it a good
candidate for the improvement of the performance of GaN HEMT devices has been
presented. Following the phenomenological approach described by the Landau-
Khalatnikov equations we studied the physics of such material presenting a method
for the extraction of the anisotropic constants. Depending from the value of these
parameters we defined two types of phase transition of polar materials: 1st order
phase 2nd order phase. Following that, we studied the temperature dependence of
the material.

Finally, the ferroelectric theory has been used to implement the ferroelectric
layer under the gate of our developed GaN HEMT. The GaN Model has been cali-
brated with the non-irradiated Schottky HEMT studied in Chapter 3. The result
is consistent with the studies conducted on the NCFET [80, 83, 84, 82] where the
MFMIS structure shows higher ON-current, and transconductance.
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Conclusion
Despite the recent commercial success of GaN-based HEMT devices, internal phys-
ical mechanisms are often not completely understood. Sophisticated theories and
physic-based compact models have been developed for previous generations of semi-
conductor devices. However, the unique properties of nitrides present a challenge.

This thesis explores the nature of gallium nitride from the point of view of com-
pact modeling paying particular attention to power electronic applications. Differ-
ent structures are taken into account along this study: from the simple Schottky
HEMT structure, to the MIS-HEMT and p-GaN HEMT. To model the behaviour of
such devices, in Chapter 2, the physics of the typical AlGaN/GaN Schottky HEMT
is studied by solving the Schrödinger’s and Poisson’s equations in order to have a
unified and accurate definition of the Fermi level and 2DEG charge. The developed
GaN model is then implemented using Verilog-A in the electronic design automa-
tion software Advanced Design System (ADS) by Keysight EEsof EDA.

The physical-based nature of the developed model can provide an insightful un-
derstanding of the device characteristics. For this reason, in Chapter 3 after a
brief introduction about the main effects of γ-radiation on GaN-based devices, we
study the origin of the induced degradation with the help of the developed GaN
model. To do so we analyze the γ-ray effect of the fabricated GaN HEMT using two
approaches. First, the analysis of the effect of radiation in GaN-based HEMT is car-
ried out through electrical and material characterization of the devices subjected to
different doses of γ-ray. In the second part the physical-based GaN modeling is used
to help our understanding of the measurement results and point the leading factor
in the induced degradation.

Since the developed GaN model is able to reproduce only the behaviour of the
typical AlGaN/GaN Schottky HEMT, Chapter 4 proposes a novel approach to study
the effects of the p-GaN layer under the gate in the p-GaN/AlGaN/GaN struc-
ture which is becoming widely used for power electronics applications thanks to
its normally-off characteristic and good reliability. To the best of the knowledge of
the author this is the first time a physical-based compact model includes such struc-
ture. In order to verify the model, it has been implemented using Verilog-A in the
ADS software and the simulation results has been compared with the experimental
data obtained from four devices showing excellent agreement.

Finally, in Chapter 5, inspired by the method used to include the p-GaN layer
under the gate, and aware of the results that ferroelectric materials are showing
in the rising NCFET technology, we studied the physics of such material following
the phenomenological approach described by the Landau-Khalatnikov equations.
The ferroelectric material has been implemented in the AlGaN/GaN model showing
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that the amplification of the internal node can lead to a significant increase of the
drain current improving the DC performance of the device such as ON current,
transconductance and drain conductance.

Future Work
Several aspects presented in this Thesis are worth further investigation at the con-
clusion of this project. First of all the Schottky HEMT model presented in Chapter
2 is not complete. Different real device effects should be taken into account such as
gate leakage, self heating effect, trapping. The simulations has always been con-
ducted in DC because we didn’t have the measurement equipment to characterize
the device in AC. This is an other aspect that could be explored. Furthermore, the
model should include field-plates since they are widely used to increase the break-
down voltage of GaN HEMTs.

Regarding Chapter 4 the developed p-GaN/AlGaN/GaN structure should include
different real device effects such as interfacial charge and gate leakage. The latter
has always been studied using two back diodes: a reverse Schottky diode and a PiN
diode. Our model offer the advantage that the voltage drop, the thickness of the
depletion region and the electric field in each layer of the structure are well defined
thanks to the solution of the Schrödinger’s and Poisson’s equations. In this way
modeling the gate leakage becomes more precise offering a new perspective in the
understanding of this effect, which is still controversial.

Finally, Chapter 5 offers a good starting point to understand how ferroelectric
materials can lead to an improvement of the performances of GaN-based devices.
Even if the theory of ferroelectric material is well defined, different aspects are
still not completely understood such as the multidomain structure of ferroelectric
materials. Furthermore, the simulation has been conducted under the assumption
of quasi-static domain, completely ignoring the important effect introduced by the
hysteretic nature of this material. Regarding the implementation of the ferroelec-
tric layer in the AlGaN/GaN structure, it is important to clarify that this study is
purely theoretical and even if the results are consistent with the studies conducted
in NCFET, it needs to be verified comparing the simulation with the experimental
data measured on a fabricated device.
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