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Abstract

Quantum devices are an important class of modern heterostructure devices in which quantum
effects are exploited directly. A Gallium Nitride high frequency field effect transistor (FET),
the subject of this work, exploits a newly found exciton source in Indium Gallium Nitride
InkGa;.xN. These quasi-particles are used as a quantum electron source for the FET channel,
made of Intrinsic Gallium Nitride (GaN). The present work addresses the natural need for
providing this high frequency transistor with a device model. Following the same steps as
those used in classical Metal-Oxide-Semiconductor Field Effect Transistor (MOSFET)
modeling, a model for the metal oxide heterojunction capacitor; core of this high frequency
field effect transistor, is first developed.

The first challenge is to define the free charge carrier concentration distribution, the electric
field and the potential drop at any point inside the intrinsic Gallium Nitride layer. This layer

plays the role of the channel of a proposed MOSFET device on Indium gallium Nitride.

A new analytical model for a two terminal Metal-Oxide-Gallium Nitride/Indium Gallium
Nitride heterojunction structure (MOS capacitor) is presented. This model characterizes the
space charge layer created by electron tunneling in the structure’s channel which is made of
intrinsic Gallium Nitride. A one dimensional (1-D) analysis is adopted, and a set of
hypotheses is stated to frame the present work. In this analysis two Gallium Nitride channel
models are suggested. The need for such models is demonstrated by the quasi-static analysis
of the 2-terminal MOS capacitor. The comparison of these two models is performed through
the concordance of the results with the exciton theory in Wurtzite Indium Gallium Nitride
(InxGa;xN).
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Section 1.1 Background

Chapter 1 : Introduction

1.1 Background

The Metal-Oxide-Semiconductor Field Effect Transistor (MOSFET) is the most important
device in the design of high-density integrated circuits such as microprocessors and
memories. It is also important for power applications. The principle of the surface field effect
transistor was first proposed in the early 1930’s by Lilienfield [1-3] and Heil [4]. Shockley
and Pearson [5] studied this effect in the late 1940’s. The first device —quality Si-SiO;
(Silicon-Silicon Dioxide) was produced by Ligenza and Spitzer using thermal oxidation [6].
The basic MOSFET structure, which uses the Si-SiO, system, was proposed by Khahng and
Atalla [7] in1960. The device characteristics were initially studied by Ihantola and Moll [8],
Sah [9], and Hofstein and Heiman [10]. The technology, application, and device physics have
been reviewed by many books [11-15].

For the classical MOSFET conduction occurs when there is a charge inversion in its
channel. The application of a positive (negative) and sufficient gate voltage on a n (p)
MOSFET creates an accumulation Space Charge Region (SCR) at the surface of the p (n)
semiconductor underneath the interface oxide/semiconductor. This accumulation region is of
opposite type compared to that of the bulk semiconductor. The creation of an inversion
region is accompanied with the existence of a depletion SCR. Under a transverse electric
field free charge carriers (electrons for n-MOSFET and holes for p-MOSFET) move in a

doped semiconductor and are subject to ionic and phonon scattering.

In the Modulation Doped Field Effect Transistor (MODFET), known also as the High
Electron Mobility Transistor (HEMT), and for the Two-dimensional Electron-Gas Field
Effect Transistor (TEGFET), and Selectively Doped Heterojunction Transistor (SDHT), the
wide-energy-gap material of the heterostructure is doped and carriers diffuse to the undoped
narrow-bandgap layer at which heterointerface the channel is formed. As a result, channel
carriers in the undoped heterointerface are spatially separated from the doped region and
have high mobilities because there is no impurity scattering. Carrier transport parallel to the
layers of a superlattice was first considered by Esaki and Tsu in 1969 [16]. The development

of Molecular Beam Epitaxy (MBE) and Metalorganic Chemical Vapour

1
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Deposition (MOCVD) technologies in the 1970’s made heterostructures, quantum wells and
superlattices practical and more accessible. The enhanced mobility in the AlGaAs/GaAs
modulation doped superlattice was first demonstrated by Dingle et al in 1978 [17]. Stormer et
al subsequently obtained a similar effect using a single AlGaAs/GaAs heterojunction in 1979
[18]. This effect was applied to the field effect transistor by Mimura et al in 1980 [19-20] and
later by Delagebeaudeuf et al in the same year [21]. For an in-depth treatment of the
MODFET, readers are referred to Refs [22-25]. The main difference between the classic
MOSFET and the MODFET aside from theirs structure resides in the fact that charge carriers
move in a doped semiconductor for the MOSFET and in an intrinsic semiconductor for the
MODFET offering a higher mobility and resulting in a faster device more suitable for high

frequency applications.

The present work deals with a novel device, the High Frequency Field Effect Transistor on
Indium Gallium Nitride [26]. Unlike the MODFET, the free charges carriers result from
quantum tunnelling through the heterojunction instead of resulting from diffusion, as is the
case for MODFET. However, in both devices, charge carriers move in an intrinsic

semiconductor layer and observe reduced scattering.

1.2 Motivation

It is the trend in the silicon and compound microelectronics industries to continuously
develop semiconductor circuits which are faster, smaller, and consume less power for a
similar level of integration. This trend is fueled by the rapid growth of digital wireless
communication and high frequency analog circuits. Both silicon and compound state-of-the-
art integrated circuits rely on high-speed submicron devices. New hetero-structure devices
are continuously being developed, such as the Heterojunction Bipolar Transistor (HBT), the
Double-Heterojunction Bipolar Transistor (DHBT), the High-Electron-Mobility Transistor
(HEMT), and the Hetero-structure Field-Effect Transistor (HFET).

Quantum devices are an important class of these modern hetero-structure devices in which
quantum effects are exploited. The high frequency field effect transistor, which is the subject
of this work, exploits recently identified quasi-particles in Indium Gallium Nitride InyGa;«xN,
called excitons of the structure. These excitons of structure are used as a quantum electron

source for the channel of the High Frequency Metal Oxide Semiconductor Field effect
2
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Transistor (HF MOSFET) made of Intrinsic Gallium Nitride GaN [26]. The present work
aims to provide a stepping stone towards this novel structure by establishing a device model.

1.3 Objectives

Following the same steps as those used in classical MOSFET theory, a model for the metal
oxide heterojunction capacitor - the core of this HF MOSFET- is first developed. To achieve
this, the intrinsic Gallium Nitride channel was first modeled, and then used in the analysis of
the 2-terminal MOS heterojunction capacitor on Indium gallium nitride.

The present work introduces this quasi-static analysis of the 2-terminal device and
demonstrates the need to model its intrinsic GaN channel. Two channel models are
presented, compared, and one of them is incorporated in the quasi static analysis of the
2-terminal MOS capacitor on Indium Gallium Nitride.

1.4 Organization of the manuscript

Chapter 2 contains a brief explanation of the structure and the functioning of the HF
MOSFET on Indium Gallium Nitride. An ideal model of this transistor’s core, the MOS
capacitor is presented in chapter 3. Chapters 4 and 5 propose two models for the channel;
model 1 and model 2 respectively. A comparison of these two channel models is performed
in chapter 6. Chapter 7 wraps up this work. Three appendices A, B, and C are added at the
end of this manuscript, they contain mathematical proofs that are essential to the analysis.

References used to perform this present work are listed at the end of the manuscript.

1.5 Conclusion

The motivation of this work is not only about introducing a new analytical model for the
practical situation where free charge carriers of electron origin are injected into a thin
intrinsic semiconductor (Gallium Nitride), but is also about demonstrating the need for
having such a model. The reader will realize that this model is a standalone entity, thus it can
be introduced separately from the device analysis.

The channel model is presented as a part of the 2-terminal device analysis to show its
necessity for the analysis of the MOS capacitor.

3
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Chapter 2:

The High Frequency Field Effect Transistor on In,Ga;.xN [26]

2.1 Introduction

The current chapter presents a brief qualitative description of the HF MOSFET on InGa;.xN
[26]. First, the different layers and regions forming this device are listed, their roles are

stated. Second, a concise explanation of the functioning of this device is presented.

2.2 Structure

The HF MOSFET on In,Ga;xN has a multi-layer structure (see figure 2-1). The oxide
layer is deposited on an intrinsic GaN region called the channel, on both sides of this channel
there is a local heavily n-type doped GaN region called the drain or the source. These
appellations are interchangeable depending on the applied external bias, making the high
frequency transistor on InyGa; «xN, like the classic MOSFET, a symmetric device. Underneath
the GaN layer there is a p-type InyGa; «xN layer, forming together with the intrinsic GaN layer
at their common frontier a semiconductor heterojunction. The p-type InGa;«xN is
implemented as a local diffusion area in a common layer of InyGa;xN. The non doped parts
of InyGa;xN are between the grounded n-type InyGa;xN and the two n*-type GaN islands,
their role is to prevent charge transmission between the n-type InyGa;«xN layer and the two
n"-type GaN islands. Finally a thin film made of a metal or a highly degenerate
semiconductor is deposited on both the oxide and the ground n-type InsGa;xN layer to form
the transistor gate and back substrate contacts respectively, in addition to the drain and

source contacts. This makes the HF MOSFET on In,Ga;4 N a 4-terminal device.
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Figure 2-1 : Cross-section of the High Frequency transistor on In,Ga; <N

2.3 Functioning

The HF MOSFET on InsGa;«xN uses excitons of the structure as a free electron source. The
concentration of these free charge carriers in the channel made of intrinsic GaN material
modulates the device’s conductivity. Under the influence of an external electric field, the
electrons move in an intrinsic semiconductor and experience reduced scattering (no impurity
scattering). The high mobility in the channel allows low noise and high-speed performance.
The application of a sufficiently high positive voltage on the gate with respect to the back
(see Figure 2-2) forward biases the InxGa;xN p-n homojunction. This positive applied
potential drop allows electrons from the n-type InsGa;xN region to move to the p-type side
and form with holes quasi-particles called excitons with a zero net electric charge. The
positive gate voltage must be high enough to produce a potential drop across the p-n
InkGa;.xN homojunction that is bigger than an engineered threshold in order to generate

excitons, see [26].The production of these quasi-particles can be pictured as happening

following the X-axis direction (see figure 2.2).
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Figure 2-2: Creation and drift of mobile charge carriers in the HF FET on In,Ga;«N

The excitons present in the p-type InyGai;xN interacts with the i-GaN/p-InyGa;xN
semiconductor heterojunction, this interaction leads to their destruction and to the tunneling
of the corresponding electrons into the intrinsic GaN layer (channel). The concentration of
excitons formed in p-type InyGa;«xN at the p-In,Ga;.xN/i-GaN boundary is expressed in terms
of the potential drop across the p-n InyGa;«xN homojunction [26]. The transmission
coefficient expresses the ratio of excitons that interact with the semiconductor heterojunction
to the total amount of excitons present in the p-IngsGagsN next to the heterojunction, this
transmission coefficient is expressed in terms of the electric field applied to the GaN side of
the p-InGa;xN/i-GaN semiconductor heterojunction [26][27].The application of a potential
drop between the two n+-type GaN regions creates an electric field through the sandwiched

i-GaN layer according to the y-axis direction; see Figure 2-2.
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Free electrons present in the i-GaN layer (Channel) drift under the influence of this electric
field producing an electric current.

2.4 Conclusion

Brief qualitative descriptions of the structure and of the functioning of this novel device
were presented. A Complete description of this HF MOSFET on Indium Gallium Nitride is
found in [26].
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Chapter 3 : The ideal MOS capacitor on IngsGagsN [28]

3.1

Introduction

A model for the real world device is presented. A set of hypotheses is stated. It defines the

scope and sets the domain for the validity of this analysis. The quasi-static analysis

performed on the ideal MOS capacitor demonstrates the need to investigate the charge

distribution in its channel.

3.2 Nomenclature

Veg

D1, P2

P3, Py

thox»thGaN
QG:QGaN

Qp—lno.sGao.sN

Nep

Fo

F%O'Abo

€oxr EGaN
gln().sGaO.SN’ 80
Ur

q

Front gate to back substrate voltage

Potential drops across IngsGagsN p-n junction and across the Space Charge
Region (SCR) in p-type IngsGapsN side of the i-GaN/p-IngsGagsN
Potential drop across i-GaN, oxide layers

Oxide and GaN layers thicknesses
Charge per unit area on the gate and in the i-GaN layer

Charge per unit area in the SCR located in the p-type IngsGagsN side of the

i-GaN/p-IngsGagsN heterojunction
Free electrons concentration present in i-GaN layer

Electric field in i-GaN layer at the i-GaN/p-InysGagsN heterojunction.
Thermal equilibrium holes and electrons concentrations in p-type IngsGagsN
Relative permittivities of oxide and GaN respectively

Relative permittivity of IngsGagsN, and permittivity of vacuum

Thermal voltage

Elementary charge
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3.3 The ideal MOS Capacitor on IngsGagpsN

The MOS structure (see figure 3-1), consisting of a metal-oxide-semiconductor sandwich, is
the core of the HF MOSFET on InyGa;«<N. It functions as a 2-terminal capacitor in which a
metal contact is separated from the semiconductor by a thin insulator, which can be a
thermally grown SiO, layer. The metal contact can be made of materials like aluminum or
heavily doped polysilicon. A second metal layer along the back provides an electrical contact

with the semiconductor material.

Gate

i-GaN layer
(channel)

P-Ing5GagsN

N-1ngsGagsN

|
Back

Figure 3-1: Structure of the 2-terminal MOS capacitor on InysGagsN
The ideal MOS structure has the following properties:

P1) The metal gate is equipotential.

P2) The oxide is a perfect insulator with zero transport current. No trapped
charges exist inside it or at its interfaces.

P3) All doped semiconductors have a uniform profile.

P4) All doped semiconductors are sufficiently thick, so that a field free (neutral)
region exists in the bulk semiconductors.

P5) The intrinsic GaN material is considered to be depleted of free charge

carriers.
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P6) The semiconductor heterojunction is realized with a state-of-the art technique;
polarization effects are negligible.

P7) Both the oxide and the GaN material have the same work function.

P8) The structure is one-dimensional; the electric field lines are perpendicular to
the surfaces.

P9) Metal/semiconductor interfaces are ohmic contacts, the potential contact is

Zero.

3.4 Analysis of the ideal MOS capacitor on IngsGagsN

The analysis of the ideal MOS capacitor on IngsGaogsN is justified because all the idealized
properties in section 3.3 are approached in a real device except properties P7) and P9). The
inclusion of the potential contact and the work function difference in the model only requires
a simple voltage shift of the capacitive characteristics. To define the scope and the domain

for the validity of this quasi-static analysis, the following set of hypotheses is stated;

H1) All semiconductors are considered to be non-degenerate, so that Boltzmann
statistics can be used.

H2) No temperature gradient is present. The device dimensions are small enough,
that we assume that heat distributes evenly throughout the device.

H3) Charge neutrality is assumed

H4) The i-GaN/p-IngsGagsN semiconductor heterojunction is approximated by an
abrupt junction.

H5) The gate voltage varies slowly enough, so we can consider a zero-valued gate

current.

Figure 3-2 illustrates a cross-section of the MOS structure including the referenced potential

drops across regions of interest. The gate voltage breaks down to four potential drops ¢,

@2, @3, and @,.
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Figure 3-2: A cross-sectional schematic of the MOS heterojunction capacitor, with the
corresponding referenced potential drops across the regions of interest.

A first set of relations, valid under any case of operation, is derived from global equilibrium

and Gauss’s Law:

4
Vg = ). 0 (3-1)
i=1
Qs + Qz’;—lnolsGaolsN + Qgan =0 (3-2)
EOEO.X
A 3-3
G thyy Pa (3-3)
Qz,J—InO.SGaO.SN = —&&canFo (3-4)
Q6an = —q e thean (3-5)
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Relations 3-2 to 3-5 are grouped in one relation.
P —
€o (gox th4 - gGaNFO) = q Ny, thean (3-6)
ox

To relate the electric field F to potential drops, the (1-D) Poisson equation is solved for the

SCR in p-type IngsGagsN at the semiconductor heterojunction. The electric field F, is given

as,
2qurémean 2 3-7
FO = Sng(VGg) W {Ppo [EXp( ) +— - 1] ( - )
1
g [ewp (52) 2=}

An expression for the free electron concentration average value was obtained in terms of the
potential drop ¢, across the IngsGagsN p-n junction and the electric field F, in the i-GaN
layer at the i-GaN/p-IngsGagsN heterojunction [26]. A good approximation of this value is

given by the expression 3-8

48 1

= (2. p{-ﬁ.F—o[ysxz . <y-aa,>%]} 6o

= 2m¢r (T (0) — E,(0)),

where B = an_pa,a._ exTo

and 6 = chrqgaaNE

Coefficient a,_, represents the efficiency of the electron injection through the p-n
homojunction (0 <ap_p < 1); a, is a coefficient that depends on the lifetime of injected
electrons in p-type IngsGagsN (0 <a,< 1); Q._0, IS the creation efficiency for the

excitonic current (0 < a,_,, < 1); n, is the concentration of electrons occupying the state

Fﬁl" in non equilibrium; E,, (0) is the position of the hydrogen like electron energy level E.
for F = 0, and ¢ is the potential barrier width for level E,, [26][27].
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Two equations of four unknowns (¢4, @,, @3, @,) are obtained; the first equation is given

in 3-1, and the second equation is obtained by substituting the electric field F, and the

average concentration 7, by theirs expressions given in 3-7 and 3-8 respectively in 3-6.

A system of two equations for four unknowns (¢, @,, @3, @) is not sufficient to solve for
(@1, 92, @3, 04) given a value for the gate voltage V;,. The remaining two equations are

obtained through modeling of the i-GaN layer.

In modeling the i-GaN channel, the charge distribution across the layer, the electric field
through it and the potential drop at any point need to be determined. Although they are not
final results, their determination imposes itself as an intermediate step in order to obtain the
two additional equations in terms of the four potential drops (¢4, ¢, @3, @.). The average
concentration value 7, of free electrons that have tunneled into the i-GaN layer, the i-GaN
layer thickness thg,y, and the initial field value F,, are three natural candidates for a channel
model input. Two approaches have been considered; the first one assumes that the initial

field is inherent to the average concentration value, while the second one treats them as

independent. The first model will have the average concentration 7., and the GaN layer
thickness thg,y as inputs, while the second one will have one more input which is the initial
field F,. Both models will generate the free electron concentration, the electric field, and the

potential drop profiles (nqy, F, v).

The determination of the charge density distribution, the electric field, and the potential
drop across the channel are essential to relate the electric charge per unit area Q, present on
the gate to the corresponding applied gate voltage V;,. Once a system of four equations in
terms of the unknowns (¢,, @5, @3, @,) is obtained, we can solve them for a given value of

the applied gate voltage V;,. The gate capacitance Cég per unit area will be given as follows;

, dQ,
Ceg (Vo) = dv—G (3-9)

Gg
ng= VGg

Where v, denotes the dc sweep gate voltage.
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3.5 Conclusion

The concept of an ideal MOS capacitor structure on IngsGaogsN is introduced and its use as a
valid approximation of the real device is justified. The necessity of analyzing the charge
distribution inside the i-GaN layer is demonstrated by performing a quasi-static analysis on
the 2-terminal structure. Two Channel models were suggested, their inputs and outputs were
determined. The quasi static analysis is not carried out. This will be done once a channel
model is obtained and a complete system of four equations with respect to the potential drops
(@1, ®2, @3, @,) is found. Its resolution allows the computation of the quasi-static C-V

curve of the ideal capacitor.
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Chapter 4 : Channel model 1

4.1 Introduction

A first model for the channel made of intrinsic GaN is presented; it uses the average value of
the free electron concentration present in the channel and its thickness as inputs. It gives the
free electron concentration distribution, the potential drop, and the electric field at any point.
Figure 4-1 represents a block diagram of this channel model.

Average concentration Nen ave Charge concentration profile

S

— Voltage difference profile

Channel thickness thgay / \ Electric field Profile

Figure 4-1: Channel model 1 block diagram

4.2 Exposition of the problem

It has been shown [29] that for any semiconductor material under the influence of an electric
field, and with a zero net current (open circuit situation), it is possible to obtain a neutral
region where both the voltage drop and the electric field are null. For this to happen, the
semiconductor material must be thick enough. An estimation of this required thickness is
deduced from the depth that an electric field can penetrate such a material. A common
measure of this penetration is expressed in terms of The Debye length. Let us consider a
hypothetical rectangular cuboid of i-GaN material, an electric field is applied on one side, it
penetrates the semiconductor and dies out at a certain distance inside the layer. The neutral

region begins at that location and extends all the way to the opposite side of the layer.
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Figure 4-2 illustrates a rectangular cuboid made of intrinsic GaN material with a
perpendicular electric field applied on one side, and also the existence of a quasi neutral
region underneath (and including) the opposite side. If an electric charge is injected into this
layer, it will distribute through it. The charge distribution will be constant in the neutral
region and equal to the intrinsic free charge carriers concentration n; g,y. Outside the neutral
(field free) region, the free electron concentration continuously increases to reach its
maximum value at the surface on which the electric field is applied. This charge distribution
occurs at steady state condition; when charge diffusion and drift currents cancel each other

out, resulting in a zero value net current.

Neutral region
H y
|
|

Thin layer

abscissa

Thickness

Applied electric field F

Figure 4-2: Charge distribution through a hypothetical i-GaN rectangular cuboid

For any value n of the free electron concentration, bigger than the intrinsic value, there
exists a location, precisely a plane, where the free electron concentration gets this value n.
The injected charge will determine the upper bound value that the free electron concentration

will reach.
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It will be proven shortly after that, for any value of the free electron concentration n,
bigger than the intrinsic value, there is a thin region of known thickness where the average
concentration, calculated over its thickness, gets the value n (see figure 4-2).

If the i-GaN channel is assimilated to this thin region, then the problem of finding the free
electron concentration, the electric field, and the potential drop profiles at any point inside
the channel is resolved by localizing this thin region in the i-GaN rectangular cuboid.

4.3 Mathematical formulation

Figure 4-3 illustrates a 1-D representation of the distribution of the injected charge in the
i-GaN rectangular cuboid. Application of (1-D) Poisson equation to the i-GaN rectangular
cuboid leads to the following initial conditions problem [30]

2
d’v _ qngan

{ dx?  ey,&GanN

dav ,

;(0) =0
v(0) =0

where the free electron concentration ng;,y at any point x is related to the value of the

potential drop v(x) at that point by the relation
n(v) = nyganexp (;_T)
n; gqn 1S the intrinsic free carrier concentration of GaN, and uy is the thermal voltage.

The solution for this initial condition problem is given as follows:

v(x) = urln [sec2 (L;E)]
x € (0,1, V7 |

The Debye length for intrinsic GaN is denoted as L. It is expressed by the relation

/3
L. = <go£GanuT>
b qn; can
Lp = 2.46 * 107 cm at room temperature
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Figure 4-3: One (1-D) dimension illustration of the charge distribution through an i-GaN
hypothetical rectangular cuboid

The free electron concentration n(x) at a point x is

(n(x) = Ny gan Sec’ <L;i/§>

| xe[o,LDg\/i[

(4-1)

If we consider an infinite electric charge injected in a hypothetical i-GaN rectangular cuboid

whose thickness can be made as close as needed to (% V2)Lp, the free electron
concentration n(x) gets all values of the interval [nl-,GaN ) +oo[. In other words, for any given
value n.;, of the concentration, there is a plane located at abscissa x, € [O,LD 2\/7[ where

n(xo) =Ncp

This plane is unique because the free electron concentration n is expressed by a bijective
function of the variable x (see equation 4-1). The intervals [0, Ly %x/f [ and [n; gay , +oof are

the domain of definition and the image set of the function n.
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Let us consider the following bijective function N of variable x and parameter th;,y
defined as

( N(x,thgay) =

x+thgan
n(w)dw
thGaN ,L

\x e [O, LDgx/i [,thGaN > 0,and (x + theay) € [O,LDgx/f[

The value of N represents the free electron concentration average value calculated over a
layer of thickness thg,y - This thin layer is located at a point x inside the i-GaN rectangular
cuboid. We can look at the i-GaN thin layer, of thickness th,y, that contains an electric
charge of electron origin whose average concentration is equal to 7, as a slice of thickness
thg,y taken from the i-GaN rectangular cuboid. Function N locates this slice. Calculating the

integral in the expression of N results in to the following expression,

( N canLpV2 <X + thcmv) < x )l
N(x, thg,y) = ——— |tan| ———— | — tan| ——=
{ gan thgan LpV2 LpV2

lxe]o, LDg\/E |, thean > 0,and (x + theay) € [o,LD%\/E[

For all values of (7., theey) that satisfy the following condition;

2| -1+ \/1 + tan? <%>
ni,c;aNLD‘/7 b

Nep >
o thGaN thGaN
tan| —/—=
LpV2

Equation N(x,,thsey) = e, has a unique solution x,, it is given by the following

(4-2)

expression

a 1 th
xo = LpV2 .arctan <_E + Ecotan <LDG\6/1%> ) A1/2>
a= n_chthGaN
7’Li,GavaD\/E

th th th
and A = a?tan? ( GaN) + 4a.tan < GaN) — 4tan ? < GaN)
L LpV2 LpV2 LpV2

{ where
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In the case of an i-GaN thin layer, the condition given in equality 4-2 can be expressed as
MNep > Nigan
Appendix A contains a demonstration of the condition 4-2

The initial value (and the lowest value) n, of free electron concentration on one side of our
i-GaN thin layer is given as
2

a 1 1 1/ thGaN
= = . JR— — —_— 2
ny = n(xy) = Nygan I > + 5 (1 5 A'2)cotan <LD\/§ (4-3)

The final value n; (and the highest value) of free electron concentration at the opposite side;

ny = n(xy + thgqey) » has the following expression,

a 1 th N 1 thG N
ny =n; SeC2 {arctan [——+—Cotan ga A /Zl + = (4_4)
1 i,GaN 2 2 LD\/E LD\/E

To see how the free electron concentration evolves across the layer thickness thg,y, the

normalized abscissa A is used, it is defined as;

X — X
thgan
where x € [xg, xo+thean],
S0 A€ [0,1]

A

The free electron concentration n at any point x € [x,, xo+dgqn], Which corresponds to a

X—Xo

unique value of A = pr— is given by the following expression;
GaN

a 1 th th
n(A, My, thean) = Nygansec? {arctan I— > + —cotan < GaN) Al/Zl 1 2o

2 LD\/E LD\/E} (4-5)
where A€ [0,1]

Notice that n(0, 7, thgey) = Ng , and n(1, g, theey) = ny.
The voltage drop at any point A is defined as;

{U(A' Nen, thean) = v(xo+Athgay) — v(xo)
where 1€ [0,1]
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It is given by the following expression;

B
|( j c? {arctan [—% + %cotan (thﬁ\/ﬁ> Al/zl +1 TL:I;} |$
Lp D
UV=1uUr
{ I _ LAY thean | 4-6
| B e e ) ) .
k where 1€ [0,1]

The voltage drop value across the thin i-GaN layer is obtained from equation 4-6 for A =1

( 1 th 1 thegn |\
| sec? {arctan [—2 + 5> cotan <M> A /Zl + M} I

_ 114 2 2 D\[_ LD\/E & (4_7)
Ik @ yaa-La /z)cotan<t’;<3ﬂ> |

The electric field intensity F at any point A is expressed as;

_ 1 ov(An g th
F(A, i, thGaN) _ (Ancpthgan)
thgan oA

where A€ [0,1]

and it is given by

ur2 a 1 th th
F(A, gy, theay) = " tan {arctan [_E + —cotan < Ci‘;ﬁ) Al/zl + 1 el

D 2 LpV2 LD\/f} (4-8)
where A€ [0,1]

Electric field initial and final values F, and F; respectively at both sides of the i-GaN layer

are;

Foy = F(0,Tcp, thgan)=—— uT\/— [— —+- cotan (T;\‘/‘g) Al/Z] (4-9)

Fy = F(1,1cp, thean) = \/— {arctan [—— + = cotan( ;jiv) 1/2] tzl;;g} (4-10)

For any given values of the average concentration and the i-GaN layer thickness
(Mon, theay) that satisfy condition 4-2, the proposed channel model, for injected charges in
an i-GaN thin layer, allows computation of the free electron concentration distribution
(equation 4-5), the potential drop and (equation 4-6) and the electric field at any point A

(equation 4-8).
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Initial and final values of the free electron concentration are given by equations 4-3 and 4-4
respectively. Those of the electric field are given by equations 4-9 and 4-10 respectively.
Finally, the voltage drop across the i-GaN thin layer is given by Equation 4-7. Figure 4-4
represents the solution algorithm for the present i-GaN channel model.

Get (Nep, thean)

Yes No

satisfies condition

Compute

quantities a,
delta
¢ Cannot solve for
Compute and input (Neh, thean)
plot

Concentration n,
voltage v, and
Electric field F

Figure 4-4: Solution algorithm of the proposed channel model
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4.4 Domain of validity

The effective room temperature density of states for the conduction band in intrinsic GaN
material has a value of 1.2*10'®%cm™ for the Zinchlend crystal structure and 2.3*10'%cm™ for
the Waurtzite crystal structure [31][32]. These values set the upper bound limit of the free
electron concentration as it is described using Boltzmann statistics. The present model is not
valid for concentration values of the same order as that of the density of state for the
conduction band where GaN becomes degenerate. Points ((71:7)max thean) Of the frontier

of the domain of validity satisfy the following equation,

n(1, (n—ch)maxl thGaN) =N,

where N, is the density of states for the conduction band in intrinsic GaN. These values can
be determined by solving the previous equation. The maximum value of the average

concentration of free electrons at which the model is still valid is given as,

1
thgan 2 ( N, ) /2 thgan
tan 1+ tan“ |arctan -1 + —==
LpV?2 (LD\/2>{ NiGan LpV2

th 1,
N 4 tan thean tan [arctan( Ne _ 1) + thﬂl
LD\/E ni,GaN LD\/E

(n—ch)max = N Gan

(4-11)

For the case of a thin i-GaN layer, equation 4-11 can be simplified using the following

approximations,

( <thGaN> thgan
tan ~
LpV2) Lpv2
N N
< C _ 1~ C
ni,GaN ni,GaN
N 1/2 th N 1/2
c GaN c
arctan( — 1) + ~arctan < — 1>

\ NiGan LD\/E NiGan
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Equation 4-11 can be put in a simpler form

N,
1+ (Raay) (L )1/2
LD\/E ni,GaN

Expression 4-12 can be used to get a quick estimation of the value of (71z;,)max- Figure 4-5

shows the domain of validity for the current model. Both values of the effective density of
states are considered (both zincblend and wurtzite) for an i-GaN layer thickness range
of [25nm, 125nm].

As the i-GaN layer thickness increases, the charge distribution gets steeper, in other words,
the charge distribution span, above and below the average value, increases. For this reason,
(Tien) ave has to decrease to keep all values within the domain of validity. Figure 4-5 and
table 4-1 confirm the effect of increasing the i-GaN layer thickness on the maximum average
concentration value allowed to maintain the i-GaN material in a non degenerate state. For
instance, for the case of 50nm thickness, the maximum average concentration allowed is
1.4886*10"" cm for i-GaN Wurtzite crystal structure and 1.0498*10"*" cm™ for i-GaN Zinc
Blend crystal structure.

% 10V Domain of validity

[ [ [ I I [

I

n(1,nch ave,thGaN)= 2.3e18cm 3 GaN Waurtzite structure

///|GaN Zinc Blend structure

n(1,nch ave,thGaN)= 1.2e18cm3 i

Average concentration (cm3)

\
\/

80 100 120 140 160
GaN layer thickness (nm)

% w0 o

Figure 4-5: Domain of validity of the proposed channel model for any i-GaN layer thickness
value in the range 20nm-160nm
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Table 4-1: Maximum values of average concentrations for i-GaN layer thicknesses in the
range 20nm-160nm

thg(nm) (Fien)max (€M) (GaN Wurtzite (Pien) max (€M) ( GaN Zinc Blend
structure) crystal structure)
20 3.3957E+17 2.3235E+17
25 2.7982E+17 1.9327E+17
30 2.3795E+17 1.6544E+17
35 2.0698E+17 1.4462E+17
40 1.8314E+17 1.2845E+17
45 1.6423E+17 1.1554E+17
50 1.4886E+17 1.0498E+17
55 1.3612E+17 9.6193E+16
60 1.2538E+17 8.8762E+16
65 1.1622E+17 8.2397E+16
70 1.0830E+17 7.6884E+16
75 1.0140E+17 7.2062E+16
80 9.5321E+16 6.7810E+16
85 8.9931E+16 6.4031E+16
90 8.5117E+16 6.0651E+16
95 8.0793E+16 5.7610E+16
100 7.6887E+16 5.4860E+16
105 7.3341E+16 5.2360E+16
110 7.0107E+16 5.0078E+16
115 6.7147E+16 4.7987E+16
120 6.4427E+16 4.6063E+16
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Table 4-1(cont’d): Maximum values of average concentrations for i-GaN layer
thicknesses in the range 20nm-160nm

theay(nM) (Fien)max (€M?) (GaN Wurtzite (Pien) max (€M) ( GaN Zinc Blend
structure) crystal structure)
125 6.1918E+16 4.4288E+16
130 5.9598E+16 4.2644E+16
135 5.7445E+16 4.1118E+16
140 5.5442E+16 3.9698E+16
145 5.3574E+16 3.8372E+16
150 5.1828E+16 3.7132E+16
155 5.0192E+16 3.5970E+16
160 4.8657E+16 3.4878E+16

45 Simulation results and discussion

For a given i-GaN layer thickness, here it is considered that th;,y = 50nm as in [26].
Constants a and A can be computed if n_;, satisfies condition 4-2. Free charge concentration,
electric field, and potential drop profiles can be defined. Figures 4-5 to 4-32 represent theses
three profiles for an average concentration iz, = 10~° to 10*8 cm™ respectively, with an
increment of one order each time. Although free electron concentration values smaller than
unity have no physical meaning, they were considered in the simulation to illustrate the
validity of the analysis performed. This free electron concentration values range represents
all the states on which the i-GaN can be; from highly depleted (insulator) i-GaN material to
heavily charged (conductor) i-GaN material. As the average concentration increases, the slice
gets closer to the cuboid surface on which the electric field is applied. This fact justifies the
increase in the electric field initial value. Figures 4-24 and 4-25 for example show this

tendency.
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Table 4-2 contains all values F,, of the electric field. Gauss’s law predicts an increase of the
electric field final value F; as the average value of free electron concentration increases for a
fixed i-GaN layer thickness. Final values F; in table 4-2 confirm this tendency. The effect of
changing the average concentration while maintaining the same i-GaN layer thickness of
50nm is presented in figures 4-33, 4-34, and 4-35. Figure 4-33 shows that the distribution of
electrons gets steeper as the average concentration increases. This can be explained as
follow; as the average concentration increases, the thin i-GaN layer is identified to a thin
slice of same thickness from the cuboid that gets closer to the surface on which the electric
field is applied. This leads to an increase in two quantities; first the initial value of the
electric field and second the difference between its final and initial values increases (the
encapsulated charge is directly proportional to the difference between the electric field final
and initial values), a higher electric field initial value pushes away more electrons from the
corresponding i-GaN layer side, increasing the charge depletion on this side. On the other

side, a stronger accumulation region is created.

To this point, the thickness has been kept constant. The effect of changing this quantity
while keeping the average concentration constant is presented in figures 4-36, 4-37, and 4-38.
Figure 4-36 shows the concentration distribution for the same average value of 10**cm™and
for different values of i-GaN layer thickness. For a constant value of the average
concentration, as the thickness increases, the range of values taken by the concentration
above and under the average value increases. This leads to a steeper distribution as shown in
Figure 4-36. The potential drop across the thin i-GaN layer increases as it becomes thicker.
Finally, the deviation of the electric field from its initial value is shown in Figure 4-39 for
inputs (i, thean) = (107° to 1078 ¢m™3,50 nm), this gives a rough estimation about the
range of the average concentration values on which the constant electric field approximation
can be applied. For an i-GaN layer thickness of 50nm, the constant field approximation holds

for 7 values up to 10"%cm’,
ch
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Free electron concentration profile for (nch average,thGaN)=(1e-9cm-3,50nm)
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Figure 4-6: Free electron concentration, electric field, and potential drop for
(nch aves thGaN)=(10'gcm'3,50nm)

Free electron concentration profile for (nch average,thGaN)=(1e-8cm-3,50nm)
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Figure 4-7: Free electron concentration, electric field, and potential drop for
(nch aves thGaN):(lo_ch_3,50nm)
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Free electron concentration profile for (nch average,thGaN)=(1e-7cm-3,50nm)
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Figure 4-8: Free electron concentration, electric field, and potential drop for
(nch aves thGaN)=(10_7cm_3,50nm)

Free electron concentration profile for (nch average,thGaN)=(1e-6cm-3,50nm)
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Figure 4-9: Free electron concentration, electric field, and potential drop for
(nch aves thGaN) =(10'6Cm'3,50nm)
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Free electron concentration profile for (nch average,thGaN)=(1e-5cm-3,50nm)
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Figure 4-10: Free electron concentration, electric field, and potential drop for

Free electron concentration profile for (nch average,thGaN)=(1e-4cm-3,50nm)
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Figure 4-11: Free electron concentration, electric field, and potential drop for

(nch aves thGaN): (10'4Cm'3,50nm)
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Free electron concentration profile for (nch average,thGaN)=(1e-3cm-3,50nm)
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Figure 4-12: Free electron concentration, electric field, and potential drop for
(nch aves thGaN)=(10'3Cm'3,50nm)
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Figure 4-13: Free electron concentration, electric field, and potential drop for
(nch aves thGaN):(lo_zcm_s,Sonm)
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Free electron concentration profile for (nch average,thGaN)=(1e-1cm-3,50nm)
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Figure 4-14: Free electron concentration, electric field, and potential drop for
(nch aves thGaN)=(10'1Cm'3,50nm)
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Figure 4-15: Free electron concentration, electric field, and potential drop for
(nch aves thGaN):(loocm_s,Sonm)
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Free electron concentration profile for (nch average,thGaN)=(1elcm-3,50nm)
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Figure 4-18: Free electron concentration, electric field, and potential drop for

(nch aves thGaN)=(10+3cm_3,50nm)
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Figure 4-19: Free electron concentration, electric field, and potential drop for

(nch aves thGaN)=(10+4Cm'3,50nm)
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Free elegtron concentration profile for (nch average,thGaN)=(1e5cm-3,50nm)
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Figure 4-20: Free electron concentration, electric field, and potential drop for
(nch aves thGaN)=(10+scm_3,50nm)
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Figure 4-21: Free electron concentration, electric field, and potential drop for
(nch aves thGaN)=(10+6Cm'3,50nm)
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Free electron concentration profile for (nch average,thGaN)=(1e7cm-3,50nm)
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Figure 4-22: Free electron concentration, electric field, and potential drop for
(nch aves thGaN)=(10+7cm_3,50nm)
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Figure 4-23: Free electron concentration, electric field, and potential drop for
(nch aves thGaN)=(10+8Cm'3,50nm)
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Free electron concentration profile for (nch average,thGaN)=(1e9cm-3,50nm)
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Figure 4-24: Free electron concentration, electric field, and potential drop for
(nch aves thGaN)=(10+gcm_3,50nm)
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Figure 4-25: Free electron concentration, electric field, and potential drop for
(Nepaver thean)=(10"%cm™,50nm)
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Free electron concentration profile for (nch average,thGaN)=(1el1cm-3,50nm)
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Figure 4-26: Free electron concentration, electric field, and potential drop for
(nch aves thGaN)=(10+1lcm_3,50nm)

Free electron concentration profile for (nch average,thGaN)=(1e12cm-3,50nm)

12
e« LOIY 10 : : : :
=
&) 1 L i
£
=] i I I I
0'990 0.2 0.4 0.6 0.8 1
Electric field profile for (nch average,thGaN)=(1el2cm-3,50nm)
g 100 L \ L L
299.5- ]
= 99
g 99t i
LT-1 [ [ [ [
98'50 0.2 0.4 0.6 0.8 1
Voltage difference profile for (nch average,thGaN)=(1el2cm-3,50nm)
> T T T T
g 04 A
s 02 ]
> _0.2 I L I I
0 0.2 0.4 0.6 0.8 1

Normalized abscissa

Figure 4-27: Free electron concentration, electric field, and potential drop for
(nch aves thGaN)=(10+12Cm'3,50nm)
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Free electron concentration profile for (nch average,thGaN)=(1el3cm-3,50nm)
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Figure 4-28: Free electron concentration, electric field, and potential drop for
(nch aves thGaN)=(10+1scm_3,50nm)

Free electron concentration profile for (nch average,thGaN)=(1el4cm-3,50nm)
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Figure 4-29: Free electron concentration, electric field, and potential drop for
(nch aves thGaN):(10+l4cm_3,50nm)
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Figure 4-30: Free electron concentration, electric field, and potential drop for
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Figure 4-31: Free electrons concentration, electric field, and potential drop for

(nch aves thGaN):(10+1scm_3,50nm)
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Free electron concentration profile for (nch average,thGaN)=(1el7cm-3,50nm)
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Figure 4-32: Free electron concentration, electric field, and potential drop for
(nch aves thGaN)=(10+17cm_3,50nm)
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Figure 4-33: Free electron concentration, electric field, and potential drop for
(nch aves thGaN)=(10+18Cm'3,50nm)
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Figure 4-34: Free electron concentration for (Ncn ave,
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potential drop for (nch ave,thGaN)=(1el 1\12\13\14\15\16\17\18cm"-3, 50nm)
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Figure 4-36: Potential drop for (Nch ave, cm‘3,50nm)
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Figure 4-37: Free electron concentration for (Ncn ave, thGaN)=(10+16cm'3,25—50—75—100—125nm)
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Electrgc field in a GaN layer for (nch ave,thGaN)=(1el16cm™3,25-50-75-100-125nm)
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Figure 4-38: Electric field for (Nc ave, thean)=(10""°cm,25-50-75-100-125nm)

Potential drop in a GaN layer for (nch ave,thGaN)=(1el6cm 3,25-50-75-100-125nm)

120
100 f
----- thGaN=25nm
30 —thGaN=50nm
—thGaN=75nm
——thGaN=100nm
% 60 | —=thGaN=125nm i
> 40 g

20

0 0.2 0.4 0.6 0.8 1
Normalized abscissa

Figure 4-39: Potential drop for (Nch ave, thean)=(10"°cm™,25-50-75-100-125nm)
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Electric field deviation from its initial value for (nch ave,thGaN)=(1e-9 to 1e18cm 3,50nm)
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Figure 4-40: Electric field deviation from its initial value for
(Neh aves thean)=(10"° to 10"8cm® 50nm)
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Table 4-2:

Initial and final values of free electron concentration, electric field and potential drop for (N ae=10"t010"*® cm?,

thGastonm)

3

ey (™)

n, (cm’)

ny (cm’)

Fy(Vicm)

F; (V/cm)

F deviation
(%)

Potential
drop(mV)

1.00E-09

1.00E-08

1.00E-07

1.00E-06

1.00E-05

1.00E-04

1.00E-03

1.00E-02

1.00E-01

1.00E+00

1.00E+01

1.00E+02

1.00E+03

1.00E+04

1.00E+05

9.99999999999734E-10

9.99999999999052E-09

9.99999999996968E-08

9.99999999990408E-07

9.99999999969680E-06

9.99999999904025E-05

9.99999999697009E-04

9.99999999039504E-03

9.99999996961760E-02

9.99999990402194E-01

9.99999969644761E+00

9.99999904012348E+01

9.99999696215390E+02

9.99999040264137E+03

9.99996967619323E+04

1.00000000000027E-09

1.00000000000095E-08

1.00000000000303E-07

1.00000000000959E-06

1.00000000003035E-05

1.00000000009587E-04

1.00000000030368E-03

1.00000000095797E-02

1.00000000302848E-01

1.00000000958685E+00

1.00000003031196E+01

1.00000009585889E+02

1.00000030288741E+03

1.00000095872952E+04

1.00000303433957E+05

2.76337909073438E-09

9.81404395890899E-09

3.13545436437578E-08

9.92523394679182E-08

3.13895240032949€E-07

9.92633955649096E-07

3.13898736057583E-06

9.92635060767960E-06

3.13898770588764E-05

9.92635067536585E-05

3.13898766650983E-04

9.92635024770342E-04

3.13898723739904E-03

9.92634596077951E-03

3.13898295488105E-02

2.76337909073533E-09

9.81404395891851E-09

3.13545436438530E-08

9.92523394688704E-08

3.13895240042471E-07

9.92633955744313E-07

3.138