N
N

N

HAL

open science

New concepts for normally-off power Gallium Nitride
(GaN) High Electron Mobility Transistor (HEMT)

Saleem Hamady

» To cite this version:

Saleem Hamady. New concepts for normally-off power Gallium Nitride (GaN) High Electron Mobil-
ity Transistor (HEMT). Micro and nanotechnologies/Microelectronics. Universite Toulouse III Paul
Sabatier, 2014. English. NNT: . tel-01132563

HAL Id: tel-01132563
https://theses.hal.science/tel-01132563v1
Submitted on 17 Mar 2015

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

Page 1 of 58

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

INNOSCIENCE EXHIBIT 1047
INNOSCIENCE v. EPC
IPR2023-01381



Université Fédérale

THESE

En vue de l'obtention du

Toulouse Midi-Pyrénées

DOCTORAT DE L'UNIVERSITE DE TOULOUSE

Délivré par:

Université Toulouse 3 Paul Sabatier (UT3 Paul Sabatier)

Cotutelle internationale avec I'Université Libanaise (Beyrouth)

Présentée et soutenue par :
Saleem HAMADY

le mardi 16 décembre 2014
Titre:

Nouveaux concepts de transistors de puissance a haute mobilité électronique

(HEMT) en Nitrure de Gallium (GaN)

Ecole doctorale et discipline ou spécialité :
ED GEET : Composants et Systémes de gestion de |'Energie

Unité de recherche :
LAAS-CNRS

Directeur/trice(s) de Thése :

Frédéric MORANCHO, Professeur, Université Toulouse 3, LAAS-CNRS

Professeur Bilal BEYDOUN, Professeur, Université Libanaise

Jury:
Jean-Guy TARTARIN, Professeur, Université Toulouse 3, LAAS-CNRS
Yvon CORDIER, Directeur de Recherche CNRS, CRHEA-CNRS
Clovis FRANCIS, Professeur, Université Libanaise
Mathieu GAVELLE, Ingénieur CEA Tech
Fabrice LETERTRE, Directeur Général, EXAGAN
Farid MEDJDOUB, Chargé de Recherche CNRS, [EMN

Président
Rapporteur
Rapporteur

Examinateur
Examinateur
Examinateur

Page 2 of 58




Page 3 of 58



UNIVERSITE
TOULOUSE Il

PAUL SABATIER ok

Université Libanaise

Ecole Doctorale
Sciences et Technologies

THESE EN COTUTELLE

Pour obtenir le grade de Docteur délivré par

I’Université Paul Sabatier
Ecole Doctorale Génie Electrique Electronique, Télécommunications
Spécialite : Composants et Systemes de gestion de 'Energie

et

I’Université Libanaise
Ecole Doctorale des Sciences et Technologies
Spécialité : MicroNano Systemes - Physique Appliquée

Présentée et soutenue publiquement par :
Saleem HAMADY
le mardi 16 décembre 2014

Nouveaux concepts de transistors de puissance a haute mobilité
électronique (HEMT) en Nitrure de Gallium (GaN)

Directeurs de thése :

Prof. Frédéric MORANCHO
Prof. Bilal BEYDOUN

Membres du Jury
M. Jean-Guy TARTARIN Professeur des universités, Université Toulouse II1 Président

M. Yvon CORDIER Directeur de Recherche, CNRS-CRHEA Rapporteur
M. Clovis FRANCIS Professeur des universités, Université Libanaise Rapporteur
M. Mathieu GAVELLE Docteur, Ingénieur CEA Tech Examinateur
M. Fabrice LETERTRE Directeur Général, EXAGAN Examinateur
M. Farid MEDJDOUB Chargé de Recherche, CNRS-IEMN Examinateur

Page 4 of 58



Page 5 of 58



Dedicated to my beloved family

Yousef, Aida, Faisal, Hind and Kareem

Page 6 of 58



Page 7 of 58



New concepts for normally-off power Gallium
Nitride (GaN) High Electron Mobility Transistor
(HEMT)

Page 8 of 58



Page 9 of 58



Table of Contents

AADSTTACT ...ttt ettt ettt et b e st e bt et e bt e eate et e e nane e \%
ACKNOWIEAZIMENLS. ....cociiiiiiiieciie ettt e e e et e e st e e s bee e snbeeesnseeennseeennseeens vii
3] A0 Ao 1) 1) 00 USRS 1X
INELOAUCTION ...ttt et ettt ettt b e sateeb e saee e 1
Chapter 1 State Of the art ......ccueviiiiieeieece e e e e eaaeas 5
L1 INErOAUCTION ..ttt ettt et sttt e st ebe e i 7
1.2, POWET AEVICES. ...ceuuiieiiieiieiiteite ettt ettt ettt st ettt e e st e bt e st e ebeesaees 7
L.2.1. STHICON POWET AEVICES.....viieeiieeiiieeiiieeiieesteeesteeesteeetaeeeeaeeesteessseeessseeessseesnnseeennseeens 7
1.3. Theoretical limits fOr POWET AEVICES .....cccuvieriiieiiieeiiieeiieeeiee e eieeeereeeereeeeaeeesaaeeens 9
1.4. Wide bandgap POWET AEVICES.....ccuuiieiuiieeiiieeiiie et e eieeesireesteeesreeeseaeeeneseessaeeenseeenenes 12
1.5. Gallium NItride (GaN) ..cccuveeeiiieeiiieeiee ettt ree e sree e e e e eeaeeenseeenenes 14
1.5.1. Gallium Nitride physical PrOPErties ........ccevvierriiieriieeiiieeeieeeereeesree e eevee e e 14
1.5.2. Elastic and pieZoeleCtriC PrOPETICS. ...cccuuieerurieeiireeeireeeiieeeteeesieeesreeenereeeereeeereeenenes 16
1.6. BOUNA ChATZe.....cocuviiiiiieeiie ettt et e e e e e e e enaeeennseeennnas 17
1.7. A1GaN/GaN High electron mobility transiStor ..........ccceeevveeriieeriieeeriie e 20
1.7.1. BASIC SIIUCTUIE ...ttt ettt sttt sttt e bt eeat e e beesateebeeeas 20
1.7.2. Band diagram of conventional HEMTS ..........ccccooviiiiiiiiiiiiiee e 22
1.7.3. Source of the 2DEG .....cc.oiiiiiiii e 26
1.7.4. Normally-off HEMT .......oooiiiiiiieeeeee ettt e 28
1.7.4.1. Gate TECESS SLIUCTUTE. ... .eeuieiuiieiieetterit ettt ettt ettt et e st e e bt e sabeebeesareebee e 28
1.7.4.2. Thin DarTICr LAYET....ccciiieieiiieeiiie ettt eee et e tee e eeesaaeeenseeenaeeennseeennnes 29
1.7.4.3. Gate INJection TranSIStOr......ccueieriieeriieeieeeeeeeeieeeeieeeeteeesbeeesaeeeseaeeesaeeenreeenenas 29
1.7.4.4. P-GaN Gate HEMT .....cccooiiiiiiiiiiiiee ettt 30
1.7.4.5. FIuorine IMplantation ............ccueeeriieeiieeeiieeeieeecieeesieeesteeesreeeseveeesereesnaeesnnneeennnes 30
L.8. MIS-HEMTS ..ttt ettt sttt ettt et et e sttt et e bt e nteeneenseens 31
1.9, CONCIUSION. ...ttt ettt et ettt sab e e bt e sabe e beesateebee e 32
i

Page 10 of 58



Chapter 2 TCAD SImMUIAtION ....ccccuiiiiiiieiiieeciee ettt ere e eaee e s e e saee e seseeesnseeennne 35

2.1 INEEOAUCTION ...t ettt ettt e st e bt e saee et 37
2.2. Silvaco framewWork OVEIVIEW ........cocuiiiiiiiiiiiiieiieiie ettt ettt 37
2.3. Simulation of AIGaN/GalN HEMT .......coiiiiiiiiiceeeeeee e 38
B T R\ (1 11 VPSPPSR 38
2.3.2. PhySiCal MOMEILS ...coouviiiiiiieiie ettt ettt et e e e e 39
2.3.3. Simulator CaliDration .........coo.eeiiiiiiiiiieie ettt 45
2.3.4. Normally-off structures simulated ...........ccccueiviiiieiiiiieiiieciecee e 48
2.3.4.1. Fluorine implantation below the channel...............cccceeriiiiiiiieiiiice e, 48
2.3.4.2. BUIIEA P-TEZION .oueviiiiiieeiiieeiieeeiteeeiteeeiteesteeesteeeseaaeesaeeesaeeensneeenseeesnseeensseesnnsens 50
2.4, CONCIUSION. ...ttt ettt ettt et e bt e b e sab e e bt e s bt e e bt e sateebeesseeenseens 51
Chapter 3 A normally-off HEMT with Fluorine implantation below the channel .................. 53
3.1 INEOAUCTION ..ttt st ettt st e b e s 55
3.2. HEMT with Fluorine implanted below the channel................ccocceeviiiiniiiiniii, 55
3.2.1. Fluorine implantation below the channel..............ccccoooiiiiiiiniiienie e, 55

3.2.2. Comparison between implantation in the barrier layer and implantation below the

CRANNEL ...ttt sttt e 57
3.2.3. Variations of the threshold voltage with the distance "d"..........cccccevveiiiiiieininnnen. 58
3.2.4. Breakdown voltage and off-state current ..............cceeeeieeeiieeniieeccie e, 61
3.2.5. Forward gate VOItAZE ........cccvveeiiiieiie ettt et 62
3.3. MIS-HEMT with Fluorine below the channel ............cc..ccoocoiiiiiiiiiie 62
3.3.1. Effect of Fluorine Concentration ............cocceeeueerieiieenienieeniee et 63
3.3.2. Variation of the threshold voltage with thickness of the insulator...........c...ccc.cc........ 66
3.3.3. Variations with the permittivity of the insulator............cccccoeeviieiiiiiniiieie e, 67
3.4. Effect on the transcONUCLANCE .........ccueiiiiiriiiiiieiieiieee e 69
3.5. AIN interlayer for better transconduCtance .............ccueeevveeerieeeiieeeiie e 71
3.6, COMNCIUSION. ...ttt ettt et e st et e s bt e e bt e sab e e bt e sbbeebeesabeebeenas 72
ii

Page 11 of 58



Chapter 4 A normally-off HEMT with a buried p-GaN 1eZion.......c.ccceceevieiiieniienieenienieen, 75

4.1 INETOAUCTION ...ttt st ettt e st e bt e s e e b 77
4.2. HEMT with buried p-T€ZI0M......ccccuiieiiiieiiieeiieecieeecieeesveeeree e e eaee e et e e sveeesnreeeeneas 77
4.2.1. Effect of the width of the p-1egion Py .....ooovvviieiiiiiiieeee e, 79
4.2.2. Effect of the thickness of the p-1eion P ....ceeevveeiiiiiiiiieiieeceeeeee e, 80
4.2.3. Effect of x-mole fraction: decreasing the download push of the triangular well....... 83
4.2.4. Effect of p-doping CONCENtIatiON. .......cccuviieriiieriieeriieeeiieereeeeriteeeireeeaeeesveeesreeeneeeas 84
4.2.5. Effect of the distance "d" between p-region and the AIGaN/GaN interface.............. 86
4.3. MIS-HEMT with a buried p-T€ZION ........ccceeeiuiiieiiiieeiieeiie ettt 87
4.3.1. Variation with doping CONCENtIatiON........cccueercirieriieeriieerieeetee e eeeeeeree e 88
4.3.2. Variations of the threshold voltage with thickness of the insulator........................... 89
4.3.3. Variations with the permittivity of the insulator............ccccceeeviieeiiiniiieeeeeee, 89

4.4. Comparison between the HEMT with a buried p-region and the Gate Injection

TranSIStOr (GIT) ceeeeeeeeiieeeie ettt e e e et e e ette e e e e e snneeennseeennseas 92
4.4.1. Gate Injection TranSiStOT ........ccivieerieeeiieeeiieeeieeeeieeeeree et e esreeeareeeaeeesseeesnseeennneas 92
4.4.2. HEMT with a buried p-region versus GIT ..........ccccovvviiiieiiiiiiiiecieeeeeeee e, 93
4.4.3. Hybrid normally-off GIT with a buried p-region...........cccccveeeviieeiieeeiiieeieeeee e, 95

4.5. New structures easing the fabrication of normally-off HEMTs with a buried p-region

.............................................................................................................................................. 98
A.5.1. SEUCTUTE FL oottt ettt et e st e bt e s iae et 98
4.5.1.1. Device design and fabriCation PrOCESS .........ccvvieerireerireeiieeeiteenieeesreeenereeenereeeenes 98
4.5.1.2. Conditions fOT OPETATION.......cccuiieriireriieeiieeeiteeeieeeeeeeeseeeesteeesaeeesereeeneseeensseeennns 99
4.5.1.3. Band dIaIam ......cc.eeeeiiiiiiiiieiiie ettt et e e e st e e te e e ssbaeenbeeenaeeenes 101
4.5.1.4. SenSItIVILY ANALYSIS..ecciuriiriiieeriiieeiiieenieeesteeesteeesireeestteeseeeesseeenseeessseeensseesnsseennns 102
4.5.2. SEIUCTUTE H2 .ttt ettt ettt et s e et e s bt et e st e et esaeeenee 105
4.5.2.1. Device design and fabriCation PrOCESS ........cccvvieerrreerieeeriieeeiireesieeesieeenreeennneeenns 105
4.5.2.2. SenSItIVILY ANALYSIS..eceiuuieriuieeriiieeiiieenieeesieeesteeesiteeesteeeseneesseeesseeessseeensseeensseennns 106
4.6, CONCIUSION. ...ttt ettt ettt et sat e e bt e s bt et e sateebeesaeeenee 107

Page 12 of 58



Chapter 5 General conclusion and future Work .........c.cceccveeiiieeiiieeiieeeeeeeeeeee e 109

5.1. General CONCIUSION .....ccc.eiiiiiiiiiiiiiie ettt 111
5.2 FULUIE WOTK ..ottt e 113
5.2.1. Structure for fabriCation ............ccocoiiiiiiiiiiii e 113
5.2.2. Develop and implement a new mobility model ..........cccccoevieviiiiniiienieeie e 113
5.2.3. Linking the equivalent interfacial charge to the Gaussian profile ...........c.cccuec....... 114
5.2.4. AC and transient analySiS........ccceeeeuieeriuireriiieeiiieeiieeerieeereeeieeeseeeesaeeesaeeeneaeeennes 114
RETEIEIICES ...ttt ettt ettt et sat e e b e 115
iv

Page 13 of 58



Abstract

AlGaN/GaN HEMTs are very promising candidates for high frequency applications with
high power and low noise. While switching applications strongly demand normally-off
operation, conventional HEMTs attain a channel populated with electrons at zero gate voltage
making them normally-on. For the sake of achieving normally-off HEMTs, several structures
have been proposed such as recessed gate structures, Fluorine ion treatment, P-GaN gate
structures, thin AlGaN barrier and Gate Injection transistor.

The effectiveness of the agent used to obtain normally-off, whether it is recessing the gate,
introducing a cap layer or implanting Fluorine, increases as the agent comes closer to the
AlGaN/GaN interface. Unfortunately, when introducing a cap layer or recessing the gate,
coming closer to the interface means decreasing the barrier thickness, which strongly affects
the density of the 2DEG. In the case of Fluorine implantation, getting closer will increase the
probability of Fluorine ions getting into the channel and hence degrade the mobility of the
2DEG.

In this work we propose two new concepts to achieve normally-off operation. We suggest the
introduction of negative Fluorine ions on one hand or a p-GaN region on the other hand,
below the channel, under the AlGaN/GaN interface and away from high current density
regions. After calibrating the simulator using experimental results from a normally-on HEMT
device, we will show that our proposed structures are more effective: the concentration
required to achieve normally-off operation is lower than in the other existing solutions, and
the confinement of the two dimensional electron gas below the gate is better.

The proposed ideas were also applied to Metal Insulator Semiconductor HEMT (MIS-
HEMT) and Gate Injection Transistor (GIT), giving rise to a normally-off HEMT with high

controllable threshold voltage.
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Electronic devices have truly blended in with our lives and expand our capabilities and
potential. Development and innovation in this field will shape the future of mankind. In the
electronic devices we use today, solid-state devices are utilized to control or convert electric
power into different forms. This domain is known as power electronics. In our smart phones,
tablets, PDAs and almost every mobile device, a DC/DC converter is used to maintain a fixed
output voltage regardless of the battery voltage level. Most of the electronic devices
connected to the mains (laptops, TVs, etc) utilize an AC/DC converter, which are also known
as rectifiers. DC/AC converters, also known as inverters, are used in hybrid vehicles,
renewable energy systems, UPS and emergency lighting systems. After storing AC voltage in
DC batteries, the batteries can later be used to generate AC voltage with the help of an
inverter. AC/AC converters are found in international power adapters, light dimmer, fan with
controllable speeds and many other applications that require a change in the frequency or

voltage level of an AC signal.

Improving the efficiency of power electronic devices is crucial to reduce switching losses and
hence lower the CO, emission. Today, the vast majority of power devices are made from
silicon. Unfortunately, the intrinsic physical properties of silicon set a theoretical limit on the
capabilities of silicon power devices hindering them, in some domains, from being the
candidates for future power electronics. With silicon power devices reaching their theoretical
limits, design engineers are facing the challenge of increasing the ratings of converters in
terms of operating voltage, operating temperature and efficiency. The quest for a solution to
silicon limitations leads researchers to the doorstep of wide bandgap materials such as Silicon
Carbide (SiC) and Gallium nitride (GaN). Compared to silicon, the main benefits of these
materials are a good operation over a wide temperature range, high critical electric field and

high saturation velocity.

SiC power components have been a subject of extensive research in the past fifteen years.
However, despite the remarkable results obtained by several teams, SiC must be grown on
native substrates which are expensive and relatively small in size (100 mm in diameter). On
the other hand, GaN can be grown on silicon substrates which are of low cost and large size
(150 to 200 mm in diameter). Moreover, GaN is better than SiC for creating heterostructures
due to their built-in polarization field. Therefore, for devices such as HEMT, GaN is the

material of choice.

The polarization doped High Electron Mobility Transistor (HEMT) is a field effect transistor

in which two layers of different bandgap and polarization field are grown upon each other. As

3
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a consequence of the discontinuity in the polarization field, surface charges at the
heterointerface are created. If the induced charge is positive, electrons will tend to
compensate the induced charge resulting in the formation of the channel. Since in the HEMT
the channel electrons are confined in a quantum well in a very narrow spatial region at the
heterointerface, the channel electrons are referred to as a Two Dimensional Electron Gas
(2DEG). This confinement grants the electrons high mobilities surpassing the bulk mobility
of the material in which the electrons are flowing. Thanks to the GaN properties and the
HEMT’s topology, AlGaN/GaN HEMTs are now promising devices for high frequency
applications with high power and low noise, such as microwave and millimeter wave

communications, imaging and radars.

While power switching applications strongly demand normally-off operation with a threshold
voltage above 3V, conventional HEMTs attain a channel populated with electrons at zero
gate voltage making them normally-on. Several normally-off structures have been proposed
such as recessed gate structures, fluorine ion treatment, P-GaN gate structures, thin AIGaN
barrier and the Gate Injection Transistor. The effectiveness of the agent used to obtain
normally-off, whether it is recessing the gate, introducing a cap layer or implanting fluorine,
increases as the agent comes closer to the AlGaN/GaN interface. Unfortunately, in
introducing a cap layer or recessing the gate, coming closer to the interface means decreasing
the barrier thickness, which strongly affects the density of the 2DEG. In the case of fluorine
implantation, getting closer to the interface increases the probability of fluorine ions getting

into the channel and hence the degradation of the mobility of the 2DEG.

In this work, two new normally-off concepts are proposed. To examine their electric
characteristics, a commercial TCAD simulation tool from Silvaco is used. Technology
Computer Aided Design (TCAD) tools are simulation tools used to model the processing and
behavior of electronic devices. The simulator can predict the electrical behavior of

semiconductor devices at specified bias conditions.

After introducing the structure, composition and features of the conventional HEMT in
chapter 1, the device simulator is explained in chapter 2 showing the input to the simulator,
the fitting strategy and the models used. In chapters 3 and 4, the two new normally-off
designs are shown along with the results of the sensitivity analysis for the HEMT with

Fluorine implanted below the channel and HEMT with buried p-region respectively.
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1.1. Introduction

The reduction of CO, emission has always been a subject of extensive research. In the
domain of power electronics, the reduction of CO, emission can be achieved by increasing
the efficiency of power converters by reducing the switching losses in power devices [1].
Today, the vast majority of power devices are made from silicon. Unfortunately, silicon is
reaching its theoretical limit in terms of device performance. The quest for a solution to
silicon limitations leads researchers to the doorstep of wide bandgap materials, such as
Silicon Carbide (SiC) and Gallium nitride. When compared to SiC, GaN is a better candidate
to fabricate heterostrucutres and, unlike SiC, can be grown on silicon substrates. This chapter
shows the fundaments of the HEMT device fabricated using GaN based materials.

Afterwards, the state of the art normally-off HEMT structures are explained and shown.

1.2. Power devices

For ultimate efficiency in power conversion, an ideal switch is required. An ideal switch has
zero voltage drop and no limit on the current level carried during the on-state. During the off-
state, it attains infinite resistance (zero leakage current) and can sustain unlimited voltages.

The time to switch between the on and off-state is zero [2].

The quest for the ideal switch results in the development of various power components, each
resembles in a way a characteristic of the ideal switch. In practical switches, there is a trade-

off between voltage, current and frequency ratings.

1.2.1. Silicon power devices
Figure 2 shows the split of the main power devices depending on their current, voltage and
frequency rating. The power MOSFETs are found in applications demanding small inverters
(Watt to kW range) such as VTRs, mobile phones, communication devices, audio equipments

and many others.

The IGBT performance is regularly improving as technology evolves and has already
replaced the bipolar transistor in power applications. Moreover, IGBT power modules,
parallelly combining several IGBT devices, are attractive for power levels up to several
Megawatts. The operating frequency of the IGBT is relatively low mainly because of a
problem during turn-off known as current-tail. IGBTs and IGBT modules are utilized in
applications using inverters with a switching power ranging from kW to MW such as air

conditioners, refrigerators, railways, paper making, etc.
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Figure 1.1 Classification of the main power devices according to their switching frequency,
voltage and current ratings

Thyristor-based devices are the only choice at very high power. The problem with thyristors
is that once it starts conducting, the gate loses its control over the device. To solve this
problem, the gate turn-off thyristor (GTO) was later introduced which is a fully controllable
switch that can be turned on and off. However, while thyristors are used in medium to high
voltage applications, GTO are used at medium voltages only. Thyristors and thyristor-based

devices are used in AC drives, HVDC and Grid T&D [3].

It is worth mentioning that recent improvements of Si devices (superjunction, high speed
IGBT) and the introduction of new materials (SiC, GaN) will mix the performance and open
new device choices. For instance, GaN on Silicon devices are expected to be faster than
IGBTs and more powerful than MOSFETs. GaN-based power solutions are expected to
increase efficiency, reduce system size, and simplify overall product design and can eliminate
up to 90% of all electric conversion losses from heating, ventilation, and air-conditioning
systems (HVAC). Therefore GaN power devices are expected to replace silicon MOSFETS
and IGBT modules in applications like VTRs, communication devices, audio equipments, AC

adapters and electric/hybrid vehicles [3].
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1.3. Theoretical limits for power devices

When increasing the applied voltage across a power device, the electric field within the
device begins to increase. Once the electric field approaches a critical level E, the power
device tends to undergo avalanche breakdown. To allow simple comparison between similar
systems with different material compositions, an abrupt one-dimensional P+/N diode is
studied [4]. In this study, it is assumed that the voltage is supported across only one side of
the structure. This assumption holds true for an abrupt P+N junction since the doping
concentration on one side 1s very high compared to the other. Moreover, since the P+ region
is taken very thin and highly doped compared to the n-region, the depletion region extends

primarily in the N-doped region [4].

—H Depletion region

pd 5
-1

EmJ/
E

Figure 1.2. Schematic cross-section of an abrupt P*N junction showing the electric field
g

distribution inside the depletion region when the junction is reversed biased

When this diode is reverse biased, a depletion region is formed in the N-region (the depletion
in the P+ region can be neglected). The electric field in the depletion region can be extracted

from the Poisson's equation:

vey = -2

N

(1.1)

E=-V.V (1.2)

where V is the electrostatic potential, p is the charge density, &, is the dielectric constant of

the semiconductor and E is the electric field.
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In our case (one dimensional case):

dzv dE N
__ A __P__ 1 (1.3)
dx? dx & &

The charge within the depletion region due to the presence of ionized donors can be
expressed as gNp, ¢ is the proton charge and Np is the donor concentration in the uniformly
doped N-region. The solution of equation 1.3, with the use of the boundary conditions
E(Wp) = 0and V(0) = 0, yields the following expressions for the electric field and the

electrostatic potential:

qNp
E(x) =— - Wp — x) (1.4)
V(x) = q:j” (WDx _ x;) (1.5)

W), can be related to the applied voltage by using the condition V(Wp) =V, , where V, is the

applied reverse voltage.

Wy, = 2¢sVa 1.6
At breakdown V, = Vgp and E,;, = E(0) = E,
2&;Vpg
= 1.
b= o (1.7)
qND —&s Ec
E.=— Wp = Wp = 1.
c ES D D qND ( 8)
Combining equations 1.7 and 1.8, we get:
2
SS EC
= (1.9
P 2qVgg
2V,
W, = —2X (1.10)
EC
The specific on resistance per unit area of the ideal uniformly doped drift region is:
Rypep = —22 111
on,sp — qunND ( . )

Combining equations 1.9 and 1.10, we obtain:
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R —_'BR 1.12
onsp EanEg ( )

The denominator of this equation (gsu,E3) is commonly referred to as Baliga’s figure of
merit for power devices [5]. It is an indicator of the impact of the semiconductor material
properties on the resistance of the drift region. An accurate modeling of the specific on
resistance requires taking into account the dependence of the critical electric field and

mobility on the doping concentration.

w“

-1
107 F &

Specific on-resistance (Q cmz)
s =

10°

Vg (V)

Figure 1.3. Theoretical on-resistance versus breakdown voltage for different materials showing
an advantage for wide bandgap semiconductors [5]

Practical specific ON-resistance estimation 1s calculated wusing the following

approximation [6]:
E, < N}
Hn & Np*

Ron (Q.cm?) o« V1

_2—x—y
T=1—2y
For Si [4]:Roy (Q.cm?) = 5.93 x107° Vg %° (1.13)
For 4H-SiC [4]: Rpn (Q.cm?) = 2.97 x10712 V5, %° (1.14)
11
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For 6H-SiC [7]: Rpn(Q.cm?) = 1.45 x107 11 V% (1.15)

For GaN [7]: Rpy(Q.cm?) = 2.4 x10712 Vg, %° (1.16)

Figure 1.3 shows the plot of equations 1.13, 1.14, 1.15 and 1.16 [5]. It is clear that the
theoretical limit of wide bandgap materials is much higher than that of silicon. This means
that, for the same breakdown voltage, devices based on wide bandgap materials offer a

significantly lower ON-resistance.

1.4. Wide bandgap power devices

With silicon power devices reaching their theoretical limits in terms of temperature and
power operation, design engineers are facing the challenge of increasing the ratings of
converters in terms of operating voltage, operating temperature and efficiency. The quest for
a solution to silicon limitations leads researchers to the doorstep of wide bandgap materials

such as Silicon Carbide (SiC) and Gallium Nitride (GaN).

Band gap eV 1.1 3.26 3.4
Electron mobility cm’/V.s 1300 900 900 - 2000
Breakdown field strength V/em 0.3 x10° 3x10° 3.5 x 10°
Saturated electron speed cm/s 1 %10’ 2 x 10’ 2.5 %10’
Thermal conductivity W/em.K 1.5 3.7 1.3

Table 1 Physical properties of Silicon (Si), Silicon Carbide (4H-SiC) and Gallium Nitride (GaN)

Wide bandgap materials show superior advantages over silicon such as large bandgap, high
critical breakdown field strength and high thermal conductivity in some cases (SiC). The
values are illustrated in table 1. The translation of these superior physical properties to the
devices i1s shown in figure 1.4. The high critical electric field and the wide energy gap enable
operation at high voltages and elevated temperatures. The high switching frequency is
attributed to the high saturation electron velocity and high mobilities. From figure 1.4, it can
be concluded that SiC will stay the preferred choice for high temperature applications. GaN
has an extra advantage compared with SiC as a result of the enhanced mobility of electrons in
the two dimensional electron gas (2DEG). This translates into a GaN device with a smaller

size for a given on-resistance and breakdown voltage.
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Critical Field
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— Si
— GaN
= 4H-S8iC
Saturation Velocity Mobility
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{ , }
1

High frequency applications

Figure 1.4 Comparison between Silicon, Gallium Nitride and Silicon Carbide based on their
physical properties

The applications for various power devices along with the material capabilities are shown in
figure 1.5 [3]. It is clear that high power and high frequency applications are demanding more
than silicon can offer. SiC is expected to cover the high power low frequency applications
while GaN covers the high frequency relatively low power applications. The competition

between SiC and GaN will be at intermediate frequencies and moderate power.

Application Range of SiC

railways Competition Range of SiC and GaN
1 05< Steelmaking
— 104
> _ Robot Welders - Application Range of GaN
= 1032 Medical
g 2 Equipment AC Adapters
3 2 IGBT SW Power Supplies for Servers
& 102 Inverters
g; Lighting Equipment
'.‘E) 101 1= : Switching Power Supplies
= Si VTRs
3 . Mobile Phones
D ool Bipolar ) Communication Devices
. | FPD Drivers —® | Audio Equipment
Microwaves 10° 10

Electric Fans i i i
Laundry Machines ~ Application Range of Si
Operating Frequency [Hz]

Figure 1.5 Applications for various power devices along with the material capabilities [3]
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1.5. Gallium Nitride (GaN)
1.5.1. Gallium Nitride physical properties

Gallium Nitride (GaN) is a semiconductor material belonging to the III-V semiconductor
family. Its crystal structure may differ between Wurtzite and Zinc blend. The two structures
are shown in figure 1.6 [8]. Since AlGaN/GaN HEMTs are grown on the Wurtzite phase,
only this crystal structure will be further explained. The unit cell of the III-N Wurtzite
structure is the hexagonal cell consisting of two intercepting Hexagonal Closed Packed
(HCP) sub-lattices, each formed by one type of atoms. The structure is fully defined by three
lattice constants: the side's length of the hexagonal base "a", the height of the cell "c¢" and the
shift, along the c-axis, between the 2 sub-lattices "u". In an ideal Wurtzite structure, when

atoms are considered to be touching hard spheres, the ratio of these parameters is

c,/a9 =+/8/3 =1.633 andu,/c, = 3/8 = 0.375. GaN can be doped with silicon (Si) or
with oxygen to n-type [9] and with magnesium (Mg) to p-type [10].

(a) (b)
Figure 1.6 Crystal structure of GaN (a) Zinc blend and (b) Wurtzite structure [8]

Beside the advantage of Wurtzite structure being favored at room temperature due to its
stability, it possesses a built-in polarization field named the spontaneous polarization Pg,.
This field springs up due to the ionic nature of the gallium-nitrogen bond and the lack of
inversion symmetry within some planes within the crystal. The values of the spontaneous

polarization of some binary and trinary III-N alloys is shown in figure 1.7 [11].
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Figure 1.7. Spontaneous polarization of IlI-N binary and ternary alloys. The thin lines show linear
interpolation while the thick ones show second order approximation [11]

Planes lacking inversion symmetry will attain a polarization field along their normal vector.
In Wurtzite GaN (w-GaN), the (0001) plane, named the c-plane, attains spontaneous
polarization, while the (1100) and (1120) planes, named m- and a-planes respectively, do

not. Some of the polar and non-polar planes are shown in figure 1.8.

Polar (c-plane} Non-polar {m-plang}

C-plang
(0001}

[0001]

m-plang
- CTTO0)Y

[0o107] ¥ [0o10]

Figure 1.8 To the left the polar plane known as c-plane (0001) and to the right a non-polar plane
(1100) known as the m-plane

In order to take advantage of the spontaneous polarization, GaN is grown perpendicularly to

the c-plane. The resulting surface is either the (0001) also known as Ga-faced or (0001)
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known as N-faced. The orientation of the polarized field in N-faced plane is opposite to that
in the G-faced. Distinction between these two orientations can be done by variety of
techniques including wet chemical etching, characterization of physical morphology, and
convergent beam electron diffraction [12]. The atomic arrangement in GaN-face and N-face

GaN is shown in figure 1.9 [13]

[0001]

Figure 1.9 Atomic arrangement in Ga-face and N-face GaN [14]

1.5.2. Elastic and piezoelectric properties
In addition to the spontaneous polarization, GaN as well as GaN alloys possess piezoelectric
properties. When an external electric field is applied to piezoelectric materials, they
mechanically deform. Conversely, these materials generate an electric field in response to an
applied mechanical stress/strain. When growing two materials with different lattice constant
upon one another, at certain conditions discussed in 1.4.3.3, the above layer will stretch or
shrink so that its lattice constant matches the layer upon which it is grown. This stretch/strain

will generate a polarization field named piezoelectric polarization Py, .

The piezoelectric polarization is simply expressed as:

sz = €33¢&3 + €13. (81 + 82) (117)
a—a c—c
where: & =¢, = u , €3 = u (1.18)
a’O CO

Ci3
and: & =-2—-"—¢& (1.19)

C33
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a, and c, are the equilibrium value of the lattice constant (base material), a and c are the
lattice constants of the material that is to be deposited (stretched or strained material), e;s
and e, 5 are piezoelectric coefficients, C33 and C; 5 are elastic constants, &5 is the strain along
the c axis, & and &, are the in-plane strains that are assumed to be isotropic. Hence B,, can

be written as:

P —za_a"( C13) 1.20
pz = a, €37 — €33 Cas (1.20)

1.6. Bound charge

When two layers with different polarization fields are grown upon one another, a bound
charge at their interface will be created. Depending on the divergence of the polarization
field, this charge can be positive or negative. The bound charge can be calculated using the

following equation:

ps =—V.P (1.21)
where p; is the bound charge density and P is the polarization field.

Figure 1.10 shows the bound charge created at the interface of AlGaN/GaN in two different
cases. The GaN layer is assumed to be relaxed and hence attains only spontaneous
polarization. On the other hand, the AlGaN layer is strained and therefore attains both

spontaneous and piezoelectric polarizations.

Ga - face

e e e e = s

|

Positivebond charge Negative bond charge

Figure 1.10 Bound charge at the AIGaN/GaN interface for (left) Ga-face and (right) N-Face

The sign of the bound charge is derived from equation 1.21. Figure 1.11 shows a detailed

derivation of the bound charge.
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Ga-face case: N-face case:

[0001]
[000T]

(@) (b)

Figure 1.11 A cylindrical closed surface is used to solve equation 1.23 to calculate the bound
charge the interface in (a) Ga-face AIGaN on top of Ga-face GaN and in (b) N-face AIGaN on
top of N-face GaN

We have from equation 1.21:

Integrating on both sides, we get:

fﬂ v-Pdv= -fﬂ pr dv (1.22)
fﬂ Prav =10 (1.23)

where Q,, is the bound charge at the interface.

Using divergence theorem and equation 1.23 we get:
#P.dS=#(P.n)dS=—Qb (1.24)

A cylindrical closed surface is chosen as shown in figure 1.11.
n is the vector perpendicular to the surface of the cylindrical closed surfaces.

In the case of growing in the [0001] direction figure 1.11 (a), the resulting bound charge is
positive.

Qp
#(P.n)d5= —Qp = — PaganS + PeanS = —Qp = Paigan — Pean =5 =0

Puigan > Pgan = 01 >0
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In the case of growing in the [0001] direction (figure 1.11 (b)), the resulting bound charge is

negative.

#(P.n)dS = —Qp = PyganS — PganS = —Qp

Q»

= Pgan — Paigan =< = 02

Pyigan > Pgan = 0, <0

A third configuration can be used to increase the divergence in the polarization field and
hence increase the density of bound charge at the interface. If a Ga-face AlGaN layer is

grown on top an N-face GaN layer (figure 1.12) the resulting bound charge would be:

#(P.n)dS =—0Qp = — PyganS — PganS = —Qp

Qp
= PAlGaN+PGaN=?=O_3 >0

Figure 1.12 A cylindrical closed surface is used to solve equation 1.23 to calculate the bound
charge at Ga-face AIGaN / N-face GaN interface

To numerically compare o3 to o7 , the x-mole fraction in the AlGaN is taken 0.25.

For the case of Ga-face AlGaN / Ga-Face GaN:

C
0, =5.1%x107%—-29%x107% = 2.2x107°—
cm?

For the case of Ga-face AlGaN / N-Face GaN:

C
03 = 5.1 x107% +2.9%x107° = 8><10"6—2
cm

23 363
G1
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Although this approach may theoretically results in a much higher bound charge, it will

introduce a large number of defects at the AlGaN/GaN interface making it useless.
1.7. AlIGaN/GaN High electron mobility transistor

1.7.1. Basic structure

Ohmic
contact

Ohmic

Schottky contact
F contact

i Source | SiN Gate Drain
il Barrier laver- AlGaN

Spacer orinterlayer

Nucleation layer

Substrate

Figure 1.13 Schematic cross-section of the conventional high electron mobility transisitor
(HEMT)

The high electron mobility transistor (HEMT) is a field effect transistor in which two layers
of different bandgaps and polarization fields are grown upon one another. As a consequence
of the discontinuity in the polarization field, surface charges at the heterointerface are
created. If the induced charge is positive, electrons will tend to compensate the induced
charge resulting in the formation of a two dimensional electron gas (2DEG). The 2DEG
represents the channel of the HEMT and the current flow between the drain and the source is
controlled by the gate of the device. The schematic cross-section of the conventional HEMT

is shown in figure 1.13

The substrate is used as the base for the growing process. HEMTs are currently grown on
Silicon [14][15][16][17], sapphire [18][19][20], Silicon Carbide [21][22][23] and GaN
substrates [24]. Figure 1.14 [3] compares the four substrates according to the available size,
cost, thermal conductivity, difference in heat expansion and lattice constant when compared
to Gallium Nitride [3]. Silicon Carbide and sapphire substrates were the first to be studied,
benefiting from the existing experience and tool sets in the LED industry. However, the
successful growth of GaN on Silicon attracts the industry because of the availability of large
silicon wafers at low cost. Currently the best results, which are obtained on SiC substrates,

are likely reproduced by using Silicon substrates.
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Figure 1.14 Comparison between different substrates on which GaN can be grown [3]

As for the GaN substrates, although there is no lattice mismatch problem, these substrates

remain undesirable because of their small size and extreme high cost.

Nucleation buffer layers: When GaN is grown on foreign substrates (except for saphire), due
to the lattice mismatch, a tensile strain arises favoring the creation of cracks. To prevent this
cracking, intermediate layers are introduced between the substrate and the channel layer to

compensate for the significant lattice mismatch between GaN and the substrate.

Channel layer: On the buffer layer a GaN layer is grown mostly along the [0001] direction to
benefit from the spontaneous polarization of the c-plane within the GaN Wurtzite crystal.
Within this layer the channel will be formed, hence, it is sometimes referred to as the channel

layer.

Barrier layer: On top of the channel layer, a layer with higher bandgap and lesser electron
affinity is grown. Due to the conduction band offset and the difference in the polarization
between the barrier and the channel layer, a potential quantum well will be created
underneath the hetero-interface, trapping the electrons inside, and consequently creating the
channel. The depth of the well is associated with the difference of electron affinity. In GaN
HEMTs, AlGaN is usually used as a barrier layer. The barrier layer can be either doped or
intrinsic. In GaAs HEMTs, since the barrier layer is doped, a thin intrinsic layer known as
spacer layer, with the same material as the barrier, is introduced between the channel and the
barrier to prevent ionized impurity scattering between the electrons in the channel and the
dopant atoms [25]. In GaN HEMTs, an interlayer of AIN [26] is sometimes used to enhance

the confinement of the channel electrons and increase their density.
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Passivation layer: it is usually SiN, which reduces the response of the surface traps which in

return suppress the effect of current collapse [27].

Electrodes, named the source and the drain, are placed on highly doped semiconductor to
achieve ohmic contacts. However, the third electrode, named the gate, is placed on
non-heavily doped semiconductor to generate the Schottky barrier. The Schottky gate
controls the carrier concentration in the channel layer below the interface. As the gate voltage
decreases, the carrier concentration below the gate electrode decreases. The gate bias required
to pinch-off the channel is called the threshold voltage (V). Below Vy, channel becomes
depleted from carriers, and thus, no current can flow between the drain and source. When the
threshold voltage is negative, the HEMT is called a depletion-mode (D-mode) HEMT or
normally-on and, when it is positive the device is then called an enhancement-mode (E-

mode) HEMT or normally-off. Conventional AlGaN/GaN HEMTs are D-mode transistors.

1.7.2. Band diagram of conventional HEMTs
To understand the behavior of the HEMT, one must understand the variation of the energy
band diagram with the applied voltage. If an AlGaN layer is grown on a GaN layer, assuming
no positive bound charge at their interface due to the discontinuity of the polarization field,

the band diagram looks like the illustration in figure 1.15.

AlGaN GaN
Vacuum Level
]?
) AlGaN )
Conduction Band E, GaN
I,
A
Eg AlGaN Eg GaN
FermiLevel Ef =q======ceece e ccc e e =
Valence Band Ey, I¢ ?Ey

Figure 1.15 Band diagram of an AIGaN/GaN hetero-structure without the consideration of the
positive bound charge at the AIGaN/GaN interface

To draw this figure no built-in potential is assumed and hence the Vacuum level is drawn

first. Afterwards, knowing that the difference between the conduction band and the Fermi
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level is equal to the electron affinity y of the material, the conduction band is drawn. Then
from the conduction band, by knowing the bandgap of the material, the valence band can be
located. The Fermi level, at equilibrium, must be constant throughout the layers. In figure
1.15, we have assumed, to reduce complexity, that the Fermi level is pre-aligned before
enforcing equilibrium conditions. However, in real cases, a constant Fermi level must be
drawn first, then the conduction and valence bands, and finally the Vacuum level. The
position of the conduction band with respect to the constant Fermi level is separately drawn
in each region according to the doping concentration. In n-doped semiconductors, the Fermi
level is higher than that of the intrinsic semiconductor and lies closer to the conduction band.
On the other hand, in p-doped semiconductors, the Fermi level is lower than that of the
intrinsic semiconductor and lies closer to the valence band. The severity of the shift of the
Fermi level from the intrinsic level depends on the doping concentration. As the doping

concentration increases, the shift from the intrinsic level increases.

The conduction band offset, known as AE., can be extracted from the difference of the

electron affinity of the two layers.

AE. = Xgan — XaiGan (1.25)

The conduction band offsets changes from 74% to 72% of AE, with increasing Al content in

an AlGaN/GaN system [28].

In fact, conventional AlIGaN/GaN HEMTs have a Schottky gate contact and a positive bound
charge at the AIGaN/GaN interface. These two factors strongly affect the band diagram. The
domain of interest in HEMT transistors is at the hetero-interface (AlGaN/GaN interface),
Hence, the study will be focused on that region. The schematic cross-section of a normally-on
HEMT and an illustration of its band diagram are shown in figure 1.16. The first important
point is that the conduction band at the Gate/AlGaN interface is pinned to the Schottky

barrier ®gwhich can be calculated as:
Og = Wi — Xaian (1.26)
where W, is the workfunction of the metal and y 4,54y 1S the electron affinity of AlGaN.

The second important point is the impact of the bound charge on the band diagram. In figure
1.15, the conduction band is above the Fermi level throughout the two layers. However, when
positive bound charge is added at the AlGaN/GaN interface, the conduction band at the

interface bends. As the charge concentration increases, the bending increases. This bending,
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if high enough, will cause part of the conduction band in the vicinity of the interface to go

below the Fermi level.

Conduction band E,

Fermilevel E

Triangular
quantum well

(TQW)

Channel
electrons from
the 2DEG

++ ++ ++ ++ e+t F+ +F
Schottky barrier ¢

Figure 1.16 Schematic band diagram of a conventional normally-on HEMT. At the gate/AlGaN
interface, the conduction band energy is equal to the Schottky barrier. The positive bound charge
at the AIGaN/GaN interface bends the conduction band causing the creation of the triangular
well. Electrons occupying the energy levels of the triangular well form the HEMT's channel

In that region (Fermi level above the conduction band) electrons will populate on the energy
levels of the triangular quantum well formed at the AlGaN/GaN interface. These electrons

form the HEMT's channel and are known as the Two Dimensional Electron Gas (2DEG).

6000 . . . ,
O BulkGaN| 4
5000 (@) O 2DEG ||
o
o
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z @)
o
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1 O
0 . . .
0 100 200 300

Temperature (°C)

Figure 1.17 Variations of the electron mobility versus temperature for 2DEG in Aly;GaN/GaN and
for bulk n-GaN with Np = 10" em™ [30]
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The confinement of the channel electrons in the quantum well grants them two-dimensional
features, which strongly enhance their mobility. Figure 1.17 [29] shows the variation of the
electron mobility versus temperature for 2DEG in Alp;GaN/GaN and for bulk n-GaN with
an n-doping concentration 10'” cm™. It is clear that the mobility of the 2DEG is higher at all

temperatures.

To manipulate the density of electrons in the channel, and hence switch the HEMT ON and
OFF, the voltage at the gate is varied. Here, it is worth defining the threshold voltage Vy, as
the voltage required to populate electrons at the interface and hence giving the channel
conduction privilege. Figure 1.18 shows the triangular quantum well at three different biasing

conditions.

====FermiLevel

Conduction band

Energy Level

V,>0>V,

V,=0>V,

0>V, >V,

Figure 1.18 Position of the Fermi level with respect to the conduction band at various biasing
conditions. The zoomed parts illustrate the status of the triangular well at the AIGaN/GaN
interface to show the depletion of channel electrons (2DEG) as the gate voltage goes below the
threshold voltage

Channel electrons occupy energy levels that are positioned below the Fermi level. When the
gate voltage 1s much higher than the threshold voltage (Vg >> Vy), the Fermi level in the
triangular well is above several energy levels. This enables high population of channel
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electrons and hence high current density. When the gate voltage decreases, the Fermi level
goes downwards with respect to the triangular well. Therefore fewer energy levels are
populated and hence the concentration of channel electrons, below the gate, decreases. Once
the gate voltage goes below the threshold voltage, all energy levels are above the Fermi level.

This causes channel depletion and the HEMT turns OFF.

1.7.3. Source of the 2DEG
Surface traps are energy states in the band-gap of a semiconductor. They originate from
factors such as crystal defects, dislocations, or the presence of impurities. Classification of
these traps depends on the relative position of their energy level inside the band gap. Traps
with energy above the Fermi level are acceptor-like, attaining negative charge when
occupied. However, traps with energy below the Fermi level are donor-like, positively

charged when empty and neutral when occupied.

Donor-like surface traps at the upper surface of the AlIGaN barrier layer are one of the most
important sources of the 2DEG in the channel. However, this only applies for specific barrier
thickness. Consider a thin barrier layer with relatively small thickness; the surface trap is
below the Fermi energy. Nonetheless, as the barrier thickness increases, the energy of the
surface trap approaches the Fermi energy until, at a critical thickness, it coincides with it as
shown in figure 1.19. At this point, electrons filling this state are pulled to the channel by the

strong polarization-induced electric field found in the barrier to form the 2DEG.

AlGaN GaN

I,
Empty trap \
N Lo

Figure 1.19 Schematic band diagram of an AIGaN/GaN hetero-structure showing the distance at
which electrons in the donor interface traps are pulled to the HEMT's channel

If the surface traps are completely depleted, further increase in the barrier thickness will not

increase the 2DEG density (figure 1.20). Actually, if the channel layer fails to stretch the
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barrier layer, the later will relax. Upon relaxation, defects are created at the AIGaN/GaN
interface and the piezoelectric polarization will vanish causing deterioration in the density of

the 2DEG.

—_ — [
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L I I

Electron Sheet Density (x10'? cm®)
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o

Figure 1.20 Variations of the two dimensional electron gas density with the thickness of the
barrier layer at various x-mole fractions

The thickness of the barrier is not the only factor that affects the 2DEG density. The x-mole
fraction also plays a crucial role. The piezoelectric polarization in the stretched barrier layer
(case of AlGaN) strongly depends on the x-mole fraction. With increasing the x-mole
fraction, the lattice contact shrinks (see figure 1.7). This leads to a higher stretch in the
AlGaN layer, which increases the piezoelectric polarization. The increase in the divergence
of the polarization field between the barrier and the channel layer causes higher bound charge
density. This is shown in figure 1.21 where the bound charge density increases with

increasing the x-mole fraction.

However, like the thickness of AlGaN, further increase in the x-mole fraction causes a
relaxation in the AlGaN layer and hence a deterioration in the density of 2DEG. This is
shown in figure 1.21 [11]. As the x-mole fraction increases, the total polarization (P,
which is the sum of the spontaneous (P*) and piezoelectric polarizations (P"), increases.
However, while the spontaneous polarization continues to increase for x-mole fractions above
0.4, the piezoelectric polarization undergoes a sudden decrease signaling the relaxation of the
AlGaN layer [30]. It is worth noting that, when smaller x-mole fractions are used, higher

strained AlGaN thicknesses can be grown.

27

Page 46 of 58



Z —P_sp
g e P_pz
o 30 4| - - - P_pz (relax)
& —P_total
s E
= v
Oa 20
-
o
D X
£
o 10 | ol
= g -
=] T ~
a g
0 T T T T
0 02 0.4 06 0.8 1

Al fraction

Figure 1.21 Variations of the bound charge density with the x-mole fraction in the barrier layer.
A sudden drop in the piezoelectric polarization signals the relaxation of the barrier layer [11]

1.7.4. Normally-off HEMT
Although conventional HEMTs seem to be very promising candidates for power switching
applications, they are depletion mode transistors (normally-on; Vi < 0). It means that a
negative voltage must be applied on the gate in order to block the current. But in order to
reduce the circuit complexity and eliminate standby power consumption, normally-off
HEMTs (Vi > 0) are strongly required. Several normally-off structures have been proposed.

The main structures are:

1.7.4.1. Gate recess structure
In this structure, the barrier structure is etched and the gate is brought closer to the
AlGaN/GaN interface. As the gate electrode approaches the AlGaN/GaN interface, the
threshold voltage increases. Once the depletion region created by the Schottky contact
reaches the AlGaN/GaN interface and depletes the channel at zero gate voltage, normally-off

operation is achieved. Figure 1.22 shows a schematic cross-section of the gate recess

structure [31]-[33].

Bound charge

Substrate

Figure 1.22 Schematic cross-section of the normally-off HEMT using the gate recess technique
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1.7.4.2. Thin barrier layer
This structure also achieves normally-off operation by approaching the gate electrode
towards the AlGaN/GaN interface. But this time, instead of etching the relatively thick
barrier layer to approach the AIGaN/GaN interface, a very thin AlGaN barrier is used. The
x-mole fraction in this thin barrier is sometimes increased to unity to compensate the low

2DEG density resulting from a thin barrier (figure 1.23) [34]-[36].

Very thin A1GaN

l

Bound charge

Substrate

Figure 1.23 Schematic cross-section of the normally-off HEMT using a thin AIGaN barrier layer

1.7.4.3. Gate Injection Transistor
In this structure, a p-AlGaN region is introduced below the gate as shown in figure 1.24. It is
well known that, in p-type semiconductors, the Fermi level shifts towards the valence band.
However, since at equilibrium the Fermi level is constant, this shift will manifest itself
through uplifting the conduction band. The uplift of the conduction band in the p-doped

region will elevate the triangular well at the AIGaN/GaN interface.

Source

AlGaN
e o o i i o s e S S o T

GaN Bound charge

Substrate

Figure 1.24 Schematic cross-section of the normally-off Gate Injection Transistor using a
p-AlGaN cap layer

If the doping concentration is strong enough to raise the triangular well above the Fermi

level, normally-off operation will be achieved. It is worth noting that the p-AlGaN cap layer
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not only shifts the threshold voltage to positive values but also increases the forward gate

voltage of the HEMT [37], [38].

1.7.4.4. P-GaN Gate HEMT
The schematic cross-section of the normally-off p-GaN gate HEMT is shown in figure 1.25.
In this structure, the lift in the conduction band is not due to p-doping of the cap layer (which
is the case in the p-AlGaN cap) but rather to the discontinuity in the polarization between the
barrier and the cap layers. This discontinuity creates a negative bound charge at the
p-GaN/AlGaN interface, which lifts up the triangular well at the AIGaN/GaN interface and
causes normally-off operation. The p-doping though still helps in increasing the forward gate

voltage [39]-[44].

Source
AlGaN

Substrate

Figure 1.25 Schematic cross-section of the normally-off p-GaN gate HEMT using a p-GaN cap
layer

1.7.4.5. Fluorine implantation
This approach relies on implanting negative Fluorine ions '’F" in the barrier layer as shown
in figure 1.26. The conduction band is uplifted in the region where Fluorine is implanted,
causing an elevation in the triangular well at the AIGaN/GaN interface band above the Fermi
level. Unfortunately, during implantation, a small amount of Fluorine ions penetrates into the

channel and present themselves as impurities that could lead to mobility degradation [45]—

[49].
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Substrate

Figure 1.26 Schematic cross-section of the normally-off HEMT using Fluorine implantation in

the barrier layer

1.8. MIS-HEMTs

The problem with the previously mentioned normally-off HEMTs is that their threshold is
around 1 V. A threshold voltage above 3 V is required in order to prevent the misoperation
caused by noise [50]. Moreover, since most of these structures use a Schottky gate, the gate
leakage limits the increase in the threshold voltage and in the current density of the device.
Therefore, to achieve higher threshold voltages and to eliminate gate leakage, an insulating
layer below the gate has to be introduced. This will give rise to the so called MIS-HEMT,
Metal Insulator Semiconductor High Electron Mobility Transistor. The insulating material,
also known as the gate dielectric, varies from SiO, [51], SiNy [52], [53], HfO; [54] to Al,O;
[55], [56]. Most of the normally-off MIS-HEMTSs use one [57]-[59], or a combination [60] of
the above mentioned techniques. Figure 1.27 shows a schematic cross-section of a

conventional normally-on MIS-HEMT.

Although a high threshold voltage (greater than 3 V) is obtained in the case of MIS-HEMT
with recessed gate or with Fluorine implantation, several drawbacks exist in these structures.
In the MIS-HEMT with a recessed gate, the barrier layer is etched. This introduces many
defects in the barrier layer and damage the density and mobility of the 2DEG resulting in a
very poor current density. In the case of Fluorine implantation, as mentioned in section
1.7.4.5, small amount of negative Fluorine ions penetrate into the channel during

implantation and cause mobility degradation.
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Figure 1.27 Schematic cross-section of a conventional Metal Insulator Semiconductor High
electron mobility transistor (MIS-HEMT)

In MIS-HEMTs, the insulating layer results in the creation of an additional charge at the
insulator/barrier interface. This charge can be positive or negative. For instance, a recent
study reported negative charge when using Al,O; and positive charge in the case of HfO,
[61]. Moreover, the charge can be distributed inside the insulating layer. The location of
charge created can be concluded from the variation of the threshold voltage with the
thickness of the insulator. For instance, in Al,O3;, a quadratic dependence of Vg, of the
thickness of the insulator signals the distribution of charge inside the insulator, while a linear

dependence indicates that the charge is located at the insulator/AlGaN interface [62].

1.9. Conclusion

Today, the vast majority of power devices are made from silicon. Improving their efficiency
is crucial to reduce switching losses and hence lower the CO; emission. Unfortunately, power
devices based on silicon, are reaching their theoretical limits. Design engineers are now
facing the challenge of increasing the ratings of converters in terms of operating voltage,
operating temperature and efficiency. The quest for a solution to silicon limitations leads
researchers to the doorstep of wide bandgap materials such as Silicon Carbide (SiC) and
Gallium nitride (GaN). Compared to silicon, the main benefits of these materials are a good
operation over a wide temperature range, high critical electric field and high saturation

velocity.

Despite the remarkable results obtained by several teams working on Silicon Carbide, SiC
must be grown on native substrates which are expensive and relatively small in size. On the
other hand, GaN can be grown on silicon substrates which are large and of low cost.
Moreover, GaN is better than SiC for creating heterostructures due to their built-in

polarization field. Therefore, for devices such as HEMT, GaN is the material of choice.
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The High Electron Mobility Transistor (HEMT) is a field effect transistor in which two layers
of different bandgap and polarization field are grown upon each other. As a consequence of
the discontinuity in the polarization field, surface charges at the heterointerface are created. If
the induced charge is positive, electrons will tend to compensate the induced charge resulting
in the formation of the channel. Since in the HEMT the channel electrons are confined in a
quantum well in a very narrow spatial region at the heterointerface, the channel electrons are
referred to as a Two Dimensional Electron Gas (2DEG). This confinement grants the
electrons high mobilities surpassing the bulk mobility of the material in which the electrons

are flowing.

Conventional HEMTs attain a channel populated with electrons at zero gate voltage making
them normally-on. For power switching applications normally-off operation is required.
Several normally-off structures have been proposed such as recessed gate structures, fluorine
ion treatment, P-GaN Gate, thin AlGaN barrier, and the Gate Injection Transistor. The
problem with the previously mentioned normally-off HEMTs is that their threshold is around
1 V. A threshold voltage above 3 V is required in order to prevent the misoperation caused by
noise. Moreover, since most of these structures use a Schottky gate, the gate leakage limits
the increase in the threshold voltage and in the current density of the device. Therefore, to
achieve higher threshold voltages and to eliminate gate leakage, an insulating layer below the
gate has to be introduced. This will give rise to the so called MIS-HEMT, Metal Insulator
Semiconductor HEMT. Although, the threshold voltage of the normally-off MIS-HEMT can
be reach values above 3 V, the techniques used degrades the channel mobility resulting in

low current densities.
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