BARCELONATECH

UNIVERSITAT POLITECNICA DE CATALUNYA

Departament d’Enginyeria Electronica

Advanced AlIGaN/GaN HEMT technology, design, fabrication and characterization

July 2013

Thesis submitted in partial fulfillment of
the requirement for the PhD Degree
issued by the Universitat Politécnica de
Catalunya, in its Electronic Engineering
Program.

Abel Fontseré Recuenco

Supervisor: Amador Pérez Tomds






UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH

Escola de Doctorat

Curs académic: 2012/2013

Acta de qualificacié de tesi doctoral
Nom i cognoms

Abel Fontseré Recuenco

DNI / NIE / Passaport

52159968Q

Programa de doctorat

En Enginyeria Electronica

Unitat estructural responsable del programa

Departement d’Enginyeria Electronica

Resolucié del Tribunal

Reunit el Tribunal designat a I'efecte, el doctorand / la doctoranda exposa el tema de la seva tesi doctoral titulada

Advanced AlGaN/GaN HEMT technology, design, fabrication and characterization

Acabada la lectura i després de donar resposta a les questions formulades pels membres titulars del tribunal, aquest
atorga la qualificacio:

I:' APTA/E I:' NO APTA/E

(Nom, cognoms i signatura) (Nom, cognoms i signatura)
President/a Secretari/aria
(Nom, cognoms i signatura) (Nom, cognoms i signatura) (Nom, cognom:s i signatura)
Vocal Vocal Vocal
, d'/de de

El resultat de I'escrutini dels vots emesos pels membres titulars del tribunal, efectuat per I'Escola de Doctorat, a

instancia de la Comissié de Doctorat de la UPC, atorga la MENCIO CUM LAUDE:

|:|5|' |:| NO

(Nom, cognoms i signatura) (Nom, cognom:s i signatura)

Presidenta de la Comissié de Doctorat Secretaria de la Comissié de Doctorat

Barcelona, d'/de de




- La mullor part d’aquest gran esforc es arribar a la
meta 1 saber que tu 1 la petita m’esteu esperant. -

Dedicat en especial a tu Laura, 1 a la petita Martina!

- Gracies als meus, als que han fet possible

que arribés fins aqui 1 a la meva famiha. -






Abstract

Nowadays, the microelectronics technology is based on the mature and very well
established silicon (S7) technology. However, Si exhibits some important limitations
regarding its voltage blocking capability, operation temperature and switching frequency.
In this sense, Gallium Nitride (GaN) — based high electron mobility transistors (HEMT's)
devices have the potential to make this change possible. The unique combination of the
high-breakdown field, the high-channel electron mobility of the two dimensional electron
gas (2DEG), and high-temperature of operation has attracted enormous interest from social,
academia and industry and in this context this PhD dissertation has been made. This thesis
has focused on improving the device performance through the advanced design, fabrication

and characterization of AlGaN /GaN HEMTs, primarily grown on Si templates.

The first milestone of this PhD dissertation has been the establishment of a know — how
on GaN HEMT technology from several points of view: the device design, the device
modeling, the process fabrication and the advanced characterization primarily using devices
fabricated at Centre de Recherche sur I'Hétéro-Epitaxie (CRHEA — CNRS) (France) in the
framework of a collaborative project. In this project, the main workhorse of this dissertation
was the explorative analysis performed on the AlGaN/GaN HEMTs by innovative
electrical and physical characterization methods. A relevant objective of this thesis was also
to merge the nanotechnology approach with the conventional characterization techniques at

the device scale to understand the device performance.

A number of physical characterization techniques have been imaginatively used during this
PhD determine the main physical parameters of our devices such as the morphology, the
composition, the threading dislocations density, the nanoscale conductive pattern and
others. The conductive atomic force microscopy (CAFM) tool have been widely described

and used to understand the conduction mechanisms through the AlGaN/GaN Ohmic



contact by performing simultaneously topography and electrical conductivity
measurements. As it occurs with the most of the electronic switches, the gate stack is
maybe the critical part of the device in terms of performance and longtime reliability. For

this reason, how the AlGaN/GaN HEMT gate contact affects the overall HEMT behaviour

by means of advanced characterization and modeling has been intensively investigated.

It is worth mentioning that the high-temperature characterization is also a cornerstone of
this PhD. It has been reported the elevated temperature impact on the forward and the
reverse leakage currents for analogous Schottky gate HEMTs grown on different
substrates: Si, sapphire and free-standing GaN (FS — GaN). The HEMT’ forward-current
temperature coefficients (T%) as well as the thermal activation energies have been
determined in the range of 25 — 300 °C. Besides, the impact of the elevated temperature on

the Ohmic and gate contacts has also been investigated.

The main results of the gold — free AlGaN /GaN HEMTs high-voltage devices fabricated
with a 4 inch Si CMOS compatible technology at the clean room of the CNM in the
framework of the industrial contract with ON semiconductor were presented. We have
shown that the fabricated devices are in the state-of-the-art (gold — free Ohmic and
Schottky contacts) taking into account their power device figure-of-merit (V2 / Ronsp)
of 4.05 x 108 W /cm?. Basically, two different families of AlGaN/GaN — on — Si MIS —
HEMTSs devices were fabricated on commercial 4 inch wafers: (i) using a thin ALD Hf O,
(deposited on the CNM clean room) and (ii) thin in-situ grown Si3N,, as a gate insulator
(grown by the vendor). The scientific impact of this PhD in terms of science indicators is of

17 journal papers (8 as first author) and 10 contributions at international conferences.
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Chapter1

Introduction

1.1. MOTIVATION

Power electronics plays a key role in the generation-storage-distribution cycle of the
electric energy. This is because the main portion of the generated electric energy is
consumed after undergoing several transformations, many of them carried out by power
electronic converters. Examples of this can be found in all ranges of power levels (from
a few watts to mega-watts), and they include many types of different equipment (power
supplies for computers, industrial and telecommunication systems, domestic appliances,
motor drives, industrial converters and others). The largest portion of the power losses
in these power electronic converters are dissipated in their power semiconductor

devices.

Nowadays, these devices are based on the mature and very well established silicon (Si)
technology. However, Si exhibits some important limitations regarding its voltage
blocking capability, operation temperature (T) and switching frequency. Therefore, a
new generation of power devices must be developed for power converters in
applications where converters based on traditional Si power devices cannot operate. The
use of these new power semiconductor devices will allow increasing the efficiency of

the electric energy transformations achieving a more rational use of the electric energy.




CHAPTER 1: INTRODUCTION

Novel and innovative power devices based on wide band gap (WBG) semiconductors
can play a main role in energy efficient systems. Among the possible candidates to be
the base materials for these new power devices, silicon carbide (SiC) and gallium
nitride (GaN) present the better trade-off between theoretical characteristics (high-
voltage blocking capability, high-temperature operation and high-switching frequencies)
and real commercial availability of the starting material (wafers) and maturity of their
technological processes. GaN process technologies are becoming very mature and,
therefore, attractive from the device manufacturer’s perspective, especially for high-

power and high-temperature electronics.

The backbone of the electronics market, the semiconductor industry generates revenues
of ~ $250 B annually and is undoubtedly one of the most important and innovative
electronics market segments." The total market for semiconductor devices (discretes,
modules and integrated circuits (ICs)) dedicated to the power electronics industry has
reached ~ $20 B in 2012.> Already well established in the market, Si insulated gate
bipolar transistors (IGBTs) account for ~ $1.6 B in the medium to high-voltage range.
It has been estimated that the super junction metal oxide semiconductor field effect
transistor (S| — MOSFET) market reached ~ $567 M by the end of 2012, according to
the Yole Développement market research.” The radio frequency (RF) components
market for consumer electronics was valued at ~ $6 B in 2011 and is expected to reach
~$17 B by 2017 at an estimated compound annual growth rate (CAGR) of 19.4%
from 2012 to 2017. The demand of RF components is due to the launch of new devices
which contains advance features such as virtual communication, haptics reorganization
from a distance and so on.’ Regarding the optoelectronic market, Navigant research
forecasts that annual revenue from light emitting diode (LED) lamps will grow from

just over ~ $1.5 B in 2013 to more than ~ $8.5 B in 2021.¢

In this context, the overall GaN market revenue (including both, power and
optoelectronic segments) stood at ~ $240 M in 2011 globally, (non-optoelectronic
GaN device market was just ~ $75 M in 2010)° which is expected to cross ~ $350 M
by the end of 2012.° Among the potential application sectors for GaN — based devices,
the largest shares are occupied by the consumer electronics sector (due to LEDs and
lighting), information and communication technologies (/CT) (due to RF ), and

industrial, power, solar and wind sector (due to power applications), together grabbing
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roughly 70% of the market currently with numerous upcoming applications such as
consumer lighting, RF amplifiers, RF switching devices, power factor correction
systems, power distribution systems, smart grid, high voltage direct current (HVDC),
industrial motor drives, solar panels, photovoltaic inverters, wind power systems, and so
on. The fast growing and upcoming application sectors are automotive and military,
defense and aerospace sectors, with upcoming application fields such as electric and
hybrid electric vehicles (HEVs) in the former and electronic warfare, radar

communication electronics in the latter.°

In the short term, international rectifier and efficient power conversion corporation
(EPC) remain the two main vendors of GaN power devices in early 2012. The market
is likely to stay below ~ $10 M for devices in 2012, with the rest being made through
R&D sales.” The optimistic projection of Lux research’s from, “Beyond Si: Plotting
GaN and SiC’s path within the ~ $15 B power electronics market,” reports the project
the market for discrete power electronic components in these industry segments will
reach ~ $15 B in 2020, and SiC and GaN devices will account for ~ $3.3 B, 22% of
the total.®

GaN can offer better high-frequency and high-voltage performances, but the availability
of good quality large area self-standing (or homoepitaxial) substrates is a disadvantage
for vertical devices. Among all the potential GaN devices, heterostructure field effect
transistors (HFET) or high electron mobility transistors (HEMT's) based on the gallium
nitride aluminum and GaN (AlGaN /GaN) material system have demonstrated an order
of magnitude better power handling capabilities than Si or gallium arsenide (GaAs) for
RF power and high-voltage switching applications. Recently, there has also been
interest in the use of GaN HEMTs for robust low-noise applications, high-voltage
switching applications, and high-temperature digital applications, owing to the superior

properties of this material.

To date, the main effort on GaN electronics has been focused towards depletion mode
(D — mode) devices. The enhanced mode (E — mode) devices, which are much more
difficult to implement, are attractive for low power digital applications, for normally —
of f power switches as well as for high-efficiency RF applications. Integration of
E — mode and D — mode devices on the same circuit would enhance the functionality

of GaN integrated circuits.
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The social, academic and industrial interest is therefore very remarkable for the
GaN HEMT devices and is in this scenario that I have been working towards my PhD.
The first milestone has been the establishment the know — how on GaN HEMT
technology from several points of view: the device design, the device modeling, the
process fabrication and the advanced characterization primarily using devices fabricated
at the Centre de Recherche sur I'Hétéro-Epitaxie and Centre National de la Recherche
Scientifique (CRHEA — CNRS) in the framework of a collaborative project. A relevant
objective of my thesis was also to merge the nanotechnology approach with the
conventional characterization techniques at the device scale to understand the device
performance. In addition, full characterization methods as automatic wafer maps test
have been accomplished to obtain a preliminary idea of the yield. Besides you will find
the main experimental results of a collaborative industrial project with ON
semiconductor and Centre Nacional de Microelectronica (CNM). I’ve been paid
primarily to work in this project but due to non-disclosure agreements the amount of

information coming out of this is a relatively small part of the dissertation.

1.2. ORGANIZATION AND STRUCTURE OF THE DOCUMENT

Table 1-1 presents an overview of each chapter. My dissertation describes the advanced
design, fabrication and characterization of AlGaN/GaN HEMTs. Chapter 1 and 2 are
introductory. Chapter 3 presents methods and materials. Chapter 4 and 5 are devoted
to the optimization and understating of the Ohmic and gate contact, respectively. In
chapter 6 we evaluate the performance of the HEMT in high-voltage and high-

temperature ambient. Chapter 7 is a review of the normally — of f strategies.

Further in detail, in the chapter 1, the thesis motivation and outline is presented in
order to give to the reader a widely point of view of the aims of this project and the

milestones to achieve.

In the chapter 2, a review of GaN material history, material properties and a list of
GaN — based devices applications is presented. In addition, GaN properties such as the
piezoelectric and spontaneous polarization fields and two dimensional electron gas
(2DEG) formation in the AlGaN /GaN heterostructure is widely described. Finally, the
principle of HEMT operation and a summary of the GaN — based HEMTs applications

are presented.
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Chapters Title Key words
1 Introduction Thesis motivation, outline and structure.
GaN history and properties.
2 LAGPEUEI T L VI HEMT devi}c/e, opezz‘atzl?on and applications.
Fabrication and Fabrication process.
3 o , CRHEA and CNM — ON semiconductor HEMTs.
Characterization Overview .
Characterization method.
Ohmic contact.
4 AlGaN /GaN HEMT HEMT vs Implanted.
Ohmic Contact Spiking Mechanism.
Au — free contacts.
Schottky gate.
5 AlGaN /GaN HEMT HEMT vs MIS — HEMT.
Gate Contact Dynamic I —V.
Gate traps characteristics.
AlGaN /GaN HEMT ON semiconductor Power HEMTs.
6 High — Voltage and Ronsp S V.
High — Temperature High Temperature behavior.
AlGaN /GaN HEMT e o el
7 T AlGaIY barrier thining TCAD' simulations.
Hybrid MOS — HEMT Modeling.
8 Conclusions and Future Lines | Suggestion for future work.
9 Appendix A Publication list of the author.
10 Appendix B List of acronyms.
11 Appendix C List of symbols.

Table 1-1. Quickly view of the chapter contents.
In the chapter 3, the AlGaN/GaN HEMTs (on Si, sapphire and Free —
Standing GaN (FS — GaN)) fabrication process and physical and electrical
characterization methods are presented. Regarding gate architecture, three types of
devices are fabricated and investigated during this thesis, HEMT,i — HEMT and
MIS — HEMT. Finally, we present nano-electronics methods that are the key of our
advanced characterization, such as focused ion beam (FIB), atomic force microscopy

(AFM) and conductive (CAFM) of the AlGaN /GaN HEMTs.

In the chapter 4, the fundamentals of the Ohmic formation are discussed. A
conventional Ohmic contact to bulk GaN is investigated through the temperature
dependence study of Al/Ti contacts to Si Implanted N* GaN — on — sapphire .
Next, the submicron features of a typical Ti/Al/Ni/Au Ohmic contact to AlGaN /GaN,
with a reduced contact resistance (R.) of 0.2 Qmm, are investigated in detail, to
understand the conduction mechanisms. Moreover, Au — free contacts characteristics
are investigated. The GaN — on — Si wafers allow the highly production of AlGaN/
GaN HEMTs in some of the many complementary metal oxide semiconductor (CMOS)

fabs, traditionally used for the processing of Si devices. A R, map comparing Au —
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free and Au content contacts, further corroborates the relevant role of gold in the

achievement of low resistance to the 2DEG at the AlGaN /GaN interface.

In the chapter 5, the fundamentals of the AlGaN/GaN HEMT on Si gate stack are
discussed. It is investigated the Ohmic and Schottky currents at the micro and
nanometric scale. This included current VS voltage characteristic curve (I - V),
transmission line method (TLM) and a range of physical analysis tools including
scanning electron microscopy (SEM), FIB and transmission electron microscopy
(TEM). In particular, the nanoscale features of the Schottky contact to an AlGaN/
GaN HEMT are investigated in detail by means of the CAFM technique. Afterwards, It
is presented a compact set of analytical closed-form expressions for the computation of
the drain current, the transfer current and the transconductance of AlGaN/
GaN HEMTs. On the other hand, the impact of introducing a thin gate dielectric in
these devices is investigated; by modifying the previous model this being the basis of a
MIS — HEMT device. It is numerically investigated the drain current, saturation current
and transconductance properties of a MIS — HEMT using silicon oxide (Si0,), silicon
nitride (SizN,), sapphire (Al,03) and hafnium oxide (Hf0,) as gate insulators. The
experimental results on MIS — HEMT and passivated Schottky gate i — HEMT
structures are comparatively studied under bias and temperature stress conditions.
Finally, the gate trap properties of HEMT and a MIS — HEMT are analyzed by means

of the C /G vs w techniques (conductance analysis).

In the first part of chapter 6, the main results of the AlGaN/GaN HEMTs power
switches fabricated at the clean room of the CNM are presented in the framework of the
industrial contract with ON semiconductor. The extensive characterization of our
AlGaN/GaN HEMTs devices is done by means of DC characterization (On — state
and Off — state ), DC wafer mappings, reverse and breakdown voltage (Vp) in
Galden bath and high — T stress. Basically, two different families of GaN — on —
Si AlGaN/GaN MIS — HEMTs devices are fabricated on commercial 4 inches
wafers: (i) using a thin atomic layer deposition (ALD) Hf O, (deposited on the CNM
clean room) and (ii) thin in-situ grown Si3N,, as a gate insulator (grown by the vendor).
The large area/large current devices can be defined with both gate architectures in spite
that the Au — free contact complementary metal oxide semiconductor (CMOS)

compatible results in higher on-resistance (when compared with traditional HEMT's).
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In the second part of chapter 6, it is reported the elevated T impact on the forward and
the reverse leakage currents for analogous Schottky gate HEMTs grown on different
substrates: Si, sapphire and FS — GaN . These devices are fabricated in the clean room
of the CRHEA — CNRS. A gate insulator also has a relevant impact on the T behaviour
of a HEMT device. A MIS gate architecture can be very effective in suppressing both
the drain and gate off-state leakage. Finally, preliminary high-temperature reliability
stability assessment of the ALD Hf O, device is presented.

In the chapter 7, we make a critical review of the several approaches for converting the
AlGaN/GaN HEMTs from the conventional normally — on mode (D — mode) to the
desired normally — of f mode (E — mode). Several techniques for the normally —
of f operation have been reported so far, such as using a thin AlGaN barrier, a recessed
gate structure, a fluoride-based plasma treatment, a p — type gate structure or using a
non-polar a — plane channel. In order to know the recess gate capabilities for
converting the AlGaN/GaN HEMTs D — mode to E —mode , it has successfully
simulated a HEMT with a recessed gate, obtaining a shift towards normally — of f
behavior with the thinning of the AlGaN barrier. Finally, we propose an analytical

model for the hybrid AlGaN/GaN HEMT.
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Chapter 2
Why AlIGaN/GaN HEMTS?

2.1. INTRODUCTION

As microelectronic loads proliferate and the desire for high-performance as well as
mobile computing accelerates, there is an increasing demand for high-density power
conversion solutions. At the same time, social and economic pressures are mounting to
increase the power delivery efficiency. Of course, these two performance metrics,
efficiency and density are in conflict. As Si — based technology is reaching maturity, a
truly revolutionary change in this performance trade off requires that a fundamentally
new power device technology platform be introduced. In this sense, GaN —

based HEMT devices will be presented as the improved technology.

The AlGaN /GaN HEMT's have been demonstrated a great potential in the field of high-
power, high — T and high-frequency electronics. The performance advantages of
HEMTSs power devices over the incumbent Si based alternatives derives mainly from
two fundamental characteristics. The first is the inherently lower specific on-
resistance (Ronjsp), due to the higher majority carrier electron mobility (u,) in the
HEMTs 2DEG and the smaller source-drain spacing of the HEMT for a given operating
voltage capability, made possible by the WBG nature of the materials involved. Due to
their WBG, AlGaN/GaN HEMTs are also excellent candidates for high-power and
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high-frequency applications at elevated temperatures."* The second is the significantly
lower switching charge due to the reduced terminal overlaps present in the lateral
HEMT structure compared to the vertical Si device, as well as the shorter gate length,
also due to the higher field withstand capability of the WBG structure. The combination
of these inherent advantages leads to revolutionary improvements in performance of

power conversion circuitry, which utilizes GaN — based power devices.

In recent years, GaN — based HEMTs have attracted great attention due to their
impressive maximum frequency of oscillations, low R, s, and remarkably high Vp.**
Since the demonstration of the first GaN — based HEMT switches, impressive progress
has been made in the development of these devices.® The solid-state switch Vg /Ry o
trade-off already outperforms the best-in-class Si equivalent (such as super-junction

devices), rapidly approaching the SiC theoretical limit.*’

With very high-mobility, fewer carriers are required to achieve these low conduction
losses which translates into low charge and low switching losses as well. Overall, there
is a virtuous combination of material properties adding to superior efficiency, density
and (with commercialization hurdles conquered) cost for power conversion solutions.
The unique combination of the high-breakdown field, the high-channel electron
mobility of the 2DEG (u,pgg), and high — T of operation has attracted enormous

interest from academia and from industry.

In this chapter, a brief history of the GaN technology will be introduced describing the
main milestones from the pioneering work of Juza et al.* investigation in 1938.
Nowadays, four basic (Si, sapphire, SiC and FS — GaN) substrates for GaN epitaxial
growth have been used in AlGaN /GaN fabrication process. A detailed comparison will

be presented in this section between these substrates.

Then, the material and electric properties of GaN will be introduced and compared with
other commonly used semiconductors as Si, GaAs and SiC from the literature. In
addition, a summary of the GaN — based market applications will be presented in this
section. Regarding the GaN material properties, the GaN crystal wurtzite structure and
gallium face (Ga — face) polarity will be explained. In addition, both piezoelectric and
spontaneous polarization dipoles in the AlGaN/GaN heterostructure grown ¢ — plane

in a Ga — face crystal will be described. Moreover, we will explain the 2DEG
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formation in the HEMT channel due to the carrier accumulation along the
heterojunction in a quantum well using the band diagram of the AlGaN/GaN

heterostructure.

In addition, the basic GaN — based HEMT's principles of operation will be describe in
terms of Ohmic and Schottky contacts biasing and the current flow through the 2DEG
formation in the AIGaN /GaN heterostructures. The GaN HEMT devices, with a wider
bandgap than Si have much higher critical field. Together with high-carrier
concentration and high-mobility, GaN devices have attracted most attention with
impressive trade-off between Vg/R,p s, rating. The development of high-power
AlGaN /GaN HEMTs devices has progressed extraordinarily rapidly over the last few
years and commercialization of devices and circuits based on this technology is now a
reality. This is favored by the fact that GaN — on — Si wafers (up to 8inch) are
commercially available from several vendors, with buffers capable of withstanding

high-voltages.

2.2. A BRIEF HISTORY OF GaN

Early reports on GaN are dated from 1938 by Juza and Hahn® by passing ammonia over
liquid gallium at elevated temperatures reported the first synthesis of GaN. In 1968, a
first report on hydride vapor phase epitaxy (HVPE) approach to grow centimeter sized
GaN layers on sapphire substrates was released.” All GaN films grown at that time
showed very high-electron concentrations (1.0 X 102°cm™3) even without intentional
doping. The responsible n — type donors were believed to be nitrogen vacancies, a

concept that has caused a lot of controversy over the years.

Eventually, oxygen has been proposed as the responsible donor. In order to create a
p —n — junction a suitable p — type dopant was required. Despite these difficulties
Pankove et al." achieved the first GaN LED in 1971. Although Mg — doped devices
(GaN:Mg) were much brighter than their Zn — doped equivalents, they were never

very efficient (< 1%) and no successful commercial LED was viable.

Nevertheless, Mg — doping has remained in the basis of all current commercial
GaN — based LEDs and laser diodes (LDs). In the late 1970s, GaN research virtually
ceased because of the continuing difficulties encountered with the growth of high-

quality films needed for device development. Remaining issues were the choice and

11
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availability of a suitable substrate, how to control the very high-intrinsic n — type

conductivity, and difficulties with obtaining conducting p — type GaN films.

The situation changed dramatically in 1986 when Amano et al."" reported high-quality
GaN films grown by metal organic chemical vapor deposition (MOCV D) on sapphire
substrates through the use of a low temperature aluminum nitride (AILN) nucleation
layer (NL). It was in 1989 when eventually was found a high-performance conducting

p — type GaN films."

Those breakthroughs result in an absolute boom of the GaN applications in the early
1990s. The definitive impulse was achieved in 1991 when Khan et al.” reported the
first evidence of the spontaneous formation of the 2DEG at the interface of AlGaN and
GaN.The first GaN metal semiconductor field effect transistor (MESFET) and HFET
were reported in 1993 and 1994, respectively by Khan et al."*'s In 1993, Nakamura et
al.’® demonstrated the first high-brightness blue double-heterostructure GaN LEDs.

2009: EPC, first commercial
normally-off AlGaN/GaN HEMTs

1993 and 1994: Khan et al.
reported first GaN MESFET and HFET.

1991: Khan et al. evidence of 2DEG.

2000: Sheppard et al. first

1986: Amano et al. high MMIC amplifier GaN — on — SiC.

quality GaN films grow (MOCVD),

1993: Nakamura et al. first high-brightness
blue double heterostructure GaN LED's.

1971 Pankove et. al. first GaN LED.

1968: HVPE grow GaN layers on sapphire ~1.0 x 1020 cm™*(eDensity).

1938: Juza et al. first synthesis of Gan
Figure 2-1. Milestones of GaN — based material and devices.

Since these giant steps in material and device development, both research and
commercial GaN activities have gained enormous attention GaN — based optical
applications have first reached the stage of commercialization while microwave high-
power electronics are on the verge of their commercial breakthrough, as presented in the

figure 2-1.
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Very recently the power device community has shown a strong interest in the new

devices implemented in GaN. The GaN power devices have already demonstrated to

have better performances that the state-of-the-art Si power devices in terms of Vg/

R,n sp characteristics. Also it was firmly demonstrated that, after crystal growth

advances, GaN —on — Si is a plausible commercial option. The GaN — on — Si

definitively opens the door of this technology to the commercialization. Adapted from

Kikkawa et al.” and Yole Développement,” in the table 2-1 is presented a short

application list of GaN — based devices (some commercial devices are already in the

market)."

Type GaN Devices Area Applications
o Mobilg ba.cklighting
g Smart T7.‘af fic signals
< LEDs . Displays panels
§ iy [llumination
E UV detectors
2 , Data storage (Blue Ray
= Bl Lo o0es e Display La;qer(TV & Scre)ens
Telecom base stations
ICT WiMAX
Radio 4G or Long Term Evolution
Frequency | Radar
Electronics | Space Electronics com.
Fixed wireless com.
o Interbase station com.
§ Power Correction Systems
S Power PC AC Adapters
S AlGaN /GaN HEMTs management Hybrld/lj?lectrlc. Vehicle
> Electronic appliances
g Factory Automation
S Power Railway
Industrial | Motor control
DC/AC; DC/DC inverters
Photovoltaic generation
Energy Photovoltaic inverters
Generation & | Smart Grid
Distribution | High Voltage Direct Current

Wind Power

Table 2-1. Target applications of GaN — based devices.

This table has been split in two main solid-state semiconductor fields: optoelectronics

and microelectronics. The most relevant GaN — based electronic devices such as

LEDs,blue LDs and AlGaN/GaN HEMTs have been assigned to different areas to
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enumerate the main potential applications. Among the wide range of potential
application areas we have included the smart lighting, ICT, RF electronics, power

management, power industrial and energy generation and distribution.

The figure 2-2 illustrates the main AlGaN /GaN HEMTs devices applications fields.

B

Figure 2-2. Different AlGaN/GaN HEMTs applications. (a) Solid state lighting using (LEDs) (in
the photograph The Yas Hotel in Abu Dhabi).” (b) Power electronics conversion (such as high-
speed railways).?* (¢) RF (high cut-off frequency, L, S, C, X and Ku) as radar.” (d) ICT (information
and communication technologies) applications as mobile phone base stations.’® (¢) Smart energy
generation as the photovoltaic inverter circuits applications in a solar concentrating photovoltaic

plant.”’

2.3. GaN MATERIAL PROPERTIES

It is generally assumed that the new generation of power devices for power converters
will be based on the WBG semiconductors such as SiC or GaN. The material advantages
allows use the WBG of the GaN — based devices to replace traditional Si power
switches. The use of the GaN power semiconductor material will allow increasing the
efficiency of the electric energy transformations for a more rational use of electric

energy thus reducing carbon footprint.

In the table 2-2, the main material and electric properties of GaN have been introduced

and compared with other commonly used semiconductors form literature.’**
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Parameter Symbol Units Si GaAs SiC GaN
Bandgap energy Eq ev 112! 1.432 3.26' 3.39?
Critical electric field Eqie V/cm 3.0x10° 65x10°5 2.0x10° 3.3x10°
Optical Phonon Energy hwg meV 62.9 33.2 95.0 91.2
Dielectric constant & & 11.7 12.5 10 8.9

Bulk electron mobility Ug cm?/Vs 1450 6000 720 900
Saturation drift velocity vgg, cm/s 1.0x 107 13x107 20x107 25x 107
Thermal conductivity k W /mK 148 50 400 260
Intrinsic carrier density n; cm™3 1.5x 10 18x10° 82x107° 19x10710
Johnson's FM High f. M (Evgq:/2m) 1 7.1 180 760

Table 2-2. The material and electrical properties of GaN and other semiconductors.

From table 2-2 both GaN and SiC have a large bandgap energy which results in high-
breakdown electric field ten times lager when compared to Si which naturally enables
the high-voltage applications. Also, it leads to low intrinsic carrier generation at
high —T. These parameters allow GaN — based devices having the potential to
operate at higher temperatures, at higher switching frequencies and due its WBG they
are radiation hard semiconductors, thus improving upon many of the limitations

associated with Si electronics.

On the other hand, GaN and SiC bulk presents lower electron mobility values than Si.
For the GaN — based devices, this lack is mitigated by the 2DEG formation at the
AlGaN /GaN heterostructure with high sheet carrier concentration (ng) ~ 1.0 X
1013cm™?2 and very high electron mobility (u,) ~ 1600 — 2000 cm?/Vs compared to
the value of the bulk GaN. This is the key advantage to understand GaN HEMT devices.

In the next section this will be explained widely.

The heat is the one of most important inconvenient that appear in the electronic devices.
For this reason the capability to conduct the heat in a semiconductor material is
described by the thermal conductivity (k). Usually, the traditional semiconductors are
poor thermal conductors, in particular GaAs. Beyond, the GaN is comparable with Si,
which is the best of the conventional semiconductors and SiC is an excellent thermal
conductor. The typical values of k given in the literature are 148 W /mK for the Si,
35 W/mK for sapphire and 160 W /mK for GaN. It is worth mentioning that, this

" In the table 2-2 bandgap energy as indirect gap.
?In the table 2-2 bandgap energy as direct gap.
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value rises up to 400 W /mK for SiC, but the ultimate substrate is diamond, with the
highest thermal conductivity of 2200 W /mK among materials. Device oriented
polycrystalline diamond k is typically 3 — 4 times that of SiC, though. However, it has
been suggested that GaN bulk thermal conductivity would be greater than what is
currently generally accepted. Recently, it has been reported bulk GaN thermal
conductivities larger than 260 W /mK (the theoretical value for k would be as high as
410 W /mK), which suggests the FS — GaN an interesting alternative to the excellent

(but otherwise prohibitively expensive yet) SiC substrates.

These material properties make GaN — based devices excellent candidates for the next
generation of highly efficient and eco-friendly electronic power devices.***” Table 2-3
presents a comparison of the main substrate properties for the GaN growth

(Si,sapphire, SiC and FS — GaN).

Substrate properties | Symbol | Units | Si | sapphire SiC GaN
Lattice constant ao A 3.846 4.758 3.081 3.189
Lattice mismatch ao/Aocan | % -17 -33 3.5 0.0
Thermal exp. coef. ar K™t 2.6 7.3 4.5 5.6
Thermal mismatch ar/ercan | % 116 -23 24 0.0
Thermal conductivity k W/mK | 148 35 400 2603
Wafer size (2012) inch 8 6 4 2
Price low medium | very high* | very high>

Table 2-3. Comparison the substrate properties for epitaxial growth of GaN.*® (Adapted from
Visalli PhD dissertation 2011).

In the table 2-3 the GaN — on — Si available up to 12 inch and demonstrated on
8 inch " For the GaN — on — sapphire demonstrated on 6 inch and in the near
future 8 inch.**** For the GaN — on — SiC wafer from CREE available up to 6 inch.*

For the GaN — on — GaN 4 inch under development.*

2.3.1. GaN MATERIAL STRUCTURE

The group of Ill-nitride, can crystallize in three crystal structures: wurtzite, zinc-blende
and rock-salt. The GaN has two thermodynamically stable phases: cubic and wurtzite

phase. After few studies the wurtzite phase, as shown in figure 2-3, was find out as a

®In the table 2-3 typical value of the literature is 150 — 160 W /mK (i.e., very similar to Si) but recent
reports indicate that GaN thermal conductivity is higher than 260 W /mK.

*In the table 2-3 SiC starting material increases the price.

* In the table 2-3 homoepitaxial GaN substrate still under development.
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more suitable phase thanks to the less concentration of defects in the GaN layer.* For

this reason the AlGaN /GaN HEMT's is usually grown on the wurtzite phase.

The wurtzite GaN structure has a hexagonal unit cell and consists of two intercepting
hexagonal closed packed sub-lattice. The wurtzite structure is characterized by two
unstrained lattice constants a, and ¢, (ideal ratio c¢y/a, = 1.63)" and by the polarity.
The a4 constant is the strained lattice constant and ¢, constant is the hexagonal strained

lattice constant.*®

The wurtzite GaN crystal has two distinct faces, named as Ga — face (0001) and
nitrogen face (N — face) (0001) polarity crystalline faces. The occurrence of Ga —
face or N — face depends on the growth conditions. Each sub-lattice is constituted by
one type of atoms which are shifted with respect to each other along the ¢ axis by the

amount uy, = 3/8 of the unit cell internal parameter in fractional coordinates.

Ga-face

Figure 2-3. Ideal structure of (a) Ga — face in a wurtzite structure and (b) Atomic arrangement of

Ga and N atoms net in GaN crystal.

2.3.2. POLARIZATION FIELDS

In the IMl-nitride group (ALN, GaN and InN) the nitrogen is the element that provides
the strong iconicity. In addition, the wurtzite III-nitride does not have inversion
symmetry along the [0001] direction. Both facts, results in a strong macroscopic
polarization along this axis. The polarization fields in GaN and AlGaN materials® play
an important role, due to the potential profile and amount of charges induced at the
AlGaN /GaN heterostructure. The GaN is a strongly polar material and this polarization

takes place in the equilibrium lattice at zero strain due to the lack of symmetry, it is
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named a spontaneous polarization (F;), as shown in figure 2-4, which leads to sheet
charge accumulation on the Ga — face crystal of the GaN and AlGaN grown on a

¢ — plane. ™

These sheet charges are equal in magnitude and opposite in sign to maintain overall
charge neutrality. The AlGaN also has a spontaneous polarization, similar to GaN but of
different magnitude (in fact, a function of the aluminum content of the ternary). As a
result, there is a discontinuity of the spontaneous polarization vector at the AlGaN/GaN
heterostructure. Basic electrostatics states that such a discontinuity results in an

interface charge proportional to the polarization difference.

Furthermore, the tensile strain resulting from growing lattice-mismatched AlGaN on
GaN results in piezoelectric polarization (P,), as shown in figure 2-4, field that
contributes with the total polarization filed, which give rise to more electrons in the

2DEG."*

Tensile strain

lGaN barrier lPS

:ﬁ eYeXeleleXeXeXeXe XeXeXeXe
- 2DEG 2
S S
S,
Ga-face a N bUffer No stra!;

Figure 2-4. Combined piezoelectric and spontaneous polarization dipole in an AlGaN/GaN

structure grown on ¢ — plane in a Ga — face crystal.

2.3.3. 2DEG AlGaN/GaN HETEROSTRUCTURES

As commented above, GaN and SiC bulk presents lower electron mobility values than
Si. For the GaN — based HEMT devices, this lack is mitigated by the 2DEG formation
at the AlGaN /GaN heterostructure with high-charge density and very high-mobility.
The 2DEG formation in the HEMT channel is due to the carrier accumulation along the
heterojunction in a quantum well.” Inside this quantum well, the 2DEG channel
generated at the interface of an AlGaN/GaN heterostructures, offering high
Un ~1600 — 2000 ¢cm?/Vs and high ng ~1.0 X 1013 cm™2 (is about ten times as large
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as that of Si) without modulation doping. This carrier accumulation is mainly due to
spontaneous and piezoelectric polarization charge effect developed along the

heterojunction.

These carrier accumulation show enhanced mobility due to significantly reduced
Coulomb scattering as they are separated from the top supply layer atoms from which
they stem. Moreover, mobility is further enhanced because of strongly reduced impurity
scattering as the quantum well resides in the unintentionally doped (UID) material. The
enhanced electron mobility is the key feature that differentiates HEMTs from other
devices. These features makes the 2DEG HEMT an unique conductive layer with a
reduced sheet resistance (Rg,) of ~1/(quung), typically in the range of 200 —
400 Q/sq.

, AlGaN  GaN éa) ,_ AlGaN GaN (b)
= o A, | T 3
&, o 2, \e
W 1] W -1 -
5-2- 5 -2{ 2DEG —E,
D .34 AE , 2 -3-\;//—f
S ) . W 4] |

20 10 0 10 20 30 40 20 10 0 10 20 30 40

Depth, z[nm] Depth, z[nm]

Figure 2-5. Band diagram of the AlGaN/GaN heterostructure (a) AlGaN and GaN semiconductors
before their Fermi level alignment and (b) together in thermo-dynamical equilibrium where the

2DEG in the AlGaN /GaN interface has been formed.

The principle operation of the AlGaN/GaN HEMT device, from a physical point of
view, is presented in figure 2-5 from the literature.” In the figure 2-5 (a) the AlGaN and
GaN semiconductors are separated and the Fermi level (Er) do not coincide. Then,
figure 2-5 (b) shows the band-structure under zero bias (no gate voltage), in this
scenario a quantum well is present at the AlGaN /GaN hetero interface, where the bands
are bending to achieve a unique Er. The heterostructure results in the formation of a
discontinuity through the conduction band (E.) and valence band (E,) of the two
semiconductors determines a charge transfer, creating the quantum well. The term
2DEG can be described as a condition where the carriers have quantized energy levels

in z — axis with the possibility to move in two other directions parallel to the interface.
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2.4. THE HEMT DEVICES AND PRINCIPLES OF OPERATION

The HEMT device is basically a three terminal device, as shown in figure 2-6, with two
Ohmic (source and drain) and one Schottky (gate) contacts. The basic principle of
operation is explained when the source to drain pads are biased and then the current
flow through the device channel by the 2DEG electrons. The electron transport is
controlled by applying of a bias in the gate pad; it can behave like a switch. The gate
voltage necessary to stop the current flow from source to drain is defined as the

threshold voltage (V).

The usually working mode for the AlGaN/GaN HEMT is the normally —on or
D — mode, that is to say, when the V/;;, is negative (the system needs additional circuit
to give negative gate voltage to drive the device). In this mode, for this gate bias
condition (Vb < Vth), the depletion region starts to penetrate into the 2DEG and stops
the channel, as shown in figure 2-6 (a). However, the current flow through the device
without an external gate biasing (I{q =0 V). Then the depletion region under the
Schottky contact allows the electron transport. In this case the structure is in the thermo-

dynamical equilibrium, as shown in figure 2-6 (b).

GaN GaN
Si Si
BULK Bk |

Figure 2-6. AlGaN/GaN HEMT schematic cross-section (a) Of f — state and (b) On — state.
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2.5. SUMMARY

Why AlGaN/GaN HEMTs? As Si — based microelectronics technology is reaching
maturity, a truly revolutionary performance improvement fundamentally requires the
introduction of a new device technology platform. In this sense, GaN — based devices
(and particularly GaN HEMTSs) have the potential to make this change possible. Since
the demonstration of the first GaN — based HEMT switches, impressive progress has
been made in the development of these devices. The unique combination of the high-
breakdown field, the high-channel electron mobility of the 2DEG, and high — T of
operation has attracted enormous interest from academia and from industry and in this

context this PhD dissertation has been made.

To illustrate this impressive GaN technology evolution, it has been reviewed the history
of GaN material from the pioneering work of Juza and Hahn (first synthesis of GaN in
1938), the Nakamura’s first high-brightness blue double-heterostructure GaN LEDs
and the first 2DEG HEMT achievements in early 1990s to the apparition of the first

generation of 200 V commercial power devices from EPC in 2009.

The GaN material properties have been compared with other commonly used
semiconductors such as Si, GaAs and SiC. The GaN crystal wurtzite structure was
particularly described. In addition, both piezoelectric and spontaneous polarization
dipoles in the AlGaN/GaN heterostructure grown ¢ — plane in a Ga — face crystal
have been described. The 2DEG formation in the HEMT channel due to the carrier
accumulation along the heterojunction in a quantum well using the band diagram of the

AlGaN /GaN heterostructure was also briefly described.

These extraordinary material properties are in the basis of the GaN HEMTs principles
of operation and the current flow through the 2DEG formation in the AlGaN/GaN
heterostructures. The GaN HEMT devices, with a wider bandgap than Si have much
higher critical field, higher carrier concentration and higher electron mobility. Their
Vg /Ron,sp trade-off already outperforms the best-in-class Si equivalent (such as super-
junction devices), rapidly approaching the SiC theoretical limit. The GaN — based
devices find their place in two of the main solid-state semiconductor fields:
optoelectronics and microelectronics. The most relevant GaN — based electronic

devices such as LEDs,blue LDs and AlGaN/GaN HEMTs have been assigned to
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different areas to enumerate the main potential applications. Among the wide range of
potential application areas we have included the smart lighting, ICT, RF electronics,
power management, power industrial and energy generation and distribution further

suggesting the unprecedent versatility of this material.
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Chapter 3
Fabrication and

characterization overview

3.1. INTRODUCTION

In this chapter, the fabrication process and the different characterization methods will be
presented. The standard HEMT technology process will be described detailing the three
basic steps of micro-fabrication; HEMT isolation, Ohmic and Schottky contact levels.
These steps are in the basis of the fabricated AlGaN/GaN HEMTs grown on Si,
sapphire and FS — GaN in the CRHEA — CNRS and CNM (Au — free devices CMOS

compatible) clean rooms.

The CRHEA — CNRS devices were entirely molecular beam epitaxy (MBE) grown in
their own epitaxial facilities. In addition to the AlGaN/GaN HEMT active layer
fabrication process, the GaN buffer and the AlGaN layers were grown by MBE and this
process has been described onto Si, sapphire and FS — GaN. On the other hand,
commercial AlGaN/GaN wafers have been used for the definition of the HEMT

devices fabricated on the CNM clean room.
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Starting from the basic HEMT structure we have introduced different gate architecture
modifications to achieve the MIS — HEMT and i — HEMT devices. The MIS — HEMT
is a way to further reduce the gate leakage current introducing a thin dielectric between
the gate metal and the GaN surface. Both, thin ALD Hf O, and in-situ Si; N, have been
used as an insulator. The i — HEMT was achieved by thin chemical vapor deposition
(CVD) Si3N, as passivation between gate and drain/source spacing. The i — HEMT
structure reduces the leakage current between Ohmic and Schottky contacts and

improves the breakdown capabilities.

Finally, we will briefly describe the different types of measurements and physical
characterization methods that we have been used to investigate the AlGaN/
GaN HEMTs and the laboratory facilities and equipment’s to characterize our GaN
devices. In particular, the AFM tool will be widely described and used to understand the
conduction mechanisms through the AlGaN /GaN Ohmic and Schottky contact because

the relevance of the results obtained in the framework of this dissertation.

3.2. FABRICATION AlGaN/GaN HEMT PROCESS

A summary of the fabricated samples is presented in the table 3-1. The first sets of
devices were fabricated at the CRHEA — CNRS clean room with a conventional

gold — based gate and Ohmic stack.

Clean Gate

ID Room Type Insulator Substrates
S | €02 | CRHEA HEMT MBE GaN — on — Si
& | C03 | CRHEA | MIS — HEMT CVD Si;N, MBE GaN — on — Si
'= C04 | CRHEA HEMT MBE GaN — on — sapphire
= | €05 | CRHEA HEMT MBE GaN — on — FS — GaN
(V)
& | A04 | CNM i — HEMT! 4” GaN — on — Sivendor A
I= A03b | CNM MIS — HEMT ALD HfO, 4” GaN — on — Sivendor A
< | EO08 CNM | MIS — HEMT | in — situ SizN, | 4” GaN — on — Si vendor B

Table 3-1. Summary of the Au — based (Ti/Al/Ni/Au) HEMTs fabricated in the CRHEA —
CNRS clean room and the Au — Free (Ti/W/Al) HEMTs fabricated in the CNM clean room

during this dissertation.

"In the table 3-1 isolation between the gate and source/drain is achieved by CVD SisN,.
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On the framework of the industrial contract with ON semiconductor a basic AlGaN/
GaN HEMT technology process has been successfully developed for Si substrate in the
clean room of the CNM. This section gives an insight into the standard HEMT
technology process, the three basic fabrication steps, device isolation, Ohmic and
Schottky contacts. Table 3-1 summarizes the fabricated samples. Three types of gate
engineering had been used; three conventional HEMTs (CRHEA — CNRS), one
passivated i — HEMT (CNM) and four MIS — HEMTs (CRHEA — CNRS/CNM). The

basic substrate is Si, but we have investigated devices on Si, sapphire and FS — GaN.
3.2.1. HEMT FABRICATION BASIC PROCESS FLOW

Figure 3-1 presents a cross-sectional image of the three different type of HEMT

fabricated, regarding their gate engineering.

(a) (b) (c) oae |
GATE GATE Insulator DRAIN | Insulator
GaN cap layer GaN cap layer GaN cap layer

AIGa N AI Ga, N Al.Ga, N
o000 000000000 i leleXe Xe XeNeXele ke 0000000000000
2DEG Gas ns ZDEG Gas ns 2DEG Gas, Ns
Undoped GaN Undoped GaN Undoped GaN
Buffer Layers/ Transition Layers Buffer Layers/ Transition Layers Buffer Layers/ Transition Layers
Substrate Substrate Substrate
HEMT i-HEMT MIS-HEMT

Figure 3-1. Cross section of the fabricated AlGaN/GaN devices for (a) HEMT, (b) i — HEMT and
(c) MIS — HEMT.

Starting from the basic HEMT structure we have introduced different gate architecture
modifications to achieve the MIS — HEMT and i — HEMT devices. The MIS — HEMT
1s a way to further reduce the gate leakage current introducing a thin dielectric between
the gate metal and the GaN surface. Both, thin ALD Hf O, and in-situ Si; N, have been
used as an insulator. The i — HEMT was achieved by thin CVD SizN, as passivation
between gate and drain/source spacing. The i — HEMT structure reduces the leakage

current between Ohmic and Schottky contacts and improves the breakdown capabilities.
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3.2.1.1. EPITAXIAL DEFINITION OF THE GaN BUFFER AND AlGaN BARRIER

In this section, the GaN buffer and AlGaN barrier epitaxial CRHEA — CNRS definition

is explained.
3.2.1.1.1. MBE oN Si

Schottky gate HEMT's layers were defined on a previously optimized stack to obtain a
crack-free GaN layer up to 2 — 3 um thick on commercial Si(111)." The GaN buffer
and AlGaN barrier layers were grown by MBE using ammonia as the nitrogen precursor
in a Riber Compact 21 MBE system on the CRHEA — CNRS facilities. The GaN and Si
nucleation layers was basically formed by depositing thin layer of 40 nm of ALN,
250 nm of GaN and 250 nm of ALN grown at 920 °C. These engineered nucleation
layers were used to overcome the formation of cracks, which are due to the large
difference in the thermal expansion coefficient between GaN and Si. Then, a 1.7 um
GaN (0001) buffer was grown on the nucleation layers at 800 °C, followed by the
active layers of the HEMT. The active layer (for the fabrication of HEMTS) consists of
a 1 nm AIN spacer to reduce alloy scattering and to enhance the electron mobility,* and
a 21 nm undoped AlGaN barrier with 0.28 Al mole fraction. Finally, the structure was
covered with an additional 5 nm GaN cap layer. The GaN cap layer is used to improve

the carrier confinement of the 2DEG.
3.2.1.1.2. MBE ON sapphire AND FS — GaN

Analogously, the AlGaN/GaN layers were grown by MBE on commercial ¢ —
sapphire (a — Al,03) and GaN (0001) substrate. Figure 3-1 (a) shown cross section
of the fabricated HEMT. The sapphire and FS — GaN HEMT hetero-structures also
require highly resistive GaN buffer layers to deliver high-power at high-frequencies and
to sustain high-breakdown voltages. Here, the growth of a good quality highly resistive
buffer is more difficult due the presence of oxygen (and other contaminant species)
diffusing from the substrate. The residual concentrations of impurities in the major part
of a MBE grown GaN layer on top of sapphire (and FS — GaN) are typically below
the detection limit of secondary ion mass spectrometry (SIMS), low enough to obtain
semi-insulating GaN. However, the reduction in threading dislocations (due to the lower

lattice mismatches) make it necessary to compensate for the n — type conductivity in
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the substrate/GaN interface region, where the GaN layer is often doped with O or Si
impurities. One solution involves doping the GaN buffer layer with deep acceptors like
iron (Fe), but such an element was not available in the CRHEA — CNRS MBE growth
reactor. For this reason, the structure was regrown by MBE (following a procedure as
described in Cordier et al.®) on an iron-doped GaN template obtained by MOCVD. By
carefully designing the MOCVD GaN template Fe doping profile and by optimizing the
MBE regrowth conditions, high-quality highly-resistive GaN buffer layers can be
achieved on these MOCV D templates. The GaN — on — sapphire template consists of
4 ym thick GaN epilayers grown on 2 inch (0001) sapphire by low pressure
metalorganic vapour phase epitaxy (MOVPE) in a close-coupled showerhead Thomas
Swan reactor with a 3 X 2” capacity graphite susceptor. These templates were doped
with Fe using a Cp,Fe precursor (ferrocene), resulting in good-quality material with a
low threading dislocation density (4 — 8 X 108 cm™2) and with a square resistance

of 1.0 x 101° Q/sq.

‘ GaNcap | | GaNcap | | GaNcap |

AIGaN AIGaN AIGaN
[ o RGN “ ay N .
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AIN (1nm) AIN (1nm)
MBE GaN (1.7 um) MBE GaN (1 um) MBE GaN (1 um)
AIN/GaN NC (0.54 um) MOCVD GaN (4 um) MOCVD GaN (10 um)
| Substrate Si(111) Substrate a-Sapphire Substrate GaN(0001) |
Silicon Sapphire FS-GaN

Figure 3-2. Cross-sectional description of the vertical structures under study.
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Figure 3-3. SEM micrograph of the different GaN buffers cross-section (a) on Si, (b) on sapphire,
and (c) on FS — GaN. The Ohmic contact of Ti/Ni/Al/Au. NL is Si/GaN nucleation layer.
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Interface contamination was not detectable with mercury probe capacitance vs voltage
(Hg — CV) scans. The Hg — CV measurements indicated a residual charge below
1.0 x 1013 ¢cm™3 in the deeper regions of the MOCV D template. To achieve the same
residual doping on the Free Standing substrate, the FS — GaN MOCVD template
thickness was increased up to 10 um thick. The back-side of the substrates was coated
with molybdenum in an e-beam evaporator in order to enhance heating and to allow
good temperature control during the MBE growth. A 1 um thick undoped MBE GaN
buffer was then grown at 780 — 800 °C (the growth rate for the GaN buffer was
0.6 um/h and no peculiar behavior was noticed by reflection high energy electron
diffraction (RHEED) observation during the regrowth). The GaN buffer grown on
optimized MOCVD Fe — doped templates exhibit very low isolation currents with a
square sheet resistance of ~ 5.0 X 101° Q/sq. In the figure 3-2 and figure 3-3 are

presented different GaN buffers cross-section on Si, on sapphire and on FS — GaN.
3.2.1.1.3. COMMERCIAL GaN — on — Si

The devices available from CRHEA — CNRS were basically defined for RF HEMT's so
the buffer was not optimized for high-voltage operation. For the high-voltage power
HEMT fabrication, we have used material 4 inch (GaN — on — Si) from two state-of-
the-art European suppliers for high-voltage HEMT in the ON semiconductor project

framework.

These commercial GaN wafer has been used for the definition of the HEMT devices
fabricated on the CNM (that has no epitaxial growth facilities). The clean room facility
of CNM includes equipment for micro and nanofabrication processes based on Si, SiC
and GaN technology. Its structure allows a highly flexible operation, which makes it
especially well-suited for R + D + I projects. The Integrated micro and nanofabrication
clean room has a surface of 1,500 m?. The clean room is class 100 — 10,000

depending on the areas.
3.2.1.2. HEMT DEFINITION

In this section, we describe the basic fabrication process used for the standard AlGaN /
GaN HEMTdevices which consist in three steps, device isolation, Ohmic and Schottky

contacts definition.
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A. Device Isolation

The device isolation (for CRHEA — CNRS HEMTs) was achieved by means of a
150 nm deep mesa etch, performed by Cl,/Ar reactive ion etching (RIE) (figure 3-4
(a)). The mesa isolation was used to isolate the individual devices from each other.
Otherwise you would find contribution of the 2DEG all over the wafer and your channel

would never be able to stop the electron channel flow.

B. Ohmic Contact

This is the best way to ensure best connection to 2DEG with the lowest possible
resistance. The R, has been extracted by means of TLM to be as low as 0.2 Qmm.® The
analysis of the Ohmic contact will be extensively studied in chapter IV. As shown in
figure 3-4 (b), Ohmic contacts were formed via the deposition of a Ti/Al/Ni/Au stack
(CRHEA — CNRS)), after which the structure was annealed at 750 °C for 30 s. by rapid
thermal annealing (RT A) system. For some of the samples, just before the Ohmic metal
deposition by sputtering, a short RIE was also performed in order to remove the GaN

cap and partially etch away three quarters of the 21 nm AlGaN layer.

C. Gate Contact

Schottky contact is formed between the Ohmic contacts as the electrode which allows
controlling the drain current flow. The HEMT gate contact was made with a Ni/Au
bilayer (CRHEA — CNRS). Figure 3-4 (c) presents the fabricated HEMT following the
steps explained above. The analysis of the gate stack will be extensively studied

in chapter V.
(a) (b) (c)
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Figure 3-4. Basic AlGaN/GaN HEMT fabrication steps (a) isolation (b) Ohmic and (c) Schottky

contacts fabrication.
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3.2.1.3. MIS — HEMT DEFINITION

As mentioned before, a way to further reduce the gate leakage current is the
introduction of a thin dielectric between the gate metal and the GaN surface in an
approach known as metal insulated gate HEMT (MIS — HEMT) (figure 3-1 (c)).
HEMTSs were conceived to work in RF application. However, in the framework of the
industrial contract with ON semiconductor HEMT's are fabricated for power electronics
applications. The main reason to use a thin dielectric under the gate as insulator is to
reduce the losses, form the On — state, the drain-source voltage must be minimum to
obtain a low on-resistance. On the other hand, the Of f — state drain-source and gate-
source current must be mitigated to obtain a low leakage current and high-breakdown

voltage.
3.2.1.3.1. ALDHfO,MIS — HEMT

The CNM MIS — HEMTs were fabricated using an Hf O, as a gate insulator on 4 inch
wafer AlGaN /GaN — on — Si commercial substrates. The thin insulator below the gate
metal was achieved by thin ALD Hf O,. The thin Hf O, was deposited onto the samples
using a Savannah — 200 ALD system from Cambridge NanoTech Inc. The ALD
system is based on precursor wave propagation and is carried out in a small profile
chamber at a controlled temperature and vacuum. The system is provided with
deionized H,0 or O; as oxygen precursors together with tetrakis (dimethylamido)

hafnium for Hf O, deposition. N, was the carrier/purging gas.

3.2.1.3.2. IN-SITU SigNy,MIS — HEMT

A further step for improving the robustness of the passivated HEMT is to grow the
Siz N, layer epitaxially in-situ just after the AlGaN barrier definition. Thin in-situ Siz N,
deposition on AlGaN/GaN HEMT structures was recently shown to be feasible and
advantageous mainly due to reduced AlGaN relaxation, increased sheet carrier

concentration, improved Ohmic contacts and surface protection during processing.” "

The in-situ passivation combined with the GaN buffer optimization yielded extremely
low surface (gate) and bulk currents and are purchased directly from a commercial

vendor.
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3.2.1.4. Au— free CMOS COMPATIBLE HEMT DEFINITION

The GaN technology becomes cheaper than other III — nitride materials when it’s
growth on a Si substrate which the wafers are available in 4 — 6 inch. Ideally, the
GaN — on — Si based HEMT's can be processed in a standard CMOS compatible line to
obtain the same high-throughput and high-yielding process technologies as used for
Si — based devices. The Ohmic contacts were formed after annealing a CMOS
compatible Au — free metal stack of Ti, Al and W. The gate metal was W — Al."" The
isolation was achieved by N implantation. The passivation of the i — HEMT was
achieved by a thin layer of CVD Si3;N,. In the CNM clean room, we have demonstrated
a fully CMOS compatible GaN process on 4 inch on Si substrates."

3.3. CHARACTERIZATION METHODS

In this section, we will briefly describe the different characterization methods to analyze
the AlGaN/GaN HEMTs. A broad range of measurement has been used to investigate
our devices. Well known physical characterization methods have been used for
determine the main physical parameters of the structure. Although the physical
characterization methods can be regarded as conventional, their applications in the
context of the AlGaN/GaN HEMTs analysis have been proved to be very innovative

and educational for the most of the situations.

Electrical characterization methods include transfer curves, TLM, lateral and vertical
leakage currents, forward I — V, reverse lateral and vertical leakage currents, reverse
breakdown voltage, reliability tests, dynamic I —V, C — V, etc. On the other hand, we
will briefly describe the measurement equipment and processing data software. Finally,
we will summarize the different types of tests used for measuring the horizontal and

vertical buffer and breakdown voltage.

3.3.1. PHYSICAL CHARACTERIZATION

Table 3-2 shown different physical characterization tools used during this thesis to
investigate the AlGaN/GaN HEMTs. The physical characterization methods are
addressed to establish the morphology, the composition, the threading dislocations

density, the nanoscale conductive pattern and others.
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Physical o .
s Application HEMT Parameter Extraction
Analysis Tool
SEM Microscopy Surface Morphology, fabrication verification, yield
, , Cross — sectional analysis Ohmic contact,

TEM Microscopy X — Section GaN Threading Dislocations Density

AFM g = ey }{’ , RMS, Nanoscale conductive pattern
Nano — Conductivity

EDX Composition analysis Identification of metallic compounds
Microscopy X — Section ;

FIB VY erncn reRETE e GaN buffer MBE layer thicknesses

Table 3-2. Summary of physical analysis tools used to investigate the AlGaN/GaN HEMTs.

A number of physical characterization techniques were used during my PhD including
CAFM, SEM, FIB, TEM and energy dispersive x-ray spectroscopy (EDX). Some of
these techniques were done in collaboration with different laboratories (the REDEC, the
Servei de Microscopia, etc.). Among these techniques of particular relevance was FIB

and CAFM.
3.3.1.1. FOCUSED ION BEAM

The FIB physical analysis tool has been used to investigate the morphology and the

cross-section of the different AlGaN /GaN layers.

Figure 3-5. SEM view of FIB machined TEM lamella (a) top view of the Ohmic contact before FIB
mill. (b) FIB mill of the Ohmic contact area. (c) Cross-section detail of the lamella with the
platinum on the top before the lift-off. (d) Top view of the lamella lift-off. (¢) Mounting the lamella
on Cu holder and (f) Polishing the lamella up to 50 nm thick before TEM investigation.
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The FIB was also used for machining the different TEM lamellas used in this
investigation. Figure 3-5 describes the process to obtain a lamella section. Figure 3-5 (a)
presents a view of the Ohmic contact. Then in the figure 3-5 (b) is shown a lamella FIB
machined from the Ohmic contact area. Cross-section detail of the lamella with the
platinum on the top before the lift-off is presented in the figure 3-5 (¢) and the top view
of the lamella lift-off (figure 3-5 (d)). After mounting the lamella on Cu holder (figure
3-5 (e)) the lamella is polished up to 50 nm thick before TEM investigation have been
done as shown in figure 3-5 (f). After conventional TEM analysis, the lamella was wire
bonded to the Cu holder to analyze with CAFM the cross-sectional conductive pattern as

will be shown in chapter V.

3.3.1.2. CONDUCTIVE ATOMIC FORCE MICROSCOPY

The other piece of equipment which we have extensively used was the AFM /CAFM
setup of the REDEC within the electronic engineering department of the Universitat
Autonoma de Barcelona.” The AFM is a measuring instrument that belongs to the
scanning probe microscopy (SPM) family which, allows obtaining topographical
images of a given surface when an extremely sharp tip scans the sample to obtain

information about the sample’s surface.

(\

Position-sensitive
Photodetector

Laser Diode

Cantilever Spring

—i

Figure 3-6. Adapted from Biophysics and Soft Matter, University of Greifswald. Basic schematic of

an AFM equipment. The optical system is used to detect the cantilever deflection when the tip
contacts the surface. The optical system consists of a laser diode that is focused on the back of the
cantilever. The reflected beam (which gives information about the cantilever bending) is detected

by a photosensitive detector.
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The information gathered from the probe’s interaction with the surface can be as simple
as physical topography or as diverse as measurements of the material’s physical,
magnetic, or chemical properties. These data are collected as the probe is scanned in a
raster pattern across the sample to form a map of the measured property relative to the
X — Y position. Thus, the AFM microscopic image shows the variation in the measured

property, e.g., height or magnetic domains, over the area imaged.

The AFM probe has a tip at the end of a small cantilever beam. The probe is attached to
a piezoelectric scanner tube, which scans the probe across a selected area of the sample
surface. Its work principle is based on the measurement of the interaction forces that
appear between the tip and the sample when the distance between both is in the
nanometric range. Since the tip is located at the end of a cantilever, any force applied to
the tip causes a deflection of the cantilever, Ax, which is proportional to the force
according to the Hooke’s law, F = —kAx (where k is the spring constant of the
cantilever). This deflection is detected by an optical system, which reflects a laser beam
off the back of the cantilever. The reflected laser beam strikes a position-sensitive
photodetector consisting of four side-by-side photodiodes that allows measuring the
vertical and lateral deflections. The signal received by the four photodiodes indicates
the position of the laser spot on the detector and consequently the deflection of the
cantilever. This deflection can be registered during the scan of the sample, performed by
a tube scanner (made from piezoelectric materials) as a 3D image that represents the

surface of the sample (figure 3-6).

The CAFM is an AFM based technique that allows to perform simultaneously
topography and electrical conductivity measurements, enabling to correlate spatial
features on the sample with its conductivity. To carry out this kind of measurements, a
conductive tip is absolutely necessary as well as a very low noise preamplifier, which
works as an I — V converter that collects the current flowing through the tip. The CAFM
is basically an AFM with the additional elements: a conductive tip, a preamplifier and a

voltage source to bias the sample.

The CAFM is normally used to obtain electrical information through the measurement
of current maps in a given area (simultaneously with the topographical images) or [ — V
curves at fixed locations of the sample. Current maps allow to analyze the conductivity

changes and homogeneity on a selected area. This test is performed by applying a
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constant voltage to the sample meanwhile the tip scans the analyzed area. Therefore, in
CAFM experiments, contact mode is required to achieve a good contact between tip and

sample to perform conductivity measurements.

During this thesis AFM has been used for revealing the surface topography of the
AlGaN/GaN HEMTs. The CAFM technique has been used to correlate the nanoscale
conductive pattern and microelectronic device characteristics as described in the next
section. To analyze the samples with the AFM, usually we use two tips natures. The
first one is a Pt/Ir with a very sharp tip, with ~ 25 nm of the diameter and high-
resolution scanning for reduced scanned areas (1 X 1 um?). The other one is a doped
diamond tip (Si doped like Carbon) with a ~ 100 nm of the diameter. The diamond tip
presents less resolution but high-resistance than Pt/Ir tip. This characteristic allows us

to scan large areas (10 X 10 um?). Figure 3-7 presents the commonly view of AFM tip.

Figure 3-7. Adapted from DME Nanotechnologie GmbH information. (a) Cantilever holder with
AMTF tip probe and (b) detail of the tip probe.

3.3.1.2.1. OPERATION MODES

Depending on the distance between tip and sample, two different operation modes can
be described: contact mode (repulsive regime) and non-contact mode (attractive
regime).

Contact mode

The atoms at the end of the tip are close enough to the sample surface (1 — 3 A) and
interact with the superficial atoms of the sample in the repulsive regime. One of the
main drawbacks of this method is the tip wearing, due to the continuous “contact” with

the surface during the scan.

39



CHAPTER 3: FABRICATION AND CHARACTERIZATION OVERVIEW

Non-contact mode

In this mode, the tip is operating in the attractive regime, quite close to the sample, but
without being in contact. Therefore, the tip-sample contact is minimized, avoiding to
damage the surface and the tip. The forces between tip and sample are quite low, of the
order of pico-Newton (1.0 X 10712 N). Consequently, the vertical resolution obtained
in non-contact mode is lower than that obtained in contact mode.

Tapping mode

Tapping mode is an intermediate method between contact and non-contact mode which
overcomes the problems associated with friction and electrostatic forces related to
contact mode and, on the other hand, offers a very high-resolution. In this case, the
cantilever is oscillating close to its resonance frequency and the tip intermittently
contacts or “taps” the surface. During tapping mode operation, the cantilever oscillation
amplitude is maintained constant by the feedback loop and the force on the sample is
automatically set and maintained at the lowest possible level. Therefore, when, for
example, the tip scans a protuberance on the surface, the tip-sample distance and the
amplitude of the oscillation decreases while when the tip scans a depression, the

amplitude increases since the tip-sample distance increases.

3.3.2. ELECTRICAL CHARACTERIZATION

A summary of the different types of electrical measurements that have been used to
analyze AlGaN /GaN HEMTs is shown in the table 3-3. Basically, the On — state is
characterized by two measurements; (1) The gate transfer curve (145 — V), presented
in the figure 3-8 (a), is a basic measurement in the transistors devices. Besides, the
transfer curve provides us of the basic subthreshold parameters too such as the drain-
source leakage current (Iys,rr) and gate-source leakage current (I4s,7r) When the
transistor is off. This leakage current should be very low in order to reduce the standby
power consumption. Other important parameter is the V;;, in order to know what is the
voltage which the transistors turn from Off — state to On — state and the gate
transconductance (g,,) which is the ratio of the drain current change at the output port
to the gate voltage change at the input port. On the other hand, transfer curve hysteresis
can be regarded as a reliability measurement, revealing if the Vi, is shifted due to

cumulative stress.
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Name Setup Type Extracted Parameters
On — state
Transfer curve 3 — Ter, WM2 Lys, Lys vs Vys at T? Imo lasof s Igs,of £+ Ven, hysteresis
Current vs Voltage 3—Ter, WM | lgsvsVysat T and AV Ron, T, Iys sats Mny s
Off — state
Lateral leakage current | 3 — Ter,WM lgs, Igs vs Vg at T E,
Vertical leakage current | 2 — Ter, WM Lap, Lgp VS Vyp at T E,
Breakdown Voltage 3 —Ter,WM Lys, Igs vs Vg Ron vs Vg
Others
TLM 4 —Ter,WM [-VusT Ry Rop, Re, T
Current vs time 3 —Ter lys,) lgsvstat T Reliability
Dielectric stress 2 —Ter lys vs Vs at T Reliability
Charge trapping 2—Ter Vyvst Reliability
Positive gate bias 2 —Ter lgq vs Vyq at +V; Reliability
Dynamic I —V (Q points) | 3 —Ter lys Vs Vs at Vs 9, Vs o Current collapse
Capacitance vs Voltage 2 —Ter Lgs Vs Vs, C vs Vg C/Gw,G,/w,Ef_Eg,ty, Dy, 0

Table 3-3. Overview of the types of electrical measurements used to analyze the AlGaN/

GaN HEMTs.
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Figure 3-8. Representation of main HEMT parameters. (a) 15775 L4505 and Vyy, from the transfer
curve, (b) R,, and I ¢ o4, from the I, — V¢ curve and (c) reverse leakage currents and breakdown

voltage.

? In the table 3-3 for the setup column Ter denotes Terminal electrode and WM denotes wafer mapping.
* In the table 3-3 for the type and the extracted parameters columns T denotes Temperature.
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(2) The current vs voltage (I;5 — V) forward curve, as shown in the figure 3-8 (b).
From this curve we can extract basic parameters such as the R,, —that in our case
should be very low in order to decrease the conduction losses— and the drain-source

saturation current (I sq¢) to know the maximum drain current given by the device.

The Of f — state or (lateral) HEMT leakage current is given by the reverse gate-source
current (Igsreperse) and the reverse drain-source current (/g reperse) a8 shown in the
figure 3-8 (c). The gate is biases under the V;;, (so the channel is depleted) and then the
drain is biased positively (figure 3-9 (a)). If a breakdown phenomenon is achieved then
this curve is known as Vg curve which would eventually cause the reverse bias
breakdown due to impact ionization. Related with the HEMT reverse current, the
vertical leakage current, denoted as drain-bulk current (I;3), as shown in the figure 3-9
(b), is the current flowing through the heterostructure when the substrate is grounded
and the drain is positively biased. The back contact was made directly contacting the
different wafers with the chuck of the probe station. This measurement is important to

know conductive or insulating nature of the substrates.

V_<V
1 gs th
- +V +V,,
GaN cap W3] GaN cap (5nm)
AlGaN SOURC AlGaN (21nm)
AIN ‘ AIN (Tnm) .
KeXele N [0 BO00000660006000
Undoped GaN Undoped GaN (1.7 pm)
Nucleation Layers ‘ Nucleation Layers (0.54um)
Substrate Si(111) ‘Substrate Si(111) db

1O (O

Figure 3-9. Cross-sectional view (not to scale) of the Si — based HEMT. In (a) it is also shown the
configuration for a HEMT reverse measurement. There the 2DEG is depleted (V55 < Vi), the

source grounded and the drain electrode positively biased. In (b) it is also shown the I ;;, which is

the two terminals current between the drain and the grounded back of the wafer.

Any of the previous measurements can be analyzed at different temperatures which
gives a valuable insight of the physical phenomena taking place within the structure. In
general, from the subthreshold current vs T plots we can extract the thermal activation
energies (E,) assuming a rate-limited thermally activated process following an

Arrhenius law.
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In addition, we have made use of other well-known device characterization techniques
such as the TLM which is a well-established technique to determine the specific contact
resistivity of metal Ohmic contacts to semiconductors. The HEMT gate insulators films
have been further characterized by a range of techniques including current vs time,
dielectric stress, charge trapping, positive gate bias, dynamic I — V as it will be largely

described in chapter V and chapter V1.

3.3.2.1. ELECTRIC CHARACTERIZATION SET-UP AND METHODS

Arrange of electrical characterization equipment was available to analyze the HEMT
devices (some of them are presented in figure 3-10). For example, the [ —V
characterization was performed using a Keithley family test system to drive the four
electrodes (source,drain, gate and bulk) of a HEMT devices. High-voltage
measurements require further attention during the breakdown voltage measurements.
The devices were characterized immersed in Galden oil bath to avoid the arcing
otherwise the breakdown voltage was limited to ~ 400V in any case. The higher
voltage characterization was performed using a Keithley 2410 test system up
to 1.1 kV. In this particular case, to measure the breakdown voltage, three terminals
measurements were performed to drive the device in the Of f — state, when the gate
was biased below the threshold voltage value. In addition, we have used the probe
station model $200 from Wentworth laboratories where we have carried out

temperature characterization up to 300 °C.

Figure 3-10. On-wafer measurement equipment (left) Keithley rack and (right top) Probe station
5200 and (right down) 300 °C heating chuck system.
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All equipment in the laboratory can be controlled from a one computer by switching a
GPIB bus. End-user characterization interfaces such as ICS Metrics and LabView have
been used to extract the data from electronic characterization. In addition, full wafer
mapping have been done using ICS Metrics by sequence steps programming and probe

cards customized by High Tech Trade GmbH.

3.4. SUMMARY

In this chapter, the fabrication process of the AlGaN/GaN HEMTs has been presented.
The three basic steps of micro-fabrication; HEMT isolation and the Ohmic and Schottky
contacts, were briefly presented. These fabrication steps are in the basis of the
fabricated AlGaN/GaN HEMTs grown on Si, sapphire and FS — GaNsubstrates at the
CRHEA — CNRS HEMTs which are the main devices investigated thorough this

dissertation.

In the framework of the industrial contract with ON semiconductor a basic AlGaN/
GaN HEMT technology process has been successfully developed for Si substrate in the
clean room of the CNM. One of the main challenges in the processing technology of
HEMTs based in different substrate materials is the adaptation the standard process to
GaN — based systems. Two MIS — HEMTs and one i — HEMT Au — free devices
have been obtained by CMOS compatible line. Starting from the basic HEMT structure
we have introduced different gate architecture modifications to achieve the MIS —
HEMT and i — HEMT. The MIS — HEMT is a way to further reduce the gate leakage
current introducing a thin dielectric (Hf0,) between the gate metal and the GaN
surface. The i — HEMT was achieved by thin SizN, as passivation between gate and
drain/source spacing. This structure reduces the leakage current between Ohmic and

Schottky contacts and improves the breakdown capabilities.

The main workhorse of this dissertation was the explorative analysis performed on the
AlGaN /GaN HEMTSs by innovative electrical and physical characterization methods. A
number of physical characterization techniques have been imaginatively used during my
PhD including CAFM , SEM, FIB, TEM and EDX to determine the main physical
parameters of our devices such as the morphology, the composition, the threading
dislocations density, the nanoscale conductive pattern and others. Among these

techniques of particular relevance was FIB and CAFM. The FIB physical analysis tool
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has been used to investigate the morphology and the cross-section of the different
AlGaN /GaN layers. In addition, FIB machined process to obtain the lamella on Cu
holder has been explained in detail. The AFM and CAFM tools have been widely
described and used to understand the conduction mechanisms through the AlGaN /GaN
Ohmic contact by the perform simultaneously topography and electrical conductivity
measurements. A detailed AFM /CAFM equipment (laser diode, cantilever, conductive
tip, photodetector, preamplifier and others) and work principles (deflection of the

cantilever) have been explained.

A wide range of On — state and Of f — state electrical measurements have been also
carried out. The gate transfer curve has been measured to provide us the basic
subthreshold parameters such as the threshold voltage, the g, and the hysteresis. The
current vs voltage forward curve has been used to extract the R,, and the I; ¢4¢. The
HEMT leakage current is given by the reverse drain/gate-source current regarding the
breakdown phenomenon. The HEMT vertical leakage current, denoted as I;;,, has been
obtained to know conductive or insulating nature of the substrates. In addition, TLM has
been used a well-established technique to determine the specific contact resistivity of
metal Ohmic contacts to semiconductors. The HEMT gate insulators films have been
further characterized by a range of techniques including current vs time, dielectric
stress, charge trapping, positive gate bias, dynamic [ —V and others. Finally, the
electric characterization set-up and methods used have been explained to analyze
HEMT devices, such as I —V curves using a Keithley family instruments or high-
voltage measurements, where the devices were characterized immersed in Galden 0il
bath to avoid the arcing in air. In addition, we have used the probe station model S200
from Wentworth laboratories where we have carried out temperature
characterization up to 300 °C. It is worth mentioning that the high — T characterization

is also a cornerstone of my PhD.
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Chapter 4
AlGaN/GaN HEMT

Ohmic contact

4.1. INTRODUCTION

Commercial Si transistors reach their normal operational temperature limits at
approximately 125°C, typically have a switching limit in the range of a few GHz, and
are highly susceptible to harsh environments. The GaN — based devices have the
potential to operate at temperatures higher than 500°C, at switching frequencies much
higher and due its WBG is a radiation hard semiconductor, thus improving upon many
of the limitations associated with Si electronics. Besides, high — T logic has been
already proposed which could result in a dramatic simplification of the current power
systems. The GaN smart power chip technology has been demonstrated by using
D — mode and E — mode HEMTs."? However, due to its normally — of f operation,
GaN MOSFET logic is more attractive due to its natural enhancement mode operation
with lower gate leakage and better high — T performance. Nevertheless, before
obtaining fully functional systems, many technological challenges have to be overcome.
Among these, the Ohmic contacts formation to implanted GaN layers, with low contact

resistance, is of particular importance.
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For a given metal barrier height it would be easier to contact to n — type GaN layer
rather than a Si layer. This is due to the smaller reported electron effective mass for
GaN .° Paradoxically, the WBG which is responsible for many of the key advantages of
GaN with respect to Si solid-state devices result also in larger Schottky barrier (SB)
heights and deeper donor levels. GaN thermal stability and chemical inertness also give
rise to difficulties in Ohmic contact formation. High-annealing temperatures, usually
over 800°C, and active metal species with low work functions, such as Ti and Al, are
required to achieve acceptable contact performance on GaN.° Additionally, it is more
difficult to form Ohmic contacts to GaN because there is poorer dopant activation and
ionization due to the fact that the donor levels lie deep in the bandgap. This means that
there are less carriers available for current transport at room temperature (Ry) and it is
more difficult to achieve a high-doping concentration in comparison to other
semiconductor materials such as Si. There are very few reports available of the
electrical properties of metal-semiconductor (M — S) Ohmic contacts to implanted GaN
layers.”"" It should be stressed that the transport properties of Si implanted GaN are
much worse than those obtained from epitaxially grown n — GaN films with a
comparable carrier concentration. This is generally attributed to the high-impurity
incorporation (i.e., Mg and Si) and the unrecoverable ion-implanted damage." Sheet
and contact resistance of the implanted region will be explored in the temperature range
25-300°C to gain further understanding of the mechanisms that take place in the M — S

transport.

4.2. OHMIC CONTACT FORMATION TO BULK GaN

4.2.1. TLM I-V vs T CHARACTERISTICS

The TLM is a well-established technique first proposed by Shockley™ to determine the
specific contact resistivity of metal Ohmic contacts to semiconductors. The basic idea of
the TLM 1s to plot the resistance of metallic contacts strips with a constant width
separated by varying lengths of semiconductor material (figure 4-1 (a)). Within two
metal strips of width Z with spacing d, when current flows (choosing the path of least
resistance) it encounters the R, and the semiconductor Ry, . In a bilayer model for
homogeneous Ohmic contact to a semiconductor, the Ry, of this semiconductor below

and between the TLM strips is considered to be the same.
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The potential distribution under the contact is determined by both R, and Rg,. The

specific contact resistivity (p.) is defined as:
pc = RA (4-1)

Where p. is a normalized value of the R., which makes it independent of the contact
area (A). The slope of the resulting line is a function of the bulk film resistivity while

the intercept is the R.. The total (front) resistance (R;) could be expressed:"

R R i
Ry = SZhd+2Rcz =t (d +2Ly) (4-2)
12. unprotected 300
g T=25°C | = (b)
a 8. D:I~ 200-
4. " T= 25°C
g (c) _g 100- o T=100°C
0 8 A T=200°C
0 40 80 120 % i =0E
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Figure 4-1. (a) Fabricated TLM. (b) Typical I —V vs T measurement (¢ and d) Ry, histograms

revealing inhomogeneities (measured at RT).

The slope leads to the Ry, and the intercept is 2R, giving the contact resistance. A

transfer length (L7):

Ly = Y Pc/Rsn (4-3)

Where L1 was defined and can be thought of as that distance over which most of the

current transfers from the semiconductor into the metal. This transfer length is typically
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under 1 um for good Ohmic contacts. This leads to the specific contact resistivity
determination with Ry, known from the slope of the plot. The total resistance is
measured for various contact spacings and plotted vs d as illustrated in figure 4-1 (b).
The slope leads to the sheet resistance. The intercept is 2R, giving the contact
resistance. In the simplest bilayer model for homogeneous Ohmic contact to a
semiconductor the sheet resistance of the semiconductor below and between the TLM
strips is considered to be the same. This leads to the p. determination with R, known
from the slope of the plot. However, on a micro-nanoscale, the concept of an uniform

sheet resistance for the alloyed layer should be not appropriate.
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Figure 4-2. Experimental data extracted from TLM I-V vs T (a) implanted layer sheet resistance

and (b) contact resistance VS temperature.

This non-uniformity has been corroborated by measuring several TLM structures at
different positions on the wafer (figure 4-1 (c) and (d)). Experimental details of the
fabricated contact are given elsewhere." The best results in p. were obtained for the
uncapped layer, but with very low reproducibility.” In contrast, the SiO, cap layer has
demonstrated greater uniformity, producing a relatively low p, around ~ 10™>Qcm?.
Figure 4-2 presents the sheet and the contact resistance extracted for a typical SiO,
capped TLM structure measured in the temperature range of 25-300 °C. It is clearly
observed that both, R, and R, decrease with T. A more physical insight into the reason
for this temperature dependence is given in the next sections. The contact resistance

strongly increases for temperatures higher than 250 °C. A physical degradation of the
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Ti/Al metal stack was observed, with the metal starting to soften below the tips.
Tungsten, Tantalum or Molybdenum could be used as a final metal to make the contacts

more insensitive to the high — T.

4.2.2. SHEET RESISTANCE
The sheet resistance is a measure of the resistivity averaged over the sample thickness.

The sheet resistance of a non-uniform layer of thickness (t — z) is given by: *

_ 1 =~ 1 (4-4)
q [, [n(@in(2) + p(@pp(2)]dz No > Na g [ [n(2)u,(2)]dz

Rsh

Where z is the depth from the surface into the semiconductor, n and p are the free
electron and hole densities respectively, p, and pu, are the electron and hole mobilities.
For n — type material (N, > N,), this equation can be simplified to the right
expression. It is routinely assumed, in Ohmic contact analysis that there is complete
ionization of the donor (or acceptor) impurities, i.e., n = Np. This approach, while
appropriate for Si, may be inadequate for semiconductors such as GaN, where the
impurity levels are deeper and hence are not fully ionized at RT. For a partially-
compensated n — type semiconductor, the free carrier concentration (n(z) =~ N7 (z) —

N, (2)) in the bulk taking into account incomplete ionization of dopant impurities is

given by:"*

_ 2(Np(2) — Ny) (4-5)
n(z,T) =

1+ apNy ++/(1+ apNy? + 4ap(Np(2) — Ny)
(4-6)

where ap = (2/N.)exp|E;/kgT]
The conduction-band density of states (N.) expressed by:
N, = 2(2em* kzT /h?)3/? (4-7)

Where h is Planck’s constant, m*is the effective mass for electrons, q is the electron
charge, kg denotes the Boltzman constant and Ej; (in fact, E; = E. — E,) is donor level
energy with respect to the conduction band energy E.. A single donor level is assumed
within the bandgap, whose occupation is described by the position of the Fermi level
(Er). Here, the hole density has been ignored and the acceptors are assumed to be fully

ionized since the Fermi energy is expected to be above the energy of even the deepest
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acceptors. For a higher degree of accuracy in the degenerate range, the formalism given

by Arnold" could be used:

n(deg) = 27'5_1/2716'_77”71/2 (Mr) (4-8)
Where F; /,(1g) is the Fermi integral, the normalized Fermi energy is computed with:
ne = In(n/n;) + (E; — E./kgT) (4-9)

Where n; the intrinsic carrier concentration and E; the intrinsic energy level. In our
case, for defining the N* region for Ohmic contact, a Si implantation at 160 keV with a

dose of 3.0 X 10 cm™2 was performed.
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Figure 4-3. (a) Implantation profile (square symbols) of Si into the GaN epilayer simulated by
TRIM [160 keV and fluence of 3.0 x 10'° cm~2] and the fitting (solid line) using a Gaussian
function. (b) Free carrier concentration in the bulk taking into account incomplete ionization of
dopant impurities for different values of donor ionization energy,

E; = 10 meV,25 meV and 100 meV.

The transport of ions in matter (TRIM)' Monte-Carlo simulation predicted a 0.25 um
deep implanted region, with a doping peak concentration, at the mean projected range of
2.0 X 102° cm™3. The donor impurity concentration Ny, (z) distribution can be fitted

by means of a Gaussian distribution as shown in figure 4-3 (a).
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Np,  —pZpeaky (4-10)

Np(z) = Npo+ e 9D
b Do O-Dm

Where Npo = —6.7% 108 cm™3 , Np; =318%x10® cm™3 , o, = 0.105 and
Zpeak = 0.132 um. The acceptor doping is the doping of the p — epi layer GaN,
N, = 1.9 x 107 cm™3. Figure 4-3 (b) shows the calculated free carrier concentration Vs
depth for different values of the donor energy level. From figure 4-3 (b) it can be seen
that the donor energy level has a great impact on the number of ionized impurities
effectively contributing to the doping concentration. The higher the implantation dose
and energy, the larger the effect of that non-negligible donor level energy gap. If the
donor lever is deeper the electrical activation is poorer, dropping dramatically for E; >
100 meV. The number of electrically active centres is also a function of temperature. In
the simplest approximation for a relatively highly doped n — type layer (Np — N, =
Np and (1 + aN,) < 4aNp), it can be demonstrated that the free carrier concentration
due to active ionized impurities, n, follows an Arrhenius law for a single rate-limited

thermally activated process:

Ny — (4-11)
n(r) = |22 = /2y T

Where it is considered that the temperature dependence of N, is small compared with

the exponential term. The bulk electron mobility (ug) for any semiconductor is a

function of the temperature and doping concentration. The bulk mobility can be

described by the well-known empirical derived formulation of Caughey-Thomas:'="

tmax (T) = tnin(T) (4-12)
1+ (G/C(T)™

Up (Ci: T) = .umin(T) +

Where C;is the concentration of ionized impurities and Upgx > Umins Cr, are fitting
parameters which depend on the lattice temperature:

T >b2 (4-13)

T) = —
.umax( ) .umax,o (300

by (4-14)

T
.umin(T) = Umin,o (m)

C(T) = Crp (;m)b R
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Parameters Units Values
Low field channel mobility on GaN
Hmax,0 cm?/Vs 150
Hamin,o cm?/Vs 100
Cro cm™3 3.0 x 10%7
b, 0.7
b, -0.5
b, 4.4
Material parameters
e/e 9.5
m*/my 0.23
N, cm™3 2.0 x 1017

Table 4-1. Parameters used in the computation of Ry, and R..
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Figure 4-4. GaN bulk electron mobility modeling (a) vs doping (b) vs temperature. Values for the

electron bulk mobility Caughey — Thomas model are fitted from the reference.'®

Table 4-1, summarizes the values used for the computation of the bulk mobility which
is plotted in figure 4-4. These values have been adapted fitting Hall mobility reported

values for Si implanted GaN doped regions.""
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4.2.3. CONTACT RESISTANCE

The theory of the Ohmic contact interface is very similar to that of the Schottky
interface. This is because all Ohmic contacts inevitably form initially as Schottky
barriers. Methods are deployed in order to manipulate the band structure so that the
tunneling transport mechanism can dominate. The three current transport processes with
respect to an Ohmic contact interface are then:**' (i) Thermionic emission (TE) of
carriers over the potential barrier, (ii) Thermionic field emission (TFE) or tunneling of
carriers through the depletion at the top of the barrier, and (iii) Field emission (FE) or
tunneling of carriers through the potential barrier. This is the desirable current transport
process with respect to Ohmic contact formation. The contact resistance (R, =
[0V /3]y, _,) under the TE, TFE and FE models could be determined by means of
analytical expressions:

0] -
TE R, = RoekTBT (4-16)

7 Pp+Efo Efo (4-17)

E E —

TFER, = kgTR, % cosh(ki,;)e Ego kBT

Eqo /n(an + Ef) 5
mksT  (528) 1 (328cp,)] (4-18)
FE R. = kgTRy|————<e'Eoo/ — —¢\E ro
¢ B Olsin(nclkBT)e cle *

(4-19)

Where R, =

B . .y —
JAAT and A* =4nqkgm*h~3
Where A is the area of the contact, A* is the Richardson constant (27.6 A/ cm? K? for
GaN) and ¢ is the dielectric constant and h is Planck’s constant. E,, is known as the

characteristic energy:

_qh ( n ) (4-20)

00 a1 m*e

The characteristic energy is an important parameter as it can inform one of which
current transport regime the carriers are subjected to. Eyq is a function of the donor
doping (n — type semiconductor). A plot of E, vs doping concentration can yield the
mode of current transport (TE,TFE or FE) when Ey, is compared to the thermal
energy kgT.* Depending on the characteristic energy we define the variables E, and ¢,

as:
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L (4@ (4-21)
2Eq,

Eoo
Eyy = Egyo coth (kBT) and ¢, = EfO
Where Ef is the energy difference between the conduction band-edge (bulk) and the
Fermi level. A useful approximate expression applicable to degenerate semiconductors

was obtained by Nilsson®” and is given for electrons by:

Erp Inr  [3rVm 23 8rvm (4-22)
= +——  where r=n/N,
keT ~ 1-7 4 3(4 + rvm)

Where n =~ Ni — N is the free carrier concentration in the bulk and ®p is the
Schottky barrier height. n and @ are both the magnitudes describing the transport
phenomena across the contact. A closer examination of the theoretical expressions for

the different current mechanism gives the functional dependence on n and ®p.
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Figure 4-5. Computed contact resistivity vs donor doping at RT for different homogeneous
Schottky barrier heights (®g). TFE refers to the thermionic field emission mechanism and FE
refers to field emission (tunneling) mechanism. Depending on the doping, TFE or FE dominates for

a given ®@p.
The functional dependence is exp(®g/kgT), exp(CD g/ coth(Eyy/kg T)) and

eXp(CDB/\/ﬁ) for TE, TFE and FE (Efocq > 1), respectively. Figure 4-5 shows the
In(R,) vs 1/+/n curve for TFE and FE. The TE mechanism (which would result in a

rectifying contact) is assumed to be independent of the doping and the value of the
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contact resistivity predicted is well above 1 Qcm?, for a typical barrier height of @5 =

0.6 —1eV. Ady =0.3¢eV is also included, showing the effect of a reduced barrier

height which would arise from an inhomogeneous distribution of barriers in the M-S

contact after annealing.
4.2.4. TEMPERATURE DEPENDENCE

As described in the previous section, the implanted GaN layer sheet resistance could be
determined as:
t (4-23)

RAAM) =g | [n(zT) X (a2, T dz

Numerical computation of the integral (integrand coming from eqgs. (4-5), (4-10) and
(4-12)) for each temperature® leads to the determination of the theoretical Ry, VS T of
the implanted GaN layer between TLM strips shown in figure 4-6 (a). The experimental
value Rgy, is significantly higher than the theoretical value (figure 4-6 (a)) if the donor
level energy is equal to the value commonly reported in the literature (E; = 10 —
25 meV)."®»2 A poorer activation with deeper energy levels results in higher R, but
does not explain well the temperature dependence depicted in figure 4-6 (a). An
effective value of the peak doping of roughly 15% of 2.0 X 10%2° cm™3 (4.0 X
10 cm™3) with and activation energy of 10 meV fits more accurately the experimental
value for the capped Rg,. Again, this activation value is consistent with previous
works.'®* In particular, Tucolano et al.*® reported for 80/180 keV (fluence of 2.7 X
10'* cm™2) Si electrically active fractions of 18% annealing at 1100 °C. Analogously,
the ionization energy was determined to be 20 meV extracted from scanning
capacitance microscopy. The uncapped R, of approximately 400 (/sq is closer to the
value predicted by integrating eq.(4-4) with the doping profile given by TRIM
simulations. The decrease of the Ry, with T is explained by the fact that more free
electrons are available at the higher temperatures, diminishing the effect of carrier

freeze-out of at RT.

4.2.5. Implanted N*GaN CONTACTS

The N — vacancies formation and/or the lowering of the ®p, via intermediate metallic
compounds Ti/Al — based multilayer structures, are regarded as the standard Ohmic

contacts formation mechanisms to n — type GaN. Ti reacts with GaN and forms TiN at
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elevated temperatures due to an exchange reaction mechanism. This reaction should
extract N from GaN and generates N — vacancies in the GaN layer. N — vacancies
act in turn as an n — type dopant and create a highly doped region in the proximity of
the interface, which lays the foundation for tunneling contact mechanism.® Figure 4-6
(b) shows the effect of the lowering of the Schottky barrier effect. M-S transport
mechanisms, specifically TE and TFE are strongly affected by the lattice temperature.
This is because thermionic emission over the potential barrier into the metal has an
exponential dependence on the thermal energy, which varies as a function of 1/kgT .
On the contrary, if complete ionization of carriers is considered, the tunneling based
mechanism FE is virtually independent of temperature. If partial activation of impurities

is considered then FE also depends on the temperature as shown in figure 4-6 (b).
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Figure 4-6. Experimental and simulation characteristics vs the temperature of the Si
implanted N* GaN region (a) sheet resistance and, (b) M — S contact resistance to the i
implanted N* GaN well. For Ry, E; = 10,25 and 100 meV are the simulated donor levels with

3

a peak value concentration of (full activated) Np ,;, = 2.0 X 102° cm~3 or with an activation of

15% (Npyix = 4.0 x 10" cm™3). ®p is the barrier height. For p.,Np ;= 4.0 x 19 cm™ and
E; =10 meV.

Tunnelling is improved with T as more dopants become active thus further reducing the
barrier thickness. We suggest that the experimental T dependence of the contact
resistance could be explained by a combination of FE and TFE depending on the
T range. Both FE and TFE may coexist with the mechanism displaying the lowest

resistance becoming dominant at a given temperature. EQs.(4-16)-(4-18) have been
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solved taking into account the doping peak and the donor level extracted from the sheet

resistance analysis and the partial activation of doping.

As stated before, it is difficult to form Ohmic contacts to GaN because there is poor
dopant activation due to the fact that the donor levels lie deep in the bandgap. This
means that there are less carriers available for current transport at RT and it is more
difficult to achieve a high-doping concentration in comparison to other semiconductor
materials such as Si. For GaN with significant partial dopant activation, tunneling is
improved with temperature as many dopants become active thus further reducing the
barrier thickness. For the contact resistance simulations, E; = 10 meV is the simulated
donor level with a peak value concentration of Np ,x = 4.0 X 10'° cm™ and ®p is a
varying barrier height. From the peak value concentration, the free carrier concentration
at a given temperature is computed. This value of n is then used in egs. (4-16)-(4-18).
Hence, figure 4-6 (b) presents the theoretical minimum value of the contact resistance as
it is computed for the doping Gaussian profile peak (not the value of the doping at the
M — S interface). As significant inter-diffusion of metals take place after high-
temperature contact annealing® this hypothesis seems, in our opinion, plausible. The
intermediate metallic nitrides formed after annealing are believed to reduce the barrier
height and, in turn, they further reduce the contact resistance. This would be the origin

of the reduced ®5 = 0.5 — 0.6 eV extracted from the fitting of the experimental

I-V vs T. We suggest that the experimental temperature dependence of the contact
resistance could be explained by a combination of FE and TFE depending on the
temperature range. Both mechanisms may coexist, the one with the lower resistance for

a given temperature dominating.

4.3. HEMT vs Implant

As described in the previous section, the performance and understanding of the Ohmic
M-S junction contact is of great importance as it influences the overall performance of
a semiconductor device. There are several processes to obtain an Ohmic M-S junction
contact for GaN — based devices (figure 4-7). The most common process to obtain an
Ohmic M-S junction contact is highly doping the semiconductor region, named
Implanted N*GaN contact (Nt for n — type) (figure 4-7 (a)). This contact has been

investigated in the previous section (sample C02; sample list given in chapter III).
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When the semiconductor has been highly doped, the depletion barrier becomes as thin
as ~ 3nm, enabling electrons to tunnel through. GaN — based devices are not an
exception to this rule.” The scenario for contact to a polar heterojunction (HJ) AlGaN /
GaN, (where a 2DEG has been formed), may be regarded as analogous to the N*

contact.

Here, named HJ AlGaN/GaN contact, the thinning of the barrier is achieved by
recessing the AlGaN barrier,”* further doping”*’ and/or selecting the metal stack®*"*
that will react after high — T anneal, in an effort to further improve the contact
resistivity. The TLM technique® is used again to investigate the effect of the T on the
contact properties for both, Implanted N*GaN and HJ AlGaN/GaN contacts, as
shown in figure 4-7 (a) and figure 4-7 (b) respectively. Fabrication details have been
widely described in chapter I11.

LT P ;
Ohmic TS Ohmic

d

timplantI { Pe

Rsh
p-type GaN
Undoped GaN
Buffer Layers/ Transition Layers Buffer Layers/ Transition Layers
Substrate Sapphire Substrate Si(111)

(a) Implanted N* GaN (b) HJ AlGaN/GaN

Figure 4-7. Cross section of the fabricated Al/Ti based Ohmic contacts TLM for (a)
Implanted N*GaN and (b) H] AlGaN/GaN.

4.3.1. EXPERIMENTAL RESULTS

The current—voltage curve (I-V), depicted in figure 4-8, show the characteristics
between two contact pads (d = 10 um) for various temperatures. Also in figure 4-8, a
different saturation behavior may be observed for each contact type. For the H] AlGaN/
GaN contact the saturation-like characteristic is due to the pinch-off of the (few
nanometers wide) 2DEG channel. In contrast, however for the Implanted N*GaN
contact it could be consider the current flows through the N* GaN region (timpiant
width on figure 4-7 (a), [typically several hundreds of nanometers]). There, the

saturation behavior was not observed.
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Figure 4-8. TLM current—voltage characteristics at different temperatures for (a)

Implanted N*GaN contacts and (b) HJ AlGaN/GaN.

Experimental TLM plots are presented for both, Implanted N*GaN and HJ AlGaN/
GaN contacts. At a given voltage, the current decreases or increases with T and hence,
the Ry vs T, as shown in the figure 4-9, measured for several d and W for different
temperatures. From these plots, the Ry, and R, may be determined as shown in figure
4-10. For the Implanted N*GaN contacts, both R, and R, decrease with T as shown
in figure 4-10. Our Implanted N*GaN type contact is significantly resistive. At RT,
the contact presents high-values for both Ry, and R, 850Q/sq and
2.2 Qmm respectively and p, of 4.6 X 107> Qcm?.

We believe that these relatively high-values of Ry, and R, may be due to a poor
activation of dopants under the contact, as it will be pointed out further on. Conversely,
for the H] AlGaN /GaN contacts, Ry, increases with T (figure 4-10), while R, has a
weaker dependence upon T (a slight increase). At RT HJ AlGaN /GaN the contact
resistance is lower with values of 400 Q/sq and 0.2 Qmm for both Ry, and R,,

respectively corresponding to p, of 9.0 x 1077 Qcm?.
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Figure 4-9. TLM total resistance plot Ry (in Qmm) for (a) Implanted N*GaN contacts and for (b)
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Figure 4-10. Experimental (a) R;;, and (b) R, vs T for both types of Al/Ti — based Ohmic contacts
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4.3.2. Heterojunction AlGaN/GaN CONTACTS

For a H] AlGaN /GaN based contacts, it may be considered that the Ry, between the
TLM strips would be the resistance of the electrons in the AlGaN /GaN 2DEG channel.*

Therefore,

1 (4-24)
quzpec (TIns(T)

Rsh (T) =

Where pypge 1s the 2DEG channel electron mobility and ng is the 2DEG sheet carrier
concentration. At RT the value of the Ry, is consistent with an ng = 1.0 X
103 ¢m™2 and p,ppg of 1400 cm? /vs. It has been reported that ng is a weak function
of temperature.”** Therefore, it may be considered, in first approximation, that the R
dependence with T would be established by the mobility of the electrons in the 2DEG.
In the H] AlGaN /GaN channel, the lattice vibrations due to polar-optical-phonons
scattering on the non-intentionally doped GaN layer are the mobility limitation factor at
elevated T. The polar-optical-phonon scattering is the dominant scattering mechanism
for the 2DEG in a wide T range since the impurity scattering is minimized due to the
spatial separation of electrons and ionized impurities; this being especially true for

temperatures above 300 K.
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Figure 4-11. H] AlGaN/GaN characteristics for (a) 1/R;,and (b) R.. The contact resistivity is

compared with reported values for Au, AL, Ni, Ti and TiN resistivity vs T.”*
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This polar-optical phonon mobility depends on T (mainly because phonons follow the

Bose- Einstein distribution function of occupancy) and 2DEG sheet charge
density.****" The increase of Rg, with T is consistent with the mobility limitation
discussed above, and can be fitted by a power law relation, as shown in figure 4-11 (a).
When the T increases the lattice vibrations are effectively increased. This causes a
reduction of the mobility of the carriers in the AlGaN /GaN channel which result in turn

in an increase of the Rgy,.

Regarding the R, for the H] AlGaN /GaN based contacts, two mechanisms have been
reported as the methods deployed to get an Ohmic contact to AlGaN/GaN.*' Again, the
low Schottky-barrier mechanism is also a possible pathway for low resistance Ohmic
contact formation, where TiN is believed to have a lower work function than Ti, and
therefore, a lower contact resistance can be achieved.” Recessing the AlGaN layer make
this barrier thinner, enhancing the carrier tunneling probability.”” A direct electron path
mechanism (or spike contact) has also been proposed as a potential contact mechanism
in the H] AlGaN/GaN based contacts®***, which would be more efficient than the
tunneling mechanism. TiN protrusions, formed along dislocations and penetrating
through the AlGaN barrier layer, have been shown to establish a direct link between the
2DEG and the metal so that electrons are able to freely flow in both directions, as
shown in the TEM of the H] AlGaN /GaN presented in figure 4-12. This would explain

the more metallic-like dependence and the reduced resistance.

Figure 4-12. TEM image of the Ohmic contact H] AlGaN/GaN.
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Reported TiN resistivity is 1072 — 10~>Qmm range””* which is much higher than pure
Ti, Ni, Al, or Au (which are the metal stack of our contact), as shown in figure 4-11 (b).
The resistivity of TiN depends on if it is bulk material or the method of growth with
different values depending if the growth is physical vapor deposition (PVD) or CVD
based.” These protrusions would only contact the 2DEG in small areas which could
well explain the lower R, achieved for HEMT type contacts and its correlation with

temperature.

Comparing our results with previous works investigating the R, vs T behavior, the
Implanted N*GaN contacts corroborate the very well-known tunneling based contact,
just like in Si technology. The implanted Ohmic contact mechanism is in this case

independent of the type of substrate (Si, SiC or sapphire) and/or the metallic stack

(Al-Ti is by far the most used). The contact resistance value obviously would change
depending on the fabrication process and the resulting alloys after the contact annealing,
but the physics behind the contact would remain the same: FE or TFE dominating
depending on the doping and the barrier height.*

For our H] AlGaN /GaN a based contact, the contact resistance temperature dependence
(the slightest increase with T') is evidently in conflict with the previous well-known
theory. This is not a universal result for every kind of contact to HEMT devices. In fact,
there are reports which claim TFE — like dependence of the contact resistance with the
temperature.”** Some other reports however, usually showing lower contact resistance
R, < 0.5 Qmm, are believed to be due to other completely different Ohmic contact
formation mechanism:** The ‘‘spiking’’ mechanism or the metallurgical union of the
2DEG electrons and the contact metals. We believe that this mechanism is virtually
independent of the starting substrate: Si, SiC, or sapphire, if you are able to promote
the metal alloys sufficiently near towards the 2DEG electrons. This makes the barrier
for electrons (if any) remarkable thin and, as for contacts following the theoretical pure
FE mechanism, the contact resistance should be almost temperature independent.””***
In this sense, we believe that the reduced contact resistance for our H] AlGaN/GaN
contacts R, = 0.2 Qmm (compared with the R, = 2.2 Qmm for the implanted) should
be related to this very thin barrier between the 2DEG electrons and the metal stack
forming the Ohmic metals. This mechanism is much more efficient since, even

considering the fact that you have only a small fraction of the contact area really
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contacting to the 2DEG, the resistance of the metallic nitrides or any metallic compound
at the interface is very small. The reported pure TiN resistivity from the literature
(figure 4-11 (b)) is in the range of 107 — 1072 Qmm, which is much smaller than the
state-of-the art contact to GaN implanted layers (which very rarely drop under 1 Qmm,
due to the poor activation of dopants). It is worth mentioning that the four probes test
carried out on wafer for our H] AlGaN/GaN TLM samples is maybe quite stressful for
the metal stack integrity resulting somehow in a degradation of the contact resistance
with temperature (R, = 0.4 Qmm at 300 °C). In this sense, previous works* with very
similar metal stack (but for AlGaN/GaN — on — SiC with much better thermal
conductivity than Si) have reported excellent thermal stability of the metal stack at

temperatures up to 500 °C.

4.4. SPIKING MECHANISM

The objective of this investigation is to analyze at the submicron scale, a typical
Ti/Al/Ni/Au Ohmic contact to an AlGaN/GaN substrate with a state-of-the-art
(0.2 Qmm) R,.o*%*#+ A range of physical analysis tools including SEM, FIB, TEM,
EDX and CAFM are used to investigate the morphology and composition of the Ohmic
contacts. Figure 4-13 shows the schematic cross-section of the fabricated device and the
CAFM configuration. HEMT DC device characteristics (forward and reverse) were
measured at 15 °C intervals, from 25 — 310 °C, on a Wentworth s200 probe station
with a heated chuck system. The high-voltage characterization was performed using a
Keithley 2410 test system. The Si substrate was floating during the HEMT DC tests.
Two I-V vs T measurements were also made across the drain—bulk and the gate—bulk
to determine the vertical drain—bulk and gate-bulk currents, respectively. This was
investigated further by means of a set standard test devices with 4/4/5 um of source—

gate (Lgs) and gate—drain (Lgd) spacing and gate length (Lg).

The I — V curve, depicted in figure 4-14 (a), shows the characteristics between the two
contact pads (d = 5um) for various temperatures. At a given voltage, the current
decreases with increasing temperature, and hence, the Ry increases with temperature, as
shown in the figure 4-14 (b). Figure 4-14 (c) presents the contact parameters with the
temperature evolution extracted from the TLM data in figure 4-14 (b). A low R, (in the

range of 0.2 Omm) was determined at RT. The Ry, increases with T.
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Figure 4-13. Cross-section of the AlGaN/GaN —on — Si HEMT transistor under study.
Q symbolizes Ohmic contact and SBD indicates the gate Schottky barrier diode on the GaN cap.
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Figure 4-14. (a) Typical I —V vs T measurement and (b) and (c) shows the Ry, Ry, and R,

evolution with temperature.
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We suggest that this is likely due to the increase in phonon scattering with T.* It was
also observed that R, slightly increases with T, which appears to be in conflict with the
traditional current transport mechanisms for metal-semiconductor contacts.” TFE has
an exponential dependence on the thermal energy (1/kgT), and hence, a decrease in
R, with T is the commonly reported behavior for an Ohmic contact to AlGaN/GaN
heterostructures,** n — type GaN,**"*" or p — type GaN.” If the complete ionization
of carriers is considered, the pure tunnelling mechanism, FE, is virtually temperature

independent.”

For the AlGaN/GaN system, two mechanisms have been reported as the methods
employed to form an Ohmic contact to epitaxial GaN or AlGaN /GaN.® These are the
formation of N —vacancies and/or the lowering of the Schottky barrier via
intermediate metallic compounds.**** As mentioned before, Ti/Al — based multilayer
structures are regarded as the standard Ohmic contacts for n — type GaN. Ti reacts
with GaN and forms TiN at elevated temperatures due to an exchange reaction
mechanism. This reaction should extract N from GaN generating N — vacancies in the
GaN layer. N — vacancies act in turn as a n — type dopant and create a highly doped
region in the proximity of the interface, which lays the foundation for FE tunneling
contact mechanism. The lowering of the SB may also explain the low resistance Ohmic
contact, as TiN is believed to have a lower work function than Ti. Recessing the
AlGaN layer makes this barrier thinner, and this is regarded as a common method used
to enhance the carrier tunneling probability.”” In either case, a thinner (high-doping) or a

smaller barrier (SB, lowering) to the electrons would help to reduce R..

A direct electron path mechanism (or spike contact) has also been proposed® as a
potential contact mechanism in the AlGaN /GaN heterojunction, which would be more
efficient than the FE tunneling mechanism. TiN protrusions, formed along dislocations
and penetrating through the AlGaN barrier layer, have been shown to establish a direct
link between the 2DEG and the metal, so that electrons are able to freely flow in both
directions. To understand the R, dependence with temperature, we made a closer look at
the TLM cross section, as it is shown in figure 4-15. This figure shows three different
SEM images of the same Ohmic contact region for an intact, FIB machined, sample

(before the TLM — T measure but after the 750 °C RT A annealing process).
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Figure 4-15. TLM SEM cross section images of the Ti/Al/Ni/Au Ohmic contact annealed at 750 °C

for 30 s. (a) View of the FIB machined lamella still anchored, (b) detailed view of the different

layers, and (c¢) zoom in the Ohmic contact area.
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Figure 4-16. EDX analyses at five distinct Ohmic contact regions named 73, 75, I3, I}, and I3
(depicted in figure 4-15 (c)). EDX relative composition for Ti, Al, Ni,and Au is included in the table
on the right.

The rough morphology of the alloy surface can be observed after RT A annealing. Figure
4-15 (a) shows the TEM lamella still anchored. Figure 4-15 (b) shows a detailed SEM
cross section of the lamella. The black square denotes the approximate area where the
CAFM study was carried out, which will be further discussed later. It has been reported
that metal-nitride clusters (such as TiN) that penetrate through the AlGaN barrier layer
are the direct link between the 2DEG and the metal.® Usually TiN is observed at the

interface of Ti — based contacts,”* this being the principal metallic alloy that helps in
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lowering the R, value. Figure 4-15 (c) shows, in detail, the zone where EDX analysis
has been carried out in order to investigate the composition of different layers. Figure
4-16 presents the EDX scans along with a table showing the relative abundance of
Ti/Al/Ni/Au. Each region investigated is identified by labels 77 — 75 (figure 4-15 (¢)).
EDX scans indicate that /7 and /3 have a similar composition based-on Al — Au.
However, a small amount of Ni was found in /7 when compared with 73, but it was
within the experimental error. The relative abundance of Ti/Al/Ni/Au seems to
suggest that Ni has a tendency to stick together (in the areas marked as 75) resulting in
the rough surface.”* Corroborating this point, Au signal is clearly visible in all the
metallic alloys with the exception of these Ni — rich clusters. Hence, it appears that
gold has a strong propensity to inter-diffuse all over the metallic layers, whilst it is also
located at the metal/AlGaN interface (/). In addition, region /5 alone contains T'i
which remains in the AlGaN interface forming TiN compounds. In figure 4-16, the Cu

signal comes through from the sample holder.

Figure 4-17. Cross sectional TEM images of the (a) Ti/Al/Ti/Au contact annealed at 750 °C for
30 s. and (b) detailed image of region I5.

Figure 4-17 depicts a TEM cross-section of region /5. Different crystal planes may be
observed with different net orientation. This thin layer of TiN has been reported®**” to be
responsible for the Schottky to Ohmic transition that occurs at the annealing
temperature of 750°C. To verify this, we have used the technique known as
CAFM <% The TLM sample was biased at —4.2 V and the surface was scanned with
the tip grounded. The scan was performed in tapping mode across a scan size of 1.0 X
0.5 um?, at a frequency of 0.5 Hz. The samples were in a dry nitrogen ambient, whilst

the entire system works inside a Faraday chamber to minimize external interference.
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Figure 4-18 (a) shows the morphological image of the sample. The surface is far from
flat, with a root mean square (RMS) roughness of 25.7 nm for the scanned area. Figure
4-18 (b) presents the current map for the surface. Conductive areas, denoted as clear
(white), means higher current through the tip (~10 nA), though this represents just 5%
of the measured area 1.0 X 0.5 ym. Meanwhile, the significant dark areas signify
current values of 1 nA or less. Therefore, the surface CAFM results suggest that there
are preferential spots for the current flow in agreement with the spiking mechanism.* It
is worth mentioning that the TLM surface, as shown in figure 4-18 (c), was not
uniformly alloyed; a FIB etch (30 kV — 2 nA) of 0.5 um depth further revealing the
inhomogeneous nature of the contact. It appears that the Ni — rich regions are more

resistant to the etch.

1.0x0.5 um’

<

20nm /10nA
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Figure 4-18. (a) Topography and (b) current map of TLM surface taken with the CAFM for the
1.0 x 0.5 pm? scan. (c) SEM image of FIB partial etch on TLM surface.

Analogously, a CAFM study of the lamella cross section from figure 4-15 (b) is
depicted in figure 4-20. This figure shows a detailed zoom of the heterostructure of
AlGaN /GaN. The lamella was wire bonded to the Cu lamella holder (where the lamella
is attached by Pt) to achieve a good electrical contact. The recess etch of the contact
was selective and the gate area was protected during the RIE process. Therefore, the
rest of the GaN cap surface was negligibly damaged during the contact recess etch.
Besides, the effect of the Ni clustering after the RTA annealing is well illustrated in
figure 4-19. Figure 4-19 (a) shows an Ohmic contact strip after the RT A annealing. The
mean size of the regular Ni cluster was 2 um distributed in a fairly homogeneous
pattern. Figure 4-19 (b) shows the same strip area after a Ga™ on FIB etch

(30 kV:20 nA). The Ni clusters are much more resistant to the etch behaving as a self-
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aligned mask. If the FIB etch conditions are changed to 30 kV: 10 nA, but increasing
the etching time, a much more intricate texture of Ni nanopillars is revealed (Figure
4-19 (c¢)). Figure 4-20 (a) shows the morphology of the lamella cross section revealing
high-RMS roughness (369 nm) due to the FIB sectioning. However, the current map,
figure 4-20 (b), reveals a clear transition region (dark line), which we believe
corresponds to the Ohmic metal/AlGaN interface. This region is significantly less
conductive. The current density of the interfacial areas has been calculated to be
between just 0.1 and 1 uA/cm?. This tallies with the previous CAFM results of figure
4-18, as it again accounts for just 5% of the conductive interface spots across the
0.6 um scanned. It is worth mentioning that there is no correlation between the
roughness and the CAFM measurements, with only a small part of the interface actually

conductive.
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Figure 4-19. (a) Ohmic metal strip after RTA annealing. (b) The same region after a
(30 kV:20 nA) FIB etch where the Ni clusters were isolated. (¢) Changing the FIB etch conditions,

smaller nanopillars can be created.

This seems to correlate with the CAFM study on the surface and the TLM vs T electrical
results. Figure 4-20 (c) and figure 4-20 (d) present a general view of lamella mounted in

the holder and the AlGaN active layer respectively.
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Figure 4-20. (a) Topography and (b) current map of lamella cross section taken with the CAFM for
the 0.55 X 0.55 um? scan. (c) A micrograph of the TEM lamella mounted in the Cu holder ready

for inspection. (d) A micrograph of the AlGaN active layer with the Ohmic contacts on top.

4.5. AU-FREE CONTACTS

The fabrication of Au Ohmic contacts using Ti/Al/Ni/Au stack, is widely used Ohmic
metal scheme for the fabrication of GaN devices.*™* A contact resistance below
0.6 Qmm is commonly obtained in this metallization form.* The Au layer is believed to
improve the contact resistance by forming Ga vacancies in the semiconductor and by
preventing the oxidation of the metal surface. However, long-term Au diffusion has
been proposed as an important degradation mechanism for Ohmic contacts.” Besides,
the use of gold to from low resistance contacts requires a dedicated production line,
since Au represents a contaminant element in the standard CMOS fabs.®' The possibility
of transferring GaN — on — Si technology from research to industry enables the
development with a strong reduction of costs and high-performance power components
for highly efficient power switching. This is the key point why the process would like to
avoid gold to obtain GaN HEMT devices. The latter requires that the process is
gold — free, and that the flow and substrates are compatible with the typical CMOS

tool set and contamination status.

Nowadays, the challenges of the processing Au — free GaN — on — Si wafers, with
large diameter (6 — inch), have been addressed, with respect to the growth of high-
quality AlGaN /GaN epitaxy, the processing in typical CMOS fabs, the impact of Ga
contamination on the tools, the evolution of the wafer bow throughout the process, and

others, are commercially available.
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Figure 4-21. Contact resistance distribution for Al — based contact vs Au — based contact. The
current Al — based Ohmic contact module yields a contact resistance of 1.32 + 0.26 Qmm,
compared to 0.86 + 0.58 Qmm for a reference Au-based metallization scheme. Contact resistance
is extracted from TLM data.

GaN — on — Si wafers allow the highly-production of AlGaN /GaN HEMT's in some of
the many CMOS fabs, traditionally used for the processing of Si devices.” This
flexibility is an important consideration for these devices to be able to compete with Si
power devices in terms of cost. Conventional metallization in III-V semiconductors is,
however, based on Au — contacts , which are not allowed in Si fabs due to

contamination issues.®

In the framework of the ON semiconductors project, Au — free and Au — based
samples from AlGaN/GaN —on — Si MIS — HEMT have been fabricated with a
4 —inch Si CMOS compatible technology. Both samples have been investigated to
compare the R, behavior. The Al — based contact resistance maps yield reduced R, of
1.32 +£ 0.26 Qmm for Au — free compared to 0.86 + 0.58 Qmm for conventional
Au — based Ohmic metallization scheme (figure 4-21). The higher contact resistance
for the Au — free HEMT is consistent with literature data® and clearly indicates the
relevant role of gold in the achievement of low resistance to the 2DEG at the AlGaN/
GaN interface. In our investigation , the Au — free contacts were not recessed which
is regarded as an effective to method to reduce the contact resistance. Future works are

expected in this topic.
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4.6. SUMMARY

In this chapter the fundamentals of the Ohmic contact optimization have been discussed.
The Ohmic contact formation to GaN has been investigated through the temperature

dependence study of Al/Ti contacts to Si Implanted N*bulk GaN — on — sapphire

substrate. Over a temperature range of 25-250 °C, both the Rg; and the R, decreases
with temperature. For temperatures higher than 250 °C, the R, abruptly increases which
is linked with the physical degradation of the metal stack. Computed Ry, is significantly
lower than the experimentally extracted R, suggesting partial activation of the dopants.
The temperature dependence could be well fitted by the partial activation of dopants
enhancement with the temperature with a donor level of 10 meV. It was suggested that,
depending on the temperature range, TFE or FE dominates the transport across the

metal-semiconductor interface yielding a contact resistance of 107> — 10™* Qcm?2.

The contact resistance temperature dependence was also investigated for an Ohmic
contact to HJ AlGaN/GaN HEMT . For Implanted N*GaN contact both, R, (850/
700 Q/sq) and R, (2.2/0.7 Qmm) decrease with T (25/250 °C). Conversely, for
HJ] AlGaN /GaN contacts, Ry, (400/850 Q/sq ) and R, (0.2/0.4 Qmm) increase with
temperature. Physical models and nano-characterization techniques were used to fit the
experimental resistance behavior. The submicron features of a typical Ti/Al/Ni/Au
Ohmic contact to AlGaN /GaN, with reduced R, of 0.2 Qmm, have been investigated in
detail, to understand the conduction mechanisms (spiking mechanism). This included
TLMvsT  (25—300°C) and a range of physical analysis tools like
SEM,FIB,TEM,and CAFM. The results suggest that the preferential contact
mechanism is a direct electron path between the electrons of the 2ZDEG and the metal

stack, though only a small part of the contact is actually conducting.

Moreover, Au — free contacts characteristics have been investigated. GaN — on — Si
wafers allow the highly-production of AlGaN/GaN HEMTs in some of the many
CMOS fabs, traditionally used for the processing of Si devices. But contacts to AlGaN /
GaN must be gold — free in a CMOS line. A R, map comparing Au — free and Au
content contacts, further corroborates the relevant role of gold in the achievement of

low resistance to the 2DEG at the AlGaN /GaN interface.
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Chapter 5
AlGaN/GaN HEMT

gate contact

5.1. INTRODUCTION

In this chapter the AlGaN/GaN HEMT gate stack will be analyzed. The gate leakage
current is an important limitation of the III-V HEMTs. In particular, minimizing the
Of f — state leakage currents in AlGaN/GaN HEMT is primordial to their
implementation into systems with low noise and low power consumption.' This is
particularly true when the GaN buffer is grown on Si. Its narrow bandgap, together with
the lattice mismatch and the thermal expansion coefficient difference, makes the
AlGaN /GaN — on — Si stack challenging for sustaining high-voltages with low
leakage.

To further understand the leakage origin and to investigate the gate area at the
nanoscale, AFM is regarded as a unique tool for nano-characterization owing to its
ability to locally deliver a desired stimulus to a very small area of the sample surface.**
Furthermore, AFM has been successfully employed in several nanofabrication processes
such as anodic oxidation or nanostructure direct writing by means of an adequate

precursor. The AFM is also an ideal tool to link the nanoscale properties of solid-state
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devices with behavior of the final device, the size of which is larger than a micron. In
this sense, AlGaN/GaN HEMTs are devices which are greatly affected by the surface
properties such as donor states, roughness or any kind of inhomogeneity.* The 2DEG
(with excellent mobility and sheet concentration, typically 1600 cm? V=15~ and 1.0 X
1013 ¢m~2) is only a few nanometers away from the surface and the transistor’s
forward and reverse currents are considerably affected by any variation of the surface
property on the atomic scale. GaN technology continues to gain popularity and the
AlGaN /GaN HEMT has emerged as one of the preferred power switches with a great
potential for many applications."** It has therefore become necessary to control the
Ohmic and gate contact properties and to improve the consistency of devices across a

whole wafer.

A thin dielectric oxide layer is often introduced between the gate metal and the AlGaN
barrier layer resulting in a device known as a MIS — HEMT, which significantly
suppresses gate leakage. It is also well known that a thin gate dielectric has a beneficial
effect on the reliability of a transistor, the mitigation against current collapse being one
such effect.”” A number of gate dielectrics have already been investigated as the gate
insulator for AlGaN/GaN MIS — HEMTs and in particular, Si0,, Si3N,, Al,05, and
Hf0,."""'* Furthermore, it should be mentioned that many other insulators have been
evaluated as the HEMT surface passivation or the gate insulator, including

Sc,03,Ga,04,6Gd,05 or NiO.'""®

Particularly, the attention will be focused in the experimental HEMT and MIS — HEMT
comparison (i.e. dynamicl —V or traps characteristics C — V). Hf 0, has recently
been demonstrated as a very promising gate dielectric candidate for GaN — based high-
power RF and high-voltage switches. Transistors with thin Hf O, gate insulator have
already exhibited minimal current slump, low R,,, high — Vg, and ultra-low leakage

currents.’*%!

In this sense, it had been analyzed the effect of introducing a Hf 0, gate dielectric on
the electrical performance of the HEMT. The positive gate bias extended gate operation
of the MIS — HEMT and the effect of the gate insulator during a dynamic I-V stress
test had been investigated. The DC, and high — T stress tests have been performed and
the Hf O, based MIS — HEMT approach yields the most promising results.
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Since the AlGaN/GaN HEMTSs technology is still in its infancy, the long term
reliability of the devices remains an open issue. It is well known that the hetero-
structure contains surface states, deep traps levels, and traps at the hetero-interfaces that
can drastically deteriorate the device robustness. Several approaches have been used to
investigate the trap profile and to estimate the trap density by means of spectroscopy,”
transient,” and steady-state electrical methods,”* in particular, the investigation into the
gate admittance varying with frequency.”* This last approach is analogous to the well-
known conductance method (first proposed by Nicollian and Goetzberger* in 1967) for
MIS structures. Using the frequency dependent conductance analysis, it had been
mapping the parallel conductance vs gate bias/frequency and further analyze the slow
and fast traps as a function of the Fermi level for different gate architectures (Schottky
and MIS). Besides, the variance in the band bending for fresh and stressed devices is

determined.

In summary, the gate contact has an important role in the device performance and

reliability, representing the most critical HEMT element.

5.2. HEMT SCHOTTKY GATE

In this section, AlGaN/GaN — on — Si HEMT sample C02 was investigated by the

macroscopic I-V vs T approach and scanning probes at the nanoscale. Fabrication

details are given in chapter I1I.
5.2.1. CONVENTIONAL DC ANALYSIS

At the macroscale, HEMT DC device characteristics (forward and reverse) were
measured at 15 °C intervals, from 25-310 °C (figure 5-2 (a)) on a Wentworth s200
probe station with a heated chuck system. A Keithley 2420 device analyzer for biasing
the gate pad was used. The high-voltage characterization was performed using a
Keithley 2410 test system. The Si substrate was floating during the HEMT DC tests.
Two I-V vs T measurements were also made across the drain—bulk and the gate—bulk
to determine the vertical drain—bulk and gate—bulk currents, respectively. This was
investigated further by means of a set standard test devices with 4/4/5 um for L,/
Lga/Lg. The device W was 150 um . Typical forward I-V curves for the HEMTs

under investigation are presented in figure 5-1 (a). The HEMT RT drain-source
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saturation current (Ids’sat) at Vs = 0V is as high as 350 mA/mm. Figure 5-1 (b)
shows the transfer curve (IdS - Vgs) and its respective gate-source leakage current
(Igs — I/;,S) for the HEMT. I, was determined to be in the range of 0.01 — 10 uA/
mm (depending on the temperature and the gate bias). The I in the Of f — state was

determined to be in the range of 10 uA/mm. The maximum transconductance value

may be extracted from the derivative of the transfer curve as:

Im = 0lgs/0Vys (5-1)

The maximum saturation transconductance (gm,max) at Vs = 12 V was determined to
be 101 mS/mm . The relatively large value of I;gsq¢, (together with the g max)
correlates well with the low contact resistance value of 0.2 Qmm described in the
previous chapter. Reverse currents in the Of f — state are shown in figure 5-1(c)
showing large drain-source voltages due to the WBG nature of the undoped GaN buffer.
The breakdown voltage of this non-optimized high-voltage device was determined to be
~400 V. The reverse I-V (and vertical I-V vs T) tests were limited to 150 V to avoid

any degradation of the device during the test.
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Figure 5-1. (a) AlGaN/GaN HEMT transistor forward I-V curve at RT. (b) Typical transfer curve
showing also the gate leakage current. (¢) AlGaN/GaN HEMT transistor reverse currents with the

gate biased at the Of f — state.
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Figure 5-2. (a) Three terminals gate-source leakage current (for different temperatures) during the
Of f — state reverse bias. (b) Two terminal gate-bulk reverse current showing severe degradation
for T > 160 °C .(c) Poole — Frenkel plot of the gate-bulk reverse current at varying T. (d)

Arrhenius plot for the reverse gate current at V;; = —150 V with activation energy of E, = 0.4 eV.

At elevated temperatures, the R,, is increased following a power law versus T, the
exponent of which has been determined to be 1.4. The drain reverse current presents a
double slope (linear/logarithmic) for each T, turning around 75 V of the reverse bias.
The gate leakage does not depend on the reverse bias or the temperature up to 150 °C.
Then, I;5 appears to be constant (Vg < 75V) but strongly depending on T, thus

suggesting a thermally activated process which follows an Arrhenius law:

(5-2)

E,
I = I,exp (— k_T)
B

where E is the activation energy and kjp is the Boltzmann constant. From the Arrhenius
plot log{l;s} vs 1/T, the activation energy can be determined as E,~ 0.40 eV (figure
5-2 (d)). Analogously, two terminals gate-bulk current (Igb) I —V vs T measurements
were also performed to determine the vertical Iy, (figure 5-2 (b)). The Iy, and Iy,

currents are relatively small as shown in figure 5-3.
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Figure 5-3. (a) Vertical drain-bulk and gate—bulk current density. (b) Drain—bulk current density
(Jap) Vs temperature. (c) Gate-bulk current density (J,,) vs temperature.

Drain and gate leakage currents can be described in terms of an activation energy
assuming a rate-limited thermally activated process following an Arrhenius law.' For
T < 150 °C the leakage current exhibits a weak increase with T with E,~ 0.02 eV. At
higher temperatures the activation energy is much higher with E;~ 0.20 eV and
0.40 eV for drain and gate leakage currents, respectively. In this case, Iy, greatly
degrades when the current is forced through the AlGaN region for T > 160 °C .The fact
that the vertical I, is nearly independent of T suggests the tunneling as the dominant
transport mechanism of the current flow. Indeed, a plot of log{J/V?} vs 1/V (Flowler-
Nordheim plot)*” confirms the very weak temperature dependence. For the smaller gate-
to-bulk bias (ng <10 V), the measured macroscopic current densities are observed to

be dependent on both the voltage and temperature. I;;, seems to follow the Poole —

Frenkel mechanism,”* being linear in a log{J/V} vs V1/2 plot (figure 5-2 (c)). The
experimental emission barrier height was determined to be ®; = 0.3 eV, 25% lower
than the one determined from the HEMT’s reverse thermal activation. In any case, it is
believed that the emission is from a trap state to a continuum band of states, located
somewhere within the bandgap associated with threading screw conductive
dislocations.” This has been investigated at the nanoscale by means of the CAFM
technique.”* Typical AlGaN/GaN HEMT Schottky gate contact was investigate of via
CAFM and high-resolution electron microscopy. These techniques allow us to observe
the nanometric patterns of the current flow and to correlate them with the electrical

device characteristics.
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5.2.2. NANOSCALE HEMT CHARACTERIZATION

As mentioned before, AlGaN/GaN HEMTs are devices which are greatly affected by
surface properties such as donor states, roughness or any kind of inhomogeneity. With
the 2ZDEG charge centroid located around 4 nm below the AlGaN /ALN interface, the
transistor forward and reverse currents are considerably affected by any variation of the
surface properties on the atomic scale. Consequently, it has characterized the Ohmic and
Schottky contacts on the nanometer scale using CAFM .** Here, it has attempted to
understand and map the mechanisms involved in the current transport across the device

terminals at the atomic scale.

At the nanoscale, the nano-electrical measurements were carried out with an AFM
Agilent 5100 (from Scientec), equipped with a conductive tip and a picoamplifier with
an overall amplification of 102 V/A. An additional pA booster provided low pass
filtering with a bandwidth of 400 Hz. The voltage output of the pA booster is sampled
by the analog—digital converter of the AFM controller with a sampling rate of 65 kHz,
yielding an rms noise level less than 30 fA. In this investigation, it has used Si tips
coated by a metallic layer of Co/Cr and bulk diamond tips doped with boron
(Boron 6000 — 8000 ppms) with a radius of ~100 nm. The scan was performed in
contact mode at a frequency of 0.5 Hz. To protect the samples from oxidation, the
experiments were performed in dry nitrogen ambient, whilst the entire system 1s located
within a Faraday chamber, thus minimizing any external interference. In these
experiments, the surface was scanned with the tip grounded by applying a positive bias

to the Si substrate; hence, the electrons were normally injected from the substrate to the
tip.

A set of ~50 devices were completely characterized in the DC mode. We present a
typical HEMT device behavior in figure 5-1. Attending to the on—off ratio and low R,,,,
the device presented in figure 5-1 was one of the best devices, although all the set was
comparable. Then we measured the TLM by the HEMT (to extract the R.) and we
choose one of the best for the TEM cross-section and FIB machining. The Ohmic
CAFM measurement was made in several regions of this selected TLM device to ensure
consistency. The Schottky CAFM was performed in the selected device presented in

figure 5-1.
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Figure 5-4. (a) SEM image of the HEMT device. The FIB partial etch shows the depth of the GaN
buffer. (b) 3D topographic image of the HEMT surface. (c¢) Topography and (d) current map of
HEMT’ gate surface taken with the CAFM for the 10 x 10 um? scan.

Again, a number of different regions and polarization conditions were used to be sure of
the consistency. Figure 5-4 (a) presents a SEM view of the HEMT surface and a FIB
cross-section, where the Ohmic and the Schottky gate pads can be seen. A FIB etch on
the gate region shows the GaN buffer (delimited by arrows) and the Si substrate.
Rough, pitted morphologies were revealed from the 3D AFM shown in figure 5-4 (b).
The surface roughness, calculated using a RMS function, is 5.1 nm on a 10 X 10 um?
scan area. The AFM image shows a pitted surface characterized by monolayer high-
terraces, similar to those reported for growth on Si substrates.*” The surface is
composed of mounds, in the form of a truncated elliptic parabolic corresponding to the

morphological pattern, schematized in the inset of figure 5-4 (b).

The mound size distribution is rather uniform with, on average, a base of 1.5 ym and a
height of 100 — 200 A (peak to valley distance). The GaN buffer mode of growth is a
complex process from spiral growth to kinetic roughening resulting in the mound
topography.?” The strain in the upper AIN layer is almost totally relaxed and the 1.7 um
thick GaN buffer layer is grown compressively strained. In the first stages of growth
(below 0.7 um), surface diffusion can be enhanced by the compressive strain, leading to
spiral formation via a Burton, Cabrera and Frank (BCF) mode of growth. A coarsening

of the growth mounds was observed and correlated to the dislocation density increase. It
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is believed that the misfit strain due to the heteroepitaxial growth plays a key role in the
crossover from screw dislocation induced spiral growth to kinetic roughening. As the
growth proceeds, the strain relaxation increases and the surface diffusion decreases.
This leads to a transition from step flow-dominated growth mode to a mixed growth
mode, where 2D nucleation is sufficiently active to give rise to kinetic roughening.
Therefore, for thickness above 0.7 um, the mode of growth turns to a kinetic
roughening characterized by the scaling behavior of the surface. After that, the MBE
growth temperature is sufficiently low for avoiding thickness and composition

modulation in the cap and barrier films.

Figure 5-4 (c) shows the morphological image of the gate region. The white area
corresponds to the gate strip. Figure 5-4 (d) shows the current map of the gate region
(gate electrode was floating). The current was found to be superior in the pad strip,
when compared with the GaN cap surface, probably due to an improved drainage of
electron in the vicinity of the tip. The high-current in the boundaries of the gate is
believed to be due to a measurement effect. Higher resolution images of the gate pad
area or the gate-to-drain source show that, with the application of sufficient vertical
reverse voltage (~ —2V), there are preferential spots for the electron flow. This

correlates with the vertical Iy, in figure 5-2 (b), (being actually —Vg, the gate pad is
depleting the GaN cap/AlGaN /GaN surface).

Ohmic Stack (Ti/Al/Ni/Au 750°C)
b 4

Undopped GaN (1.7 um)

120 o 53

Si Substrate (111)

Figure 5-5. SEM cross-sectional image of the AIGaN/GaN active layers on the Ohmic contact
region. 31 denotes the Ni clusters formed in the Ohmic region during the 750 °C contact annealing,
which result in the relevant surface roughness. 32 and 33 are the AIN and GaN buffer growing

layers respectively.
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Figure 5-6. (a) TEM image of the AlGaN/GaN — on — Si transistor showing the visible dislocations
in the undoped GaN buffer and extending towards the Si substrate. (b) A micrograph of the TEM
lamella mounted in the Cu holder ready for inspection. (c) A micrograph of the AlGaN active layer

with the Ohmic contacts on top.

This vertical current flows through a series of different materials and interfaces as
depicted in the SEM and TEM images of figure 5-5 and figure 5-6. In the SEM image,
B1 denotes the Ni clusters formed in the Ohmic region during the 750 °C contact
annealing. The relative abundance (determined by EDX) of Ti/Al/Ni/Au seems to
suggest that Ni has a tendency to stick together (in the areas marked as 1), resulting in
the rough surface.” We corroborated the presence of Au all over the metallic alloy
except in the Ni — rich clusters. It therefore appears that gold has a strong propensity to
interdiffuse throughout the metallic layers, while it is also located at the metal/AlGaN
interface. 2 and B3 are the AIN and GaN buffer layers respectively (described in the
device fabrication section). This multilayer stacking sequence makes the interpretation
of the current mechanisms through the vertical Ohmic and the Schottky contacts rather

difficult, but nevertheless some relevant facts can be pointed out.

Regarding AFM measurements configuration, we put a positive bias on the back of the
Si and we ground the AFM tip. This is analogous to put a negative bias at the tip
contact, and hence the V;;, = —2V and V;;;, = —10 V notation. Topographical images
(2.8 X 2.8 um?) obtained with the AFM of the HEMT surface (gate-drain spacing) are
shown in figure 5-7 (a). The current profile of the same area, obtained with CAFM,
shows the conductance distribution of the surface in figure 5-7 (b). It is then possible to
obtain different current signals along any line, showed in figure 5-7 (c) for the biasing

tip voltage of —2 V (right) and —10 V (felt). At—2 V, the current flow is concentrated
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within reduced areas, which appear as white spots in the image, (as in figure 5-7 (b))
uniformly located. In principle, depressions in the topography are somehow correlated
with the current peaks in the current map (figure 5-7 (¢)). Conductive areas in figure 5-7
(b), denoted as clear (white), means higher current through the tip (~6 pA) , thought
this represents just 7% of the measured area 2.8 X 2.8 um?. Despite this, the current
density of the conductive has been calculated to be as high as 2 A/cm? (CAFM tip area

was ~300 nm?).

As the CAFM bias voltage increases up to —10 V' (which is the maximum of the
measurement set-up), this correlation between the topography and current becomes
more evident which is clearly visible in bottom current map of figure 5-7. In this case,
the mean current is ~1 pA with maximum current of 2.6 pA. The correlation, discussed
previously, between the vertical reverse current and the gate-drain spacing are still valid

for the tip biasing conditions of 2V and 10 V.
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Figure 5-7. Conductive AFM scans of the HEMT surface in the drain-gate spacing with (a)
topography and (b) current map of surface taken with the CAFM for the 2.8 X 2.8 um? scan; (c)
Respective cross-sectional profiles along the solid lines marked in (a) and (b) biased at —2 V (right)

and —10 V (left).

However, neither all the depressions exhibit large local leakage nor all the mounds are
immune to some current spike. This is shown in figure 5-8 (a) and figure 5-8 (b) along
the lines L1 — L10 (the area scanned in figure 5-8 (b) is the same as in figure 5-7 (b)
again with V;;;, = —10V). The relative peaks (maxima) of any of the scan lines are
identified as A;. In some of the scans (such scan number L7 depicted in figure 5-8 (d)),
some of the A; peaks exhibit significantly higher current (I > 5 pA) , when compared

with any of the other relative current peaks. These peaks are labeled as ;.
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Figure 5-8. CAFM (a) topographic and (b) current map (Vn-p =-10 V) showing the scan lines for
the investigation of the correlation depressions vs leakage spots. (¢) Cross-sectional TEM image of
the MBE GaN grown on AIN. (d) Detailed scan through L7 showing the relative peaks (A1,
A2 and A3) . (e) Detailed scan through line L10 where four high-current spots are found (el —
e4).

We have observed that (for L1 — L9) the 67% of I peaks take place in depressions
between mounds, formed during the first spiral growth stages. However, only the 36%
of the A; peaks correlate with a depression. These results suggest that, indeed, there is
some correlation between large current peaks and depressions (as suggested in the

CAFM map of figure 5-8 (a) and figure 5-8 (b)), but in any case, the correlation is

unique.

It is well know that there are many threading dislocations in GaN epitaxial layers and,
these threading dislocations, create the boundaries of the network of the sub-grains,
which enable the conductive vertical path. The dislocation density can be determined by
either plain-view TEM or near-field AFM microscopy. Using both methods, the density
of threading dislocations in our MBE GaN layers can be estimated to be 5 —7 X
10° cm™2.“ The presence of small pits or depression is associated with the emergence
of threading dislocations. Depressions linked to two (or a multiple of two) molecular
step edge are associated with screw-type dislocations, while the other are connected to
edge-type dislocations located at the crystallographic sub-grain boundaries. GaN

mounds (also known as hillocks) form around pure screw and/or mixed dislocations. It
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has been widely reported*“*** that spots with enhanced conductivity are related with
threading dislocations. In our case, these conductive dislocations appear to have a
certain tendency to appear in the depressions, but one only can expect to find them all
over the surface. This can be explained by the GaN buffer mode of growth.” In a similar
CAFM study carried out in GaN — on — sapphire (350 nm MBE GaN), it was found
that only ~10% of growth mounds exhibited current leakage paths.™ It was postulated
then that ~90% of hillocks grown around mixed dislocations, while the remaining
~10% grow around pure screw dislocations. These pure screw dislocations (with a
density of ~5.0 X 108 cm™2) were the solely responsible of the observed leakage paths.
The two-regimen mode of growth of the GaN — on — Si can explain this difference. As
stressed before, when the GaN (0001) is MBE grown on the AIN layer, screw
dislocation induced spiral growth takes place up to a thickness of 0.7 um. Then, the
screw dislocation induced spiral growth turns to kinetic roughening and the threading
pits are visible no more on the top of the mounds (the final GaN thickness was of

1.7 um).

One additional feature is clearly visible in the figure 5-8 (b) scan. The line L10 analyzes

four (el-e4) of the strongly conductive spots in figure 5-8 (e) (these spots are not
visible when the tip is biased at —2 V (figure 5-7 (b) top)). These spots have a diameter
of 130 — 140 nm and the current peak is larger than the saturation established at
7.5 pA. The frequency of these spots is significantly lower than the expected for the
threading dislocations (the estimated density according the CAFM map would be
~6 um~2). Both the size and the density of the highly conductive spots appear to

correlate with the reported distribution of nanopipes.*’

These nanopipes were commonly observed (with a density of ~2.0 X 108 cm™2 and a
diameter of 100 — 200 nm) in the first stages of the heteroepitaxial growth of GaN
regardless the growth method and the substrate used.***” They are systematically ignored
as they vanished for thickness larger than 0.7 um, again when the screw dislocation
induced spiral growth turns to kinetic roughening. However, these nanopipes present in
the bulk of the GaN layer may enable highly conductive path when the vertical current
is sufficiently high. It should be noted that the spots are not visible when the scan is
performed at —2 V (figure 5-8 (c) top). The fact of having these nanopipe-conduction

paths active for tip voltages larger than Vi, = —10 V correlates well with the double
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conduction mechanism observed during the I —V vs T microscale measurements
resulting in dislocation related Poole — Frenkel (—V,, <10V) and Flowler —

Nordheim tunnelling (— Vgp > 10 V), respectively.

Another significant difference comes from the fact that, in our experiments, the CAFM
current is analyzed using a vertical configuration (forcing the electrons though the entire
GaN buffer), rather than in the commonly reported lateral configuration. Pure edge-type
dislocations located at the crystallographic sub-grain boundaries may be more effective
in this case. To further analyze the current mechanisms through the AlGaN /GaN buffer
we have made I-V vs T measurements through the Iy (figure 5-3 (c)). It has been
suggested that only a negligible contribution to the reverse-bias current comes from
thermionic emission over the Schottky barrier due to the large barrier heights typical in
GaN . For the smaller gate-to-bulk bias(—ng <10 V), the measured macroscopic
current densities are observed to be dependent on both the electric field and
temperature. In this case, Iy, can be fitted by using the Poole- Frenkel mechanism or
emission either into or from dislocation-related trap states or conduction along
dislocation lines.”** A high-density of dislocations within the GaN stacked structure is
visible from TEM images depicted in figure 5-6. Poole- Frenkel emission is a trap-
mediated carrier transport mechanism where the carrier density depends exponentially
on the activation energy of the traps, which is corrected for the electric field, such that

the current density is given by:

(5-3)
L wexp (a0 T = m V) where myg = [(a/msce) 1T

Where & o, i1s the high-frequency relative dielectric permittivity, &y the permittivity of
free space and @, the barrier height for electron emission from a trap state. The linear

dependence of log//V on /V is an indication of the validity of the trap assisted
conduction mechanism model. The emission barrier height was measured as @, =
0.3 eV, 25% lower than the one determined from the HEMT’s reverse thermal
activation. It is believed that the emission is from a trap state to a continuum of states
located somewhere within the bandgap associated with threading screw conductive
dislocations.” This dislocation/trap assisted mechanism correlates mainly with the
depressive regions of the surface maps of the CAFM technique (being approximately

10% of the surface area).
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For =V, < 10V, the vertical Iy, appears to be weakly dependent on T, suggesting that
tunneling is likely to be the dominant current transport mechanism. Hence, the current

density can be described by the Fowler- Nordheim equation,”” which describes the

field emission of quantum tunneling electrons from bulk metals as:

é~exp(—mFN/E) where mgy = (3qh) 18w/ 2m*(qdp)3

Where E is the electric field in the semiconductor barrier, q is the electronic charge, @5
is the effective barrier height at the Schottky contact and m* is the GaN effective mass.*
It is then possible to plot a log-scale plot of //V as a function of 1/V, which confirms a
very weak temperature dependence. In a totally crude approximation, if we only
consider the GaN buffer as the conductive layer, some evaluation of the effective barrier
height can be done. Assuming an effective mass of 0.22m,, the average effective barrier

height was determined to be in the range of 0.7 eV

5.3. HEMT MODELING

In the previous section it has been described the main properties of the HEMT’ gate
contact at micro and nanoscale. In this section, how this gate drives the HEMT is

analyzed by physical based modeling.

It had been characterized HEMT C02 in the temperature range of 25 — 300 °C. Then,
simple analytical closed-form expressions for the HEMT transfer, drain saturation and
gate transconductance are proposed. These closed forms are based on physical modeling
of the 2DEG. The model includes the effect of the source—drain series resistance along
with the self-heating. The fit with the experimental results is remarkably good, as it will

be shown further on.

5.3.1. EXPERIMENTAL HEMT

The AlGaN/GaN HEMT experimental saturation current and transconductance vs T
have been characterized. Typical forward [-V curves for the HEMTs under
investigation are presented in figure 5-9. The device dimensions are 4/4/5 um for
Lgs/Lga/Lg. The gate W is 150 um. HEMT device characteristics were obtained in the

temperature range of 25-310°C on a probe station Wentworth s200 with heating

chuck system, using an incremental AT of 15 °C. Figure 5-9 (a) and (b) show typical
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lys — Vgs and Igs — Vg vs T curves. The HEMT RT g 5q¢ at Vyg = 0V is 350 mA/
mm, while at 300 °C, Iy ¢q¢ 1s reduced to 100 mA/mm (figure 5-9 (b)). The Vp
remains remarkably constant at V;;, ~ —4.2 V regardless of the elevated T. This small
variation of the V;, with T is consistent with the fact that the polarization field is weakly
dependent on the temperature™ and hence, the sheet carrier concentration is virtually
temperature independent. The temperature dependence of the I ¢4 and (saturation)

transconductance, expressed by:

Im = 0lgs/0Vys (5-5)
at Vs = 12V are shown in figure 5-9 (c¢) and (d), respectively. g,, has been fitted by
an inverse power law with the temperature T~-% in which temperature coefficient
(a) was determined to be 1.1. This a value is in agreement with previous reports for
AlGaN /GaN HEMTs — on — Si. Tan et al.* reported a temperature dependence of the
saturation current as a power law of T~% , with a depending on the channel length. For
a gate length in the range of 1- 10 um, a was found to be in the 0.8- 1.4 range (T~

for L, = 100 um). Nevertheless, for submicron gate lengths, it was found that a was

only 0.5.
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Figure 5-9. Experimental (a) drain current I ;.- V ;5 and (b) I4,-V ,, in the temperature range of

gs
5 — 300 °C . Experimental (c) saturation current (Ids_sut) versus temperature atV,, = 0V and
Va4s = 12 V and (d) maximum gate transconductance (g, mqy) Versus temperature. « indicates the

temperature dependence as g, o ~T %
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However, it is worth mentioning that there is a relevant dispersion of the reported a
values given in the literature™ (and references therein) which apparently depends on the
substrate (Si, SiC or sapphire), the presence of AIN spacing, the criteria to determine

the saturation current and others.

5.3.2. IDEAL HEMT

In this section, a closed-form expression for the HEMT saturation current and
transconductance will be presented. The model includes the effect of the source—drain
series resistance along with the self-heating in a simple closed-form analytical formula
for the Iys sq¢. It is well known that the ideal HEMT drain current (figure 5-10) can be

determined along the channel from the source side of the gate edge (z = 0) by:*¥
las(z) = qWv(2)ns(2) (5-6)
Where W is the channel width, ny(z) is the electron sheet carrier concentration and q is

the electron charge. v(z) is the electron drift velocity along the channel which, using

the field-dependent-mobility model, can be expressed by:

Lgd
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Figure 5-10. Schematic cross-sectional view of the AlGaN/GaN HEMT under investigation.

_ m@E@) (-7
U(Z) - 1+ aE(Z)/Ecrit

Here, p,, is the electron mobility in the 2DEG channel, E is the electric field along the

channel, a is an adjustable parameter and E,;; 1s the critical electrical field. Performing
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integration of the electric field of eq. (5-6) between the limits 0 < z < Lg, the drain
current could be determined. The critical electric field and the saturation carrier

mobility are then related by:

2Vsqr = UnEcrit (5-8)
Where v, has been determined by Monte Carlo simulations* as being:

Vsar = Vo + &oT (5-9)

Where v, =2.87x10"cm/s and &, =-9.8%x 103 Kcm/s. Therefore, the
computation of the model requires formulation for the electron mobility and the 2DEG

sheet carrier concentration.

5.3.2.1. 2DEG MOBILITY

The main scattering mechanisms in a 2DEG channel are well reported.”® The 2DEG
mobility is modeled analytically as the sum of several contributions following the

Mathiessen rule.
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Figure 5-11. Simulated 2DEG mobility (bulk and 2DEG) dependence on (a) the temperature

(ng = 1.0 x 103 cm™2) and (b) the sheet carrier concentration (T = 300 °C).

However, the polar optical phonon scattering (4, = [p,) is the dominant scattering
mechanism for the 2DEG in a wide temperature range. At elevated T the impurity
scattering is minimized due to the spatial separation of electrons and ionized impurities,
being especially true for temperatures above 300 K .*** Equations in*** describe this

mobility for a 2DEG, using the conventional relaxation-time approximation, for the case
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when the optical-phonon energy is greater than the thermal energy. Simple empirical

relationships for the polar-optical mobility have been proposed in previous works: "

_ _ (nref)‘S(Tref)y (5-10)
b = o = 5 =tho (=) (5

Where C, § and y are empirical constants for describing the dependence on the ng vs T.

C can also be expressed in terms of the reference 2DEG concentration (n.ef),
temperature (Ty..r) and its reference mobility (uy) as C = ,uonfefTryef. In practice,
Trer =300K and p = pn(Vys =0V) then, nyor =ng(Vys =0V) =ng,. This
expression for the low field mobility is very useful since it relates u,, to ng (and hence,
Vys) and the temperature. Mobility constants of y = 1.8 -2.7 (figure 5-11 (a)) and
6 = 0.28 (figure 5-11 (b)) have been fitted to the theoretical computed Uzppg po®* of
with (hyo = 91.2 MeV, m*/my = 0.2, &, = 89 and &, = 5.35) for ny = 1.0 X
103cm™2 and T = 300 K, respectively.

Nevertheless, it is also well known® that GaN optical-phonon energy (%o~ 90 MeV)
is high-compared to the energy separation of the sub-bands. The energy separation
between all sub-bands, except for the first and second, is very small (< 1MeV)
resulting in a highly inelastic nature of polar optical scattering. This could make the
total scattering rate to be the sum of many intersub-band and intrasub-band scattering
processes, when the ng concentration is high. This would result in a depreciation of the
characteristic features of the 2DEG, in particular, the density of electrons within the
potential well. For this reason, the relaxation time for scattering of electrons in this
2DEG by optical phonons would tend to the bulk relaxation time. Therefore, electron
mobility may be described, in that case, using any of the expressions for polar optical
scattering in bulk semiconductor g, €lectron mobility.” As it can be inferred from
figure 5-11 (a), the theoretical dependence of the electron mobility on the temperature
does not differ substantially if a quantified 2DEG or bulk polar phonons are considered.
It is worth mentioning that the value of y is significantly higher than the experimental
value extracted from the g,, variation with T. Nevertheless, the value of § = 0.28 is in

agreement with previous works reported in the literature.®
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5.3.2.2. 2DEG SHEET CHARGE DENSITY AND V,

In first approximation, the sheet-carrier density ng, for a given gate bias and for low

electric fields, can be approximated by:*

Cy (5-11)
ng = — [Vgs - Vth]

q
Where Cj, is the gate capacitance. Taking into account the different band discontinuities,

the gate capacitance is the sum of several contributions:
-1 _ - -1 -1 -1 5.
Cb - Ccalp + Cbarrier + Cspacing + CAd (5-12)

including the GaN cap, the AlGaN barrier, the ALN spacer layer and the contribution of
the distance of the electron gas from the spacer layer C,,4. Each of these contributions is
of the form C; = ¢;/d;. The dielectric constant &; for the GaN and Al,Ga,_,N can be
determined from the approximation £(x) = —0.5x + 9.5.* The polarization-induced

charge into the calculation of the threshold voltage is given by:
Vip = ®5 — AE. — qC; 1P (5-13)

Here, ®p is the Schottky barrier height, AE. is the conduction band offset at the
AlGaN /GaN interface and Pr is the total polarization charge. It is worth mentioning
that according to the exact self-consistent solution of the 1D Poisson’s and Schrodinger

equations,** the sheet carrier concentration is:
ng = qu_l[Vgs —Vin — EF(ns)] (5-14)

Where Er is a function of ng;. A polynomial approximation for Er in terms of ng as
Er =k, + kz\/n_S + k3ng has been proposed.” This expression includes three
temperature-dependent parameters kq,k, and k3, which have been numerically
determined.* It can be demonstrated, by performing some algebra of ny(Er), that ng can

still be described as an analytical function of the gate voltage as:

2 (5-15)
ng = ﬁ l_kz + \/kg + 4T (Vs + Vin + k1) | where T = (ks + qC;)
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In any case, as stressed before, the polarization field is a weak function of the
temperature. Therefore, V;;, and ng can be considered weakly dependent on the

temperature, as it was experimentally assessed (figure 5-9 (b)).
5.3.2.3. INTRINSIC DRAIN CURRENT

If no extrinsic source and drain resistance are considered, the sheet carrier concentration

along the channel could be described as:*’
ns = &/qd [Vys — Ve — V(2)] (5-16)

Rearranging eq. (5-6) and (5-7), including the low-field electron mobility eq. (5-10) and
then performing integration between the limits 0 < z < Ly, the drain current could be
expressed as:

— Cb WCEcritVds
2TV (Vas + aEricLy

(5-17)
Ids 1 —5]

2q9
) [C_bns s — Vdsns

The drain-source saturation voltage (Vs sqr) current can be determined assuming the
condition of dl;,/dV,;s = 0 (i.e. at the knee voltage establishing the onset of the

saturation), with:

(5-18)
2
Vds,sat = \/(LgEcrit) + ZLgEcrit(Vgs - Vth) - LgEcrit
After performing some algebra it is possible to arrive at the expression: *
( ) -2 (5-19)
2WC, 2 2pn(Vgs = Vin

Ids,sat = L—.un(l{qs - Vth) 1+ \/(1 + = gSL

g Usatlyg

For long-channel HEMTs, in first approximation, it can be considered that the Shockley
model (constant-electron-mobility model) may be assumed, yielding the well-known
simplified expression: *

WCp
2Lg

(5-20)

Ids,sat = Un (Vgs - Vth)266

Then, considering n, = q~1C, (Vgs - Vth) and u, = C/nSTY, we can rewrite the

previous equation as:
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qQ’cw s (5-21)

Lissat = 1o = mns

Derivating this expression it is possible to obtain an expression for the intrinsic

transconductance gy, as:

qCW _
Imsat = Gmo = W (2 - 6)”} g

5.3.2.4. EXTRINSIC DRAIN CURRENT
Using this extremely simple equation, the experimental versus simulated fitting is only
good for the smallest V3 — Vi, (where the intrinsic and the extrinsic transconductance

are not substantially different). For larger V,

5s» the model could be improved to take into

account gate-drain series resistance, self-heating and other degradation mechanisms. To
take into account the series resistance, the saturation voltage in the definition of eq.

(5-21) can be substituted by:

Vas = Vs — IgsRps (5-23)
The total resistance (Rpg) is:

Rps = 2R, + Ry + Ryq where Ryy = Ry (LgsW); Ry = Rsp(LgaW) (5-24)
The 2DEG channel sheet resistance (R, )is expressed by:

1 (5-25)

B qNgsoln

Rsh

Where ng, is the electron sheet carrier concentration at Vg = 0V. It can be then

demonstrated that eq. (5-21) modifies to:

— — _ acw 1-§ 5-26
Ids,sat = I'O’RDS = lo/(l + A) Where A= ZLgTy RDSnS ( b)

5.3.2.5. HEMT WITH EXTRINSIC RESISTANCES

There are several ways to include the effect of the extrinsic source and drain resistances

in the HEMT drain current.
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Here, we use the drain voltage and gate voltage substitution by:

Vas = Vgs — lasRps and Vgs = Vg’s — IgsRs (5-27)

The total access resistance Ry is the sum of the source to gate and gate to drain regions

contributions:

RDS = RS + RD = ZRC + ng + Rgd (5-28)

Applying this substitution to €g.(5-17) and rearranging, the HEMT current can be

determined by:
213 (5-29)
Ids,R = >
I, + 12 = 41,1,
I; = B(2RsRps — Rjs) + aRps (5-30)

_ qng (5-31)
12 - (LgEcrit + ans) - .3 2VdsRDS - 2VdSRS - ZRDSC_b

CbWEcritC . qng
2nlTY 7 Gy

where f = = (Vys = Ven)

lgsp reduces to eq. (5-17) for Rpg and Rg — 0 . For the saturation current in particular,
it can be demonstrated that, after performing simple algebra in eq. (5-6), eq. (5-23) can

be rewritten as, (applying again the simplification ng = 0 for V.. (L)):

-1 Y
i cw 2cw (5-34)
lgssatr = = 1+ 1 RDSn}_a 1 ng—a
e 1+A 2L,TY 2CpLyTY
Where A is defined as A= (XY Rpsnl=%). The intrinsic saturation gate
2LgTY

transconductance can be determined from the derivative of this expression:

AC, (5-35)
Imsat,R = -2 [(2 - 6)71%_6 + (png—ZrS]
q(1+ ¢n;™°)
q*cw A qCWw (5-36)
where A =——; @ =

; =R
2C,L, 77 ¥ T 8 T 2L, v Ps

103



CHAPTER 5: AlGaN/GaN HEMT GATE CONTACT

5.3.2.6. 2DEG CHANNEL SELF-HEATING

The 2DEG channel self-heating usually has a strong effect on the effective channel
temperature of the HEMT which can be, in turn, significantly greater than the ambient
(or chuck) temperature. Therefore, self-heating is a virtually unavoidable parameter
affecting the high — T performance of any HEMT, particularly when biased in the
saturation regimen. Besides, due to the high-level of power handled by the 2DEG
channel in the AlGaN /GaN HEMTs, self-heating effects may become very relevant for
relatively small drain/gate bias (depending on I;; — V). Basically, the self-heating
increases the channel temperature to an effective temperature (Teff). This effective
temperature depends on the dissipated power, the thermal impedance (R;;) and the

substrate temperature (T, ) as: >
Terr = RenlasVas + Tsup (5-37)

The substrate temperature (at the substrate bottom) also increases linearly with the
temperature depending on the thermal resistance of the package (Ap). In many practical

cases, such as during on-wafer measurements, it is reasonable to consider the substrate

temperature as the heat-sink temperature:

Toup = To + ApldsVds =Ty (5-38)

Considering that the HEMT active layers (GaN cap, AlGaN buffer, GaN channel,
buffer layers, etc) are very thin compared with the total substrate thickness, they can be
neglected in the computation of the thermal impedance of the structure. R, may be

roughly approximated by:*¢

1 8dsu (5-39)
R, = —1
th k n L

g

Where dg,;, is the substrate thickness, L, is the channel length and kappa (k) is the

thermal conductivity of the substrate. The thermal conductivity has been experimentally

assessed for SiC, sapphire and Si substrates as:

-1.5 T -1.0 T -1.4 (5_4())

T
kSiC = 3.4 (ﬁ) ksapphire = 0.49 (%) kS'i = 1.57 (ﬁ)
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It is well known that SiC material exhibits better thermal conductivity when compared
to Si and, in particular, to sapphire. The value of the thermal conductivity at room
temperature is 3.4 W /cmK, 0.49 W /cmK and 1.57 W /cmK, for SiC, sapphire, and
Si.® It should be mentioned that the value of kappa slightly varies depending on the
reference®” but still, from the point of view of the heat spreading, SiC is the better
substrate and sapphire is the worst, with the device on Si being somewhere in the
middle. The effect of the self-heating could be analytically estimated for the saturation
sat

current in €q.(5-34). The saturation current suffering self-heating effects, I ;55 , could

be expressed of the form:
IS TY 4+ 1525, = ig where iy = iTy and A'= AT, (5-41)

Then, from eq. (5-37):

Iég.g‘H(l + “SngsC,l,tSH)y + Icsltsl,gHA =iy where asy = RepVus/Ty (5-42)
This non-linear equation is not analytical. Nevertheless, it could be approximated by the

three first terms of the binomial series (which is the Taylor series for small y) of the

function (a + y)™:"

n(n—1) a2y n(n—1)(n-2) iy (5-43)

(a+y)"=a"+na"ly +

2! 3!

00 05 1.0
) 4

Figure 5-12. The binomial series approximation of (a + y)".
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Therefore, for relatively small dissipated power, i.e. agyl3%* < 1 the function (1 +

aSngngH)V is relative well approximated by the three first terms of the series (figure

5-12) eq. (5-41) is then of the form:
yiy—1) 3 2 . (5-44)
TQSHZ(IE?EH) + VQSH(@?,%H) + 1+ A)Iég,gH —ip=0

sat

I35 could then be solved as the root of the cubic equation. After some algebra, it is

possible to arrive to the analytical expression:

Isat — 31’0 (5_45)
dSSH ™ (14 A) + I, + I
(5-46)
31 3 (1
where I, = E(R +R?% — 4Q3) and I = 5(R _JR2 4Q3)
R =2(1+ A)3 + 3yasyi (3(1 +A) + gioy(y - 1)aSH) (5-47)
Q=00+M*+ yasuio (5-48)

5.3.2.7. EXPERIMENTAL SATURATION CURRENT AND TRANSCONDUCTANCE FITTING

The extrinsic g,, 1s simulated from the derivative of eq. (5-45), where an analytical
close form for g,, can be computed. The physical layout parameters used in the
simulations are Ly = 4 um, W = 150 um, Cy = 2.99 X 1077 Fem™2, Lys = 4 um and

L,q = 5 pum. The contact resistance is R, = 0.5 Qmm. The threshold voltage value of

g
Vi = —4.18V is described by &5 =1.48elV, AE. =0.39¢eV (x = 0.28) ® and
Pr = 9.63 x 102gcm™2, which results in ngg = 9.93 x 10*2¢m™2. The 2DEG channel
mobility is described by &6 =0.28 where the mobility constant is
4.21 x 10" em?*3TY Vs (uo = 1620 cm?V /s and Ty = 300 K) . y is determined
from the fit to the experimental g,, to be y = 1.93. The thermal resistance is also a fit
parameter with a value of Ry, = 76.9 K/W (k = 1.6 W /cmK) at room temperature
and Vzs = 12 V. This Ry, value agrees reasonably well with experimental/theoretical

values previously reported.”"
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Figure 5-13. Simulated (solid lines) versus experimental (symbols) for (a) drain current and (b)
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transconductance in the temperature range of 25- 300 °C showing good agreement. The drain bias

isV4 s =12V and g, is the simulated intrinsic transconductance.

As it can be inferred from figure 5-13, we have obtained a good fit for both, the

saturation current and the transconductance in the temperature range of 25-300 °C. The

value of the g,, temperature exponent (g,, ~ T~%) given by the simulations is in

agreement with the value experimentally extracted of a = 1.1. The model has been

further validated in a wider range of saturation voltages, in particular, for Vs = 6V,

Vds =9V and Vds =15V.
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Figure 5-14. Simulated (solid lines) vs experimental (symbols) transconductance in the temperature

range of 25- 300 °C for different saturation drain—source biases, V3, = 6 V (a), V4o = 9V (b),

Vgs =12V (¢) and V45 = 15V (d). The g,, temperature coefficientis « = 1.1-1.2 (V4, = 0 V) for

all the saturation voltage range.
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As it can be inferred from figure 5-14, the temperature dependence is virtually identical
at varying Vy, being the g,, temperature coefficient « = 1.1 — 1.2 (V5 = 0 V) for all
the saturation voltage range. Nevertheless, the electron mobility dependence on the
temperature (i, ~ T~Y) was established to be y = 1.93 (in accordance with the typical
value from physical modeling of the optical phonons scattering mechanism). According
to this model, the intrinsic transconductance g,,o at room temperature (without taking
into account source—drain resistances and self-heating) can be as high as 375 mS/mm

(four times larger than the experimental g, value).
5.4. HEMT vs MIS — HEMT MODELING

5.4.1. ANALYTICAL TRANSCONDUCTANCE MODEL

The introduction of a gate insulator affects the operation of a simple Schottky gate
HEMT. The parallel capacitance associated with the gate insulator capacitor and the
AlGaN buffer capacitor diminishes the effective gate capacitance of a MIS — HEMT. In
this dissertation, the influence of this thin insulator on the On — state electrical
characteristics of a device is evaluated numerically. In particular, we have investigated
the effect of using a thin insulator based on SiO,,SizN,4, Al,03,and Hf O, on the
saturation current and transconductance. To accomplish this objective, we have
developed a very simple analytical set of closed-form expressions for the saturation
current, based on physically modeling the electron mobility in a HEMT channel
described in the previous section. This simplified model is used to understand the effect
of varying gate capacitance in an “ideal” HEMT transistor. In the following section, the
basic model is improved by including the effect of the extrinsic source and drain
resistances. In the last section, we consider self-heating and briefly discuss its effect on
the maximum transconductance. This is analyzed for several different substrates upon

which GaN is currently grown, namely: SiC, Si and sapphire.

Presented in figure 5-15 is the cross-sectional view of our simplified reference M1S —
HEMT. What we call here the “AlGaN buffer” is really composed of a carefully
engineered layer stack which is normally formed by a GaN cap on top of two or more
Al,Ga,_,N layers with different n — type doping or Al content (x). To make the
model as simple as possible, this stack is effectively described by a gate HEMT

capacitance Cy of thickness dy and permittivity &, 5.
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Figure 5-15. Cross-sectional view of the simulated MIS — HEMT. C;,; and d;,,; are the insulator
capacitance and thickness. Cy and dj are the AlGaN buffer capacitance and thickness. R, is the
contact resistance, ng is the 2DEG sheet carrier concentration, R, is the thermal resistance and T,

is the bulk temperature (at the bottom). L and L4 are the gate length, the gate-source and

9° 95

gate-drain spacing, respectively.

Donor-like levels from the surface of the AlGaN buffer surface, together with a strong
polarization field are believed to be the source of the electrons in the 2DEG channel,
which is roughly described by a total polarization charge parameter, Pr. It is worth
mentioning that there are detailed models for both Cy and P; to take into account the
complex structure of the GaN buffer.” However, this high-degree of accuracy in the
description of the HEMT capacitance and polarization fields, only results in very small
deviations compared to what is obtained taking into account an effective AlGaN
buffer.” As stressed before, the introduction of the gate insulator affects the Schottky
gate capacitance of the HEMT. The MIS — HEMT gate capacitance (Cp) is now the

parallel sum of the contribution of Cy and the gate oxide (C;ys):

1 _ 1 4 1 (5-49)
Cb CH Cins

Where Cy = &, 5/dy and Cips = € ins/dins- €r 1 €rins> dgand di,s are the dielectric
constants and thicknesses of the AlGaN buffer layer and the insulator, respectively. The
dielectric constants wused in the simulations are 3.9,7.4,10and 20 for

Si0,,Si3;N,, Al,05,and Hf0,, respectively.”  This simple gate capacitance
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approximation can be naturally improved to take into account the different
discontinuities present in the structure. For example, considering the different band

discontinuities, the gate capacitance is the sum of several contributions:
-1 _ -1 -1 -1 -1
CH - Ccap + Cbarrier + Cspacing + CAd (5-30)

including the GaN cap, the AlGaN barrier, the AIN spacer layer and the contribution of
the distance of the electron gas from the spacer layer C,4. Each of these contributions is
of the form C; = ¢;/d;. The dielectric constant ¢; for the GaN and Al,Ga,_, N can be
determined from the approximation &;(x) = —0.5x + 9.5.° The model presented in this
investigation is assumed to be valid at room and elevated temperatures, (where mobility
may be well approximated by the phonon scattering) and for long channel HEMTs
which make the degradation of the quantum capacitance and/or fringing capacitance

negligible in a first approximation.’’

5.4.2. MIS — HEMT MODELING

The set of equations, presented in section 5.3, form an analytical closed-form method to
numerically evaluate the effect of a thin gate oxide on the electrical properties of the
MIS — HEMT. In the following sections we will investigate the effect of the insulator
on the threshold voltage, the saturation current and the transconductance. The

parameters used in the simulations are listed in table 5-1.

The simulated large channel HEMT " has a conventional layout of 4/5/4 um for

Lgs/Lga/Lg respectively. Insulator thickness is varied in the range of 0 — 20 nm for

Si02,5i3N4,A1203 and HfOz

We have simplified the AlGaN buffer structure to the point to make this a single layer
(the simplest general case). The gate capacitance (C,) may be established
experimentally, from the C — V measurement (gate-drain) of the device."” If an effective

dielectric constant of &.y(x) = 9.36 (x = 0.28) is assumed, the equivalent buffer

thickness would be dy = 26 nm (C, = &, ,/dy).
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Parameter Value Units
Intrinsic

Ly 4 um

w 150 um

Cy = &-y/dy 3.75 x 1077 F/cm?
C 3.68 x 101 cm?*YTY /Vs
é 0.28

y 1.93

0% 1.48 eV
AE, 0.39¢ ev

Pr 9.63 x 1012 qem™2
kq —0.0802° |4

2 1.04 x 107" Vem
ks 1.05 x 104" Vem?
Extrinsic

N 9.93 x 1012 cm™2
R, 0.5 Qmm
Lys 4.0 um
Lga 5.0 um

Table 5-1. Parameters * and ° for the simulation of the MIS — HEMT from the literature.’
5.4.2.1. THRESHOLD VOLTAGE

The basic HEMT design nowadays is normally — on (although techniques do exist to
make it normally — of f).” A normally — on device is the type considered in our
simulations. This means that one must apply a negative bias of a few volts to the gate in
order to deplete the ZDEG channel of confined electrons and to suppress the passage of
current in the channel flowing from source to drain. Therefore, the threshold voltage is
strongly dependent on the gate capacitance. As it can be seen in figure 5-16 (a), the
lower the gate capacitance, the more negative the threshold voltage is. This is a relevant

implication of the use of insulator layers in the gate of the HEMT.
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Figure 5-16. (a) Simulated threshold voltage vs insulator thickness and (b) 2DEG concentration for
a Schottky gate HEMT (labeled HEMT) and MIS-HEMT with Si0,, Si;N,4, Al,0; and Hf O, as

the gate insulator.

Increasingly negative threshold voltages mean a higher amount of power consumed
during the on/off state transition. The way to increase the gate capacitance while
maintaining a fixed insulator thickness (to prevent Schottky gate leakage) is to change
the dielectric to one with a higher dielectric constant. This is one of the reasons why
engineers often prefer to use other dielectrics, with higher dielectric constant that Si0,,
for the MIS — HEMT structure. SizN, is popular because it matches well with GaN —
based materials, both being nitride based.” However, in the case of Al,03, the

dielectric constant is still relatively low.

Recently, there is a strong interest in Hf O, based MIS structures which exhibit a
remarkably high &, of 20. In fact, a very thin layer of any insulator, typically
around 5 nm, has been demonstrated to effectively reduce the leakage current through
the gate for negative gate bias." Nevertheless, there is a trade-off between the dielectric
constant and the insulator’s critical electric field. For example, the critical electric field
for Si0, is around 10 MV /cm while for Hf O, is typically 2 — 3 MV /cm.* This is a
detrimental factor for the use of Hf O, if positive gate voltages are desired. In contrast
to what happens with Si or SiC technology, unfortunately, the quality of the thermal
oxide of GaN is incomparable with the successful Si0O, thermal oxide, making its

application generally considered as commercially impractical.
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For a given gate bias, the sheet carrier concentration (figure 5-16 (b)) also depends on
the thin insulator properties, especially for the smaller Vs — V. In fact, the slope of the

sheet concentration may be approximated as:

ong/0Vys = q~1Cp (5-51)
In other words, the steepest slope is obtained for the thinner/high — k insulators.

However, in the vicinity of Vg = 0V, ng is approximately the same for any HEMT or

MIS — HEMT since, in general,

q 1C, (g — AE,) < Py (5-52)
Here, we have assumed that the total polarization charge remains basically unaffected
by the insulator deposition.”” This assumption has been made to keep the model as
simple as possible and it agrees with some previously reported works.">"**" However, in
general, it may be observed that a relatively small increase or decrease (~ 1 — 10%) of
the 2DEG carrier concentration occurs due to the action of the passivation of surface
charges, thereby affecting somehow the AlGaN polarization charge.”* The variety of
gate insulators and deposition techniques has resulted in a strong dispersion of the
available data in the literature."”**** In this sense, it is worth mentioning that some
authors have reported more relevant differences in ngy and p,, when comparing Schottky
and MIS gate HEMTs.*** On top of that, the introduction of the MIS layer may subtly
also affect other device parameters such as the contact resistance. For example, if it is
not completely and homogeneously removed from the source/drain area, an ultra-thin
layer could act as an additional barrier thus increasing the R,,,. As the wafer scale maps
are uncommon in the literature,***” the differences obtained for a small population of
devices could easily bring inconclusive statements. Furthermore, insulator deposition
techniques have inherently some drift in their dielectric constant and/or thickness. On
the other hand, the 2DEG is separated from the MIS interface by the AlGaN buffer
which would make it inherently less sensitive to any surface charge variation. In
general, the electron mobility differences between identical HEMT and MIS — HEMTs
are reported to be even smaller than for ng.”*' Donoval et al.*® have reported the same
temperature dependence for Iyg¢q; and g, HEMT and MIS — HEMT as T~
suggesting that phonon scattering is the predominant effect, regardless of the gate stack

architecture. The hypothesis of the electron mobility conservation seems plausible.
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In contrast to what happens with other GaN — based transistors such as MESFETs or
metal oxide semiconductor field effect transistor (MOSFETSs), the threshold voltage for
a HEMT with a Schottky gate is remarkably stable with the temperature (up to, at least,
300 °C).*” This is due to the fact that the polarization field has a very weak dependence
on the temperature and hence, ng is also a weak function of the temperature. It must be
mentioned that, in many practical situations, there is a number of interface (Qit,MIS)
and/or bulk traps (Q;,s) created during insulator deposition.* This would provoke a
shift of the threshold voltage towards more negative or more positive values (depending
on the nature of these traps, acceptors or donor, positive or negative ions, etc.). This

added charge could be taken into account with an additional term in eq.(5-13):
Vinmis = Ven — Cins(Qins + Qiemis) (5-53)

These traps could also be much more sensitive to any temperature change.” On
GaN MOSFET devices, the D;; has a major affect on the on-state current of the device,
as Coulomb scattering greatly reduces the field-effect mobility.” Within the MIS
structure of GaN HEMTs, the presence of a large amount of interface traps have been
extensively demonstrated.””* However, these traps do not greatly affect the HEMT
mobility as the 2DEG charge centroid is separated from the MIS interface by the AlGaN
buffer and the AIN spacer.”® The MIS interfacial traps impact the On — state of a
HEMT primarily inducing a trap threshold shift, while the subthreshold slope is likely
also to be degraded.” In the first instance, this is easily accounted for in the model by
adding a new term into €q.(5-13). However, significant amount of work must still be
performed to understand the D;; profile within the hetero-structure bandgap, how these
traps would interact with channel electrons, the different chemical nature of these traps
(which are currently viewed as slow and fast traps)* or the implication in the long term

reliability of the device.

5.4.2.2. DRAIN AND SATURATION CURRENT

The R,, value is a fundamental parameter of any power device. Together with the
reverse bias breakdown voltage, the V2 /Ron,sp ratio is considered the power device
figure of merit. AlGaN/GaN HEMTs have been reported with V2 / Ron,sp as high as
1.2 x 10° V2Q~tem =2
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Figure 5-17. (a) Simulated drain current (I45 — V) for Voo = 0V and (b) saturation drain
current (Ids—Vgs) for a Schottky gate HEMT (labeled HEMT ) and MIS — HEMT with
§i0,,8i3N 4, Al,03 and Hf 0, as the gate insulator. Note that the ideal saturation current I ¢4,

and I 45 ;4. g do not depend on V 4.

In the case of the normally — on HEMTs this is usually measured at zero or small
positive gate bias. The simulated drain current for V3 = 0V is presented in figure 5-17
(a) for different MIS — HEMTs with 5 nm of gate insulator. As mentioned before, the

ng value for Vg = 0 V is similar regardless the MIS properties:

ng =ng = q 'Pr (5-54)
This results in similar on-resistance (R} = dl;,/dV,) characteristics in the linear
range. Therefore, for ideal HEMTSs, simulations suggest that the introduction of an
insulator has a weak effect on the R,, value when it is estimated at V3 = 0 V. The DC

saturation current is also a key parameter in establishing the maximum RF power output
for HEMT devices. This current increases with increasingly positive gate voltages, until
it saturates with a maximum value. However, for Schottky gate HEMT's, a gate voltage
in excess of +1 V results in excessive gate leakage current, consequently increasing the
noise factor significantly. The introduction of the MIS insulation would enable the use

of higher positive gate voltage. Furthermore, for zero or small positive Vs, the

gs >
introduction of the thin insulator increases the saturation current by a factor of
approximately C,/Cy . Therefore, there is a significant difference in the saturation

current value depending on the type of insulator (for a given insulator thickness) used in
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the MIS gate stack, as can be seen in figure 5-17 (b). Analogously, the saturation
voltage also increases, being, to first approximation, a value close to —V;,. The
introduction of the source and drain series resistance in the computation of I;; and
I4s sqr significantly reduces the HEMT drain current but the previous arguments are still

totally valid, as it can be inferred from figure 5-17.

5.4.2.3. TRANSCONDUCTANCE

The gate transconductance (g,,) of the transistor is one of the most important indicators
of the device quality for microwave application, critically affecting the cut-off
frequency and the maximum frequency of the device. Besides, g,, is used in the small-
signal model of the HEMT. Therefore, it is one of the most used figures of merit of this
kind of transistors, usually expressed in mS/mm. Conversely to what happens with the
saturation current, the intrinsic saturation gate transconductance converges (figure 5-18

(a)), regardless the gate insulator, to a fixed value of ~qWp, (2 —8)Pr/2L, for

%

s = 0V and small (+1V/+2V) positive gate bias. Therefore, as happens with the

on-resistance, the intrinsic saturation transconductance, for Vs~ 0V, should not depend

on the insulator. The introduction of the source-drain series resistance greatly affects the
value of the extrinsic transconductance as shown in figure 5-18 (b), reducing its value to
the more common values of 120 mS/mm for Ly = 14 ym."
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Figure 5-18. (a) Simulated intrinsic and extrinsic transconductance vs V4, for Rpg = 0 Q and (b)
extrinsic transconductance vs Vg, taking into account drain-source series resistance for a Schottky
gate HEMT (labeled HEMT ) and MIS — HEMT with SiO,,Si3;N,, Al,0; and Hf 0, as gate
insulator. Note that the ideal saturation transconductance g,, ;q¢ and g,, o; g do not depend on V ;.

Empty circles denoted experimental HEMT data.”
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Nevertheless, even introducing a potential source-drain series resistance, the previous
set of equations is not able to reproduce the typical behavior of the maximum
transconductance.'"'*"* The transconductance curve, especially when measured at room
temperature, exhibits a g, mqyx that usually takes place for few voltages from the
threshold voltage (Vgs —Vin~2-3 V). Then, gy, exe diminishes for greater gate bias.
Therefore, we suggest that in order to explore the dependence of the transconductance
on the gate insulator, this should be measured for small Vj3 —Vy, where,
experimentally, the maximum transconductance value is achieved. In this sense, figure
5-19 (b) shows the value of the transconductance for Vyo—Vy =2V for
Si0,,Si3N,, Al,03,and Hf O,. As can be inferred from the figure, g, oxr diminishes as
the insulator thickness increases (figure 5-20), when it is considered a fixed Vg — Vip.
Besides, the greater the dielectric constant, the greater g,, o4 1s. This is a result which
fits well with the commonly reported behavior, when “identical” HEMT and MIS —
HEMT devices are compared, i.e., the gate insulator is detrimental for RF applications.

Effectively, the fit to the experimental data is good for relatively small V5 — Vi, (open

circles of figure 5-18 (b) are from the experimental data).”
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ins
Figure 5-19. (a) Simulated saturation current (with and w/o drain-source series resistance) vs
insulator thickness for V,, =0V and (b) Simulated extrinsic transconductance Vs insulator
thickness (with and w/o drain-source series resistance) at Vy, — V,, = 2V for a MIS — HEMT with
Si0,,Si3N,4, Al,0;5 and Hf 0, as gate insulator.

However, the introduction of series resistance is still unable to explain the maximum

transconductance experimentally observed (the g,, Vs Vs curve usually has a parabolic-
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like curve with a maximum). We propose that other relevant sources of power

dissipation must be taken into account: i.e. self-heating.
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Figure 5-20. Hf0, MIS — HEMT simulated intrinsic (Rps = 0 Q) and extrinsic transconductance
for different gate insulator thicknesses displaying the decrease of the g,, ., VS insulator thickness
for a given V45 — V. The transconductance is simulated for an Hf O, thickness (d;,) in the range

of 0 — 20 nm with an interval of Ad;,,; = 5 nm.

5.4.3. SELF-HEATING

As described in 5.3.2.6, figure 5-21 (a) shows the simulated effect of the self-heating in
the saturation current. dg,, = 350 um is typical for a SiC substrate. The
transconductance from the derivate of I 54; sy 1S presented in figure 5-21 (b). It can be
seen that a maximum transconductance value can be obtained (for a given gate bias of
few volts after the threshold) which replicate the experimental results much better.
Figure 5-21 (b) shows the simulated external transconductance for a HEMT (dots) and a
Hf0O, MIS — HEMT (solid lines) with gate oxide thicknesses of 5 and 20 nm. Due to
self-heating, the maximum transconductance diminishes with the insulator thickness, in
agreement with the general observation. There is a strong influence from the substrate

(SiC, Si or sapphire) on both the saturation current and the extrinsic transconductance.
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Figure 5-21. (a) Simulated (with self-heating) saturation current for a Schottky gate HEMT and a
MIS — HEMT (5 nm Hf0;). (b) Extrinsic transconductance vs Vg taking into account the self-
heating for a Schottky gate HEMT and MIS — HEMTs (5 nm and 20 nm of Hf0,). Note that
Imsarsu depends on V5. Empty circles denoted experimental HEMT data.”” The simulated fit to
the experimental data (dashed blue line in the on-line version) takes into account the additional
thermal boundary resistances, R, rpg. Simulated d;,; = 5 nm and d;,,; = 20 nm solid lines are
computed without taking into account the thermal boundary resistance (TBR), directly using

€q.(5-39) and eq.(5-40) and a fixed dg,;, = 350 um.

As one would expect, the higher the thermal conductivity, the higher the maximum
transconductance is. Therefore, the model suggests that self-heating has a relevant role
in reducing the g,, value. For a given MIS/GaN active layer structure, effectively, the
different substrate thermal conductivity would be the main factor which establishes the
channel temperature (as a function of R, which depends in turn on kappa). It is worth
mentioning that, in practice, the heat flow in the hetero-structure is more complex
because between the substrate and the GaN active layers there are in general a number
of interfacial layers which result in additional thermal boundary resistances.”*
Recently, bulk GaN thermal conductivities larger than 2.6 W /cmK have been reported”
(the theoretical value for GaN bulk kappa would be as high as 4.1 W /cmK),” which
suggests that FS — GaN is an interesting alternative to the excellent SiC substrates.
Furthermore, the additional resistance associated with thermal boundary impedance may

be naturally mitigated. Indeed, the temperature impact of the On — state characteristics
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of a HEMT on FS — GaN seems to be significantly better when compared with Si or
sapphire due to the lower thermal impedance of the substrate.” For a given substrate
conductivity, the channel temperature would be given by the dissipated power:

Py =lgsatVas and  Tepr = RiplgsatVas + Tsup (5-55)
This effective temperature increase significantly degrades the electron mobility
(promoted by phonon scattering). For a given saturation drain voltage, (in our case,
simulations in figure 5-21 have been carried out at V;; = 12 V), the saturation drain
current increases as the gate capacitance decreases, as suggested by eq. (5-21) and
implicitly in eq.(5-45). The gate capacitance significantly decreases with insulator
thickness, which in turns affects the value of the transconductance peak. This is the
reason why, according to this model, the g,, peak value differs so much between
dins = 5nmand d;,s = 20 nm .

Also presented is the simulation/experimental fitting data from section 5.3.1.77 It have
included this experimental curve to benchmark the reference Schottky HEMT g, ,
assuming the conservation of the electron mobility and the polarization fields when it is
moved to a MIS — HEMT approach. From this fit, it can theorize as to what the effect
would be of varying the gate insulator and the substrate. The accuracy of the most
simplified approach may be questionable in some cases, (we have discussed briefly
before the ng, variation due to the passivation of surface states reported by several
authors), but it still could bring a qualitative insight into the effect of different insulators
on the On — state of the HEMT. As also stressed before, the accuracy of the method
can be easily improved introducing a few experimental correction factors in €q. (5-10)
and eq. (5-13) once it is know if there is a variation (HEMT vs MIS — HEMT) in the
ngo and/or py. We have used the simplified R, equations given in reference® for
theoretically computing the effect of the self-heating for a given substrate thickness. For
Si, the fit does not match directly the experimental values since the Ry, does not take
into account the additional thermal boundary resistance. We may use again a correction
factor of Ryprpr = a3 X Ry, az being 1.4. For our reference HEMT, the Si/GaN
nucleation layers were formed by 40 nm of ALN, 250 nm of GaN and 250 nm of AIN
grown at 920 °C. These nucleation layers are used to overcome the formation of cracks,
which are due to the large difference in the thermal expansion coefficient between GaN
and Si. Then, a 1.7 um GaN (0001) buffer layer was grown at 800 °C, followed by the

active layers. This correction factor value would be again sample dependent.
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5.5. HEMT vs MIS — HEMT EXPERIMENTAL

In this thesis three gate architectures have been investigated (figure 5-22). The basic
HEMT has been described in the previous chapters. A modification of the basic HEMT
consists in introducing a thin dielectric between the gate-source and the gate-drain pads.

This device is known as passivated HEMT or i — HEMT.

A way to further reduce the gate leakage current is the introduction of a thin dielectric
between the gate metal and the GaN surface in an approach known as metal insulated
gate (MIS — HEMT). The effect of introducing (or not) this dielectric has been
theoretically studied by physical-based modeling in section 5.3 and 5.4. This sections
present the experimental results from a different set of HEMT, i — HEMT and MIS —
HEMT devices.

Although partially passivated, the core of a i — HEMT device is in practice a converted
Schottky gate device. Figure 5-23 (a) and (b) shown the transfer curves characteristic of
a HEMT vs MIS — HEMT with 45 nm SizN, gate oxide and for the Schottky gate
i — HEMT with gate leakage current of ~1uA/mm (W = 150 um) .The MIS —

HEMT gate current was effectively reduced one order of magnitude.
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Figure 5-22. Attending to the gate engineering, three different type of devices had been fabricated

HEMT,i — HEMT and MIS — HEMT.

As pointed out in the previous section, Hf O, has recently been demonstrated as a very
promising gate dielectric candidate and passivation for GaN — based high-power RF
and high-voltage switches. Transistors with Hf O, gate insulator have already exhibited

minimal current slump, low R,,, high-breakdown voltage, and ultra-low leakage
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currents.”**"*! In the frame work of the ON semiconductor project, it had been analyzed
the effect of introducing a thin Hf O, gate dielectric on the electrical performance of the
HEMT at the wafer scale. For gate engineering, two different types of HEMT, A04 and
A03b, have been fabricated as commented in the fabrication process section. Both a
Schottky gate SizN, passivated i — HEMT and a thin Hf O, based MIS — HEMT were
fabricated on two different 4 inch state-of-the-art commercial AlGaN/GaN — on — Si
wafers. It is well-known that Hf O, has many desirable properties, such as a relatively
large bandgap (5.65 eV) or a high — k dielectric constant (~20) which make this gate
insulator very effective in realizing HEMT devices with a large transconductance while
keeping the gate leakage current low.” As shown in figure 5-23, the introduction of the
thin Hf O, based MIS approach results in a remarkably small V;, shift (see figure 5-16
and figure 5-24) and transconductance reduction, but in an improved gate stability under
positive gate bias stress. In addition, no hysteresis is observed after subsequent [ — V

stress test at RT (figure 5-25).
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Figure 5-23. (a) HEMT vs MIS — HEMT gate dielectric comparison with SizN, gate oxide
(45 nm). HEMT vs i — HEMT with ultra thin gate dielectric Hf O, (few nanometers). Typical (b)
i — HEMT vs MIS — HEMT transfer curves I, I45 vs Vg showing the reduced MIS — HEMT
gate current. (¢) I-V forward curve and (d) g,, comparison extracted from the derivative of the

transconductance curve.
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Figure 5-24. Saturation drain and gate current for pinch-off/positive gate bias. The MIS — HEMT
gate architecture allows extending the positive gate bias range before relevant gate current
injection. At Vo = 1V and 2 V, the on-state current is 30% and 60% higher compared to

V4s = 0V, respectively.
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Figure 5-25. i — HEMT and MIS — HEMT 14, — V 4 after subsequent transconductance stress

on/off showing no hysteresis. Note the very low gate leakage current for the Hf0, MIS — HEMT.
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When full-wafer maps are carried out (figure 5-26) this threshold shift can be quantified
as small as AV, = 0.3V. The average V,;, obtained for the sensible population of
devices was Vi, =—=2.71£03V and Vy =-3.0£ 0.3V for the i — HEMT and
MIS — HEMT, respectively.

However at the lower gate bias, the i — HEMT leakage was significantly higher than the
one from the MIS — HEMT. To explore the origin of the leakage at the low bias we
have used two terminal wafer maps up to 100 V. The gate—drain two terminal reverse
current is presented in figure 5-27. The gate pad is negatively biased and drain was
grounded. The I-V tests are then recorded for the 4 inch wafer and the value of the

current at 100 V is recorded in the plots.

<5.5]-3,2]-3,0]-3,0
<5,5|<-5.5|-3,0|-3,0

Figure 5-26. 4 inch wafer scale maps for the (top) i — HEMT and (bottom) MIS — HEMT where a
remarkably homogeneous V., was determined (—2.7+ 0.3V and —3.0 £ 0.3V for the i —
HEMT and MIS — HEMT, respectively).
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Regarding extended positive gate bias operation, the thin Hf O, based MIS approach
also results in improved gate stability under positive gate bias as shown in figure 5-28.
The Schottky injection was mitigated when the thin insulator was introduced with a
forward voltage drift of AVy = 1V for I;q = 10 uA. The extended positive gate bias
stability is also evident when performing a full scale wafer map. The forward voltage
drop at 10 uA was determined to be Vy =2.1 + 0.8V and 3.2 + 0.6V for the
i —HEMT and MIS — HEMT , respectively. Two terminals I;4 suggest that a thin
insulator prevents any Schottky injection for few positive volts (~2 V). These few

positive volts of margin appear to be consistent with the fact that the dielectric

breakdown field of Hf O, is 2 — 3 MV /cm.
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Figure 5-27. 4 inch wafer scale maps for the 2-terminal gate-drain current. The mean current
obtained for the MIS — HEMT (70 + 13 nA/mm) was significantly lower than for that obtained
for the i — HEMT (2.0 + 1.9 uA/mm). Questionable edge device were excluded for the

calculation.
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When the CAFM tests are performed on the MIS — HEMT surface, as described in
section 5.2.2, the current at the nanoscale is also significantly suppressed as shown in
figure 5-29. At =2V, there is no correlation between the topography and the AFM tip
current being this current, of ~0.3 pA (virtually negligible). Nevertheless, it was
observed after intensive testing that if the bias is increased and a weak point within the
insulator is located, then again the AFM current and topography would partially

correlate in the same fashion as described in section 5.2.2.
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Figure 5-28. Comparison of the (a) i — HEMT vs (b) MIS — HEMT gate—drain current (I,4) with

the gate positively biased. The Schottky injection was mitigated when the thin insulator was

introduced with a forward voltage drift of AV = 1V for I, = 10 pA.
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Figure 5-29. CAFM scans of the MIS — HEMT surface in the drain-gate spacing with (a)
topography and (b) current map of surface taken with the CAFM for the 2.8 X 2.8 um? scan; (c)

Respective cross-sectional profiles along the solid lines marked at —2 V.

126



Dynamicl -V

5.6. Dynamicl —V

Trapping phenomena represents a main limitation on AlGaN/GaN based devices.
Dynamicl —V test is a measurement for revealing the discrepancy between
conventional DC and pulsed analysis. Usually, dynamic I —V tests are based in to
apply pulsed signal from specifics quiescent points to drive the devices to points of the
I — V plane in order to recreate the dynamic I — V characteristic. The current collapse,
or also named dispersion, current compression, power slump, etc, is caused by deep
traps in the material, especially by surface traps. It is measured as the discrepancy
between the DC and pulse measurements. We also investigate the effect of the gate
insulator during dynamic I —V stress tests by using an APMS2010RA system. The
pulse width is 10 us and the pulse separation is 100 us. In this case, different quiescent

points were evaluated as shown in table 5-2.

Quiescent points Pulsed I —V Measurements
Vs [V] 0 20 50 110

Vs [V] —4 —4 —4 | -4

Table 5-2. The drain lag was evaluated with pulsed I- V measurements from different quiescent
points.

(a) i-HEMT (b) MiS-HEMT
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Drain-Source Current, / _[mA]

0 I”5ml1|0””15””20
Drain-Source Voltage, V _[V]

Figure 5-30. MIS — HEMT vs i — HEMT dynamic I-V characteristics. MIS — HEMT showed no

current collapse at V;; = 110 V. The drain lag was evaluated with pulsed I- V measurements from
different quiescent points [V 4, V], [0, —4], [20, —4], [50, —4] and and [110, —4] and a pulse

length of 10 us. Device characteristics were measured on test devices (W = 150 um).
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Surface passivation technique using various dielectrics has been found to effectively
relieve the current collapse issue by reducing the density of surface states. In this sense,
the dynamic I — V characteristics of the MIS — HEMT for current collapse assessment

are presented in figure 5-30.

A thin Hf 0, layer was very effective in reducing the current collapse when compared

to the i — HEMT, suggesting an effective passivation of surface traps.””** Gate and

drain leakage currents as well as dynamic I-V trapping were significantly improved

with the MIS — HEMT architecture with almost no trade-off to the On — state.

5.7. TRAPS CHARACTERISTICS C —V

Heterojunction device-based AlGaN/GaN HEMTs have already demonstrated

outstanding performances on high-power and high-frequency applications."”’
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Figure 5-31. Cross-sectional view of the (a) HEMT and (b) MIS — HEMT . High-frequency
(100 kHz) gate-drain C —V for (c¢) the HEMT and (d) the MIS — HEMT . Gate biases (AV =

0.2 eV) were selected for the conductance G, — w investigation.
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The unique combination of the high-breakdown field, the high-mobility of the 2DEG,
and high-temperature of operation has attracted enormous interest from academia and

from industry.

Since the technology is still in its infancy, the long term reliability of the devices
remains an open issue. It is well known that the hetero-structure contains surface states,
deep traps levels, and traps at the hetero-interfaces that can drastically deteriorate the
device robustness. Several approaches have been used to investigate the trap profile and
to estimate the trap density by means of spectroscopy,” transient,” and steady-state
electrical methods,”* in particular, the investigation into the gate admittance varying
with frequency.”* This last approach is analogous to the well-known conductance
method (first proposed by Nicollian and Goetzberger* in 1967) for MIS structures. In
this work, using the frequency dependent conductance analysis, we map the parallel
conductance vs gate bias/frequency and further analyze the slow and fast traps as a
function of the Fermi level for different gate architectures (Schottky and MIS). Besides,

the variance in the band bending for fresh and stressed devices is determined.

Two AlGaN/GaN — on — Si HEMT gate architectures (figure 5-31 (a) and (b)) were
investigated, samples C02 and €03, a Schottky gate (HEMT) and a MIS gated HEMTs
(MIS — HEMT) respectively. Both fabrication details are explained in chapter I11.

HEMT G /o [pF] MIS-HEMT G,/ [pF]

20
10

Gate-Drain Bias, ng \]
Gate-Drain Bias, Vg .V
S
[<2]

0
10°  10° 10° 10°  10° 10° 10" 10® 10° 10
Frequency, f[kHz] Frequency, f [kHz]

Figure 5-32. Reference HEMT and MIS — HEMT parallel conductance maps as a function of the
gate bias and the frequency. Note the larger values of G,,/w (0 — 80 pF) for the HEMT device. The
peak value of G,,/w increases with Vg, presenting two peaks which correspond to fast and slow

gate traps.
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It is well known that the passivation of the surface states with dielectric layers results in
a reduction of interface traps.”* This correlates well with the fact that MIS — HEMT
devices are reported to greatly mitigate the current collapse effect as well as reducing
the gate leakage current. These facts make the MIS — HEMT gate architecture more
adequate for power switching applications. The mitigation of the conductance peaks
(related with electron trapping at the interfaces) has been effectively corroborated for

the MIS — HEMT architecture as shown in figure 5-32.

HEMT gate-drain (gate area 40 X 150 um) capacitance voltage (figure 5-31 (c¢) and (d))
and conductance voltage (C/G — w) measurements were performed ( 1kHz to
10 MHz) at RT. The amplitude of the ac signal was 80 mV. The conductance method is
regarded as the most accurate and sensitive of the small-signal steady-state methods,***
whereby small AC variations in the gate voltage result in changes of the interface trap
occupancy, and the resulting losses are detected. This energy loss is measured as an
equivalent conductance (G,). The parallel conductance G,/wmaps shown in figure
5-32 have been determined after 51 C/G — w measurements with AV,; = 0.02V
(1kHz to 10 MHz) in the gate-drain voltage (ng) range of —4.9V /—3.9V for the
HEMT device and —13.1V/—12.1V for the MIS — HEMT (the V,, range is illustrated
in figure 5-31 (c) and (d)).

MIS-HEMT
80 aw 12,1V (b)
| & -4av A 123V
& 43V & -12.5V
4 Do > 2.7V
601 » a7v * 12,9V
9 49V @ 3.4V
Ty
&40
S 40-
(\DQ o=0
20
0 == S = 0 : e B hah
10° 10 10° 10° 10" 10° 10 10° 10° 10’

Frequency, f[Hz] Frequency, f[Hz]
Figure 5-33. Experimental data (solid points) and fitting (solid lines) of (Gp)/w vs frequency for the
(a) HEMT and (b) MIS — HEMT peaks (for the selected gate biases of figure 5-31 (c) and (d)). All
the HEMT peaks (as well as MIS — HEMT slow traps peaks) have been fitted with no band-
bending fluctuations (o5, = 0). MIS — HEMT fast traps peaks exhibit non-negligible bandbending

fluctuations (broadening).
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The reduction of the conductance peak values (X 2.3 in the scale) for the MIS gate (as
well as a shift of the peak frequency) is clearly visible from the experimental maps. In
any case, the G,/w peak value always increases with increasing V,q. Assuming a

continuum of traps levels (but no trap time constant dispersion), G, can be expressed

as:”®

G AgD; (5-56)
{Gy) - 297 In(1 + w?t2)

w Zan'p

Where A is the area, 7, is the trap state time constant, and w = 27f is the angular
velocity. EQ. (5-56) has been used in previous works for extracting the D;; of slow and
fast traps.”** Nevertheless, a significant error can be made in extracting interface trap
level density and time constant from a measured G,/w vs In(f) curve if the interface
trap time constant dispersion is not taken into account. As shown in the figure 5-33 (a),
the band bending fluctuations may be ignored for the Schottky gate HEMT device at the
first instance (all the HEMT curves were fitted using the o, = 0 model). This is also the
case of MIS — HEMT device slow traps.

However, the MIS — HEMT fast traps (figure 5-33 (b)) could present significantly
broadening of the G, /w peaks. A distribution of band bending over the interfacial plane
caused by a random distribution of discrete charge in the interface is usually used to
explain the experimental time constant dispersion. A time constant dispersion broadens
the G,/w vs In(f) curve, reduces the peak height for the same value of D;., and
increases the value of w7, at which the curve peaks. Assuming a continuous
distribution of interface traps within the semiconductor bandgap and with band-

bending (U;) fluctuations at the heterointerface interface, G, can be described as:*

o (5-57)
(Gp)  qA [ Dy
P j w;p In(1 + w?t2)P(Us)dUs

w 2

— 00

The most common distribution characterized by only its mean and variance is the

Gaussian and thus G, /w is of the form:*

(Gp)  qADy(2ma2)~/? (5-58)

) 2&

2
n
f exp (— 20_2> x exp(—n) In(1 + &2exp2n)dn

S
—00
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Where o is the standard deviation of the band-bending and § = wt,,. The procedure to
determine g is to measure the amplitude of change of this curve either between the
points f,, (peak frequency) and f,/n or between f, and n X f, (typically n = 1/5 or
n=>5). Once experimentally determined the ratio of [(Gp)/ a)]n . / [(Gp)/w] f this

value is interpolated into the previously computed plot of [(Gp) / a)]n . / [(Gp) / w] f VS

os, for a given n and ¢ (typically £ = 2.5). Once o, has been determined, the interface

state density, D;;, may be evaluated numerically by integrating eq.(5-58) at { = &, with

((Gp) / a)) f The condition d /dé [((Gp) / a)) fp] is used to determine 7, and then:*

(5-59)

Xdn =0

° 2 2
n 28,exp2n 5
f exp( 2052> exp(—n) [1 T Gexp2n (1 + Epepon)

S 20-HEMT {MIS
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Figure 5-34. Fermi level position relative to the position of the ZDEG quantum well first sub-band
(Ef — Ep) vs the gate-drain bias (V,4) for the (a) HEMT and (b) MIS — HEMT. (¢c) HEMT
interface trap density vs the Fermi level determined from the conductance method with no band-
bending fluctuations. (d) MIS — HEMT interface trap density vs the Fermi level determined from
the conductance method with band-bending fluctuations for the fast traps. (e) Characteristic trap

time constant vs E; — E, for the different conductance peaks.
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Solving €q.(5-59) numerically (for example, using the Newton-Raphson algorithm)
yields &, as a function of gs. Then, from the relation ¢, = w,T,, the interface trap level
time constant can be extracted. g is a measure of the width of the experimental G, /w
vs In(f). If those curves are narrow, band-bending fluctuations can be neglected

(o5 = 0) and then (G,)/w reduces to €q.(5-56).

The experimental values of o, D;;, and 7, are shown in figure 5-34 and figure 5-35.
The x-scale (Ef — Ej) is the relative voltage Fermi level position relative to the position

of the 2DEG quantum well first sub-band from the on-set of the 2DEG formation.

We have used the approximation given by Khandelwal et al.”” for the numerical

computation of Fermi level position as:

2/3 (5-60)

E =V B In(a1Vgo) +¥o(q7 CgaVgo)
f — Vg0 1 2/3
Vgo + .8 + (2/3)V0(q ngVgO)
Where = kgT/q is the thermal energy, Vjo = Vgq — Vi is the normalized gate
voltage respect to the threshold voltage (V;p,), a3 = Cyq/(qAB) Where Cyq is the gate-
drain capacitance, A and y,, are numerical constants from literature.” The position of the
2/3

first sub-band E, can be computed from the 2DEG sheet density (ng) as Ey = yong' = .

Solving the Schrodinger equation n is related to E; by the well-known expression ng =
q"ngd (Vgo - Ef). We assume zero current flow through the hetero-layers under all

static bias, i.e., the semiconductor always remain in equilibrium independent of the V4.

A bias applied to the gate causes potential drops and conduction (and valence) band
bending interior to the structure. In the case of the MIS — HEMT, the gate capacitance
(Cazs)  1s coupled with the insulator capacitance  (Cjps)  as
Cga = CumisCins/(Cins — Cyys) . The insulator capacitance depends on the SizN,
dielectric constant and thickness (d) as Cins = &./d. Computed Ef — E vs Vg4 are
presented in figure 5-34 (a) and (b) for the HEMT and MIS — HEMT, respectively. The
D;; for the HEMT and MIS — HEMT as a function of the relative position of Er is
presented in figure 5-34 (c) and (d). For the gate biases closest to the Vi, slow traps
(tp~ 0.1 ms) and fast traps (7,~ 0.1 us) were revealed (figure 5-34 (¢)) for both the
HEMT and MIS — HEMT devices, the band-bending being irrelevant in either case.
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Figure 5-35. (a) Comparison of the conductance fast traps peaks before o, = 0.8 kgT/q and after
stress o = 2.5 kpT/q for a MIS — HEMT (ng =—12.4V Er—Ey=15.2 meV). (b) Fresh and

stressed MIS — HEMT variance of the band bending for different Fermi level energies.

However, 7, is progressively reduced for larger gate biases (particularly for the HEMT)
up to 1us. The density of the slow traps is significantly lower for the MIS —
HEMT(D;; ~ 7.0 x 101* — 5.0 X 10'2cm™2eV 1), when compared with the
HEMT (D;; ~ 2.0 X 1012 — 2.0 X 1013cm™2eV 1), in agreement with the current view
that (a number of) these traps are surface related, and that the MIS structure effectively
passivates the traps. As gate voltage increases, the conductance peaks are shifted in

frequency, and the G, /w peak value increases.

All the HEMT fast trap Gy /w peaks can also be closely fitted by the trap time constant
model (o, = 0) with (D;; ~ 2.0 X 101! — 7.0 X 10'2cm™2eV~1). However, the band
bending fluctuations shown in figure 5-35 would indicate the presence of additional
longer-range fluctuations in the interfacial charge (and insulator charge) for the
MIS — HEMT. When g, = 0, one can think of traps randomly situated but with a short
range variation from one another on the interfacial plane (and closely spaced in energy
distributed through the entire bandgap). Larger values of g, (as shown in figure 5-35 (b)
up to ~1.1kgT/q ) would suggest longer-wavelength interfacial charge
nonuniformities. The depletion width would be effectively modulated (which is known
as the parallel array model)' and the gate area capacitor can be divided into patches. In
each patch, the depletion layer width would be nearly uniform, responding only to
spatial variations of interface charge that extend over comparable distances to that

width. If we assume an applied voltage of V;;,, a depletion width will form comparable
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to the AlGaN buffer," and it can be suggested that the wavelength of the MIS-related
traps will be several tens of nanometers. Any MIS — HEMT thin gate dielectric layer is
prone to degrade easily during low to moderate stress tests. This is particularly true
when the gate is positively biased (hot carrier injection) during HEMT operation, or
when a current (even a small current) is forced to flow through the gate dielectric.
Stressed HEMT's are reported to have increased trap densities.” In this experiment, the
MIS — HEMT device was degraded by performing subsequent transfers (/g5 — Vys)
from Vs = =25V up to 10 V at intervals of 0.5 V. It was observed that the stress-
induced additional states (figure 5-35 (a)) could present significantly broader peaks. The
broader conductance peaks and the larger band bending fluctuations (03~2.5 kgT/q)
would indicate the presence of additional longer-range fluctuations in the interfacial
charge (and insulator charge) that would suggest longer-wavelength interfacial charge

nonuniformities.

5.8. SUMMARY

In this chapter the fundamentals of the AlGaN/GaN HEMT gate contact have been
reviewed. As it occurs with the most of the electronic switches, the gate stack is maybe
the critical part of the device in terms of performance and longtime reliability. This
chapter is devoted to the investigation of how the gate (composition, materials, defects
and others) affects the overall HEMT behaviour by means of advanced characterization

and modeling.

First, the nanoscale features of a typical Schottky contact to an AlGaN/GaN HEMT
have been investigated in detail by means of the CAFM technique. The MBE AlGaN/
GaN — on — St HEMT surface is composed of mounds, in the form of a truncated
elliptical parabola corresponding to the morphological pattern. This complex
relationship is attributed to the inhomogeneous distribution of threading dislocations
(with a density of ~70 um™~?) formed during the double spiral BCF — kinetic mode of
growth and the fact of analyzing the vertical current. The mound size distribution is
fairly uniform with, on average, a base of 1.5 um and a height of 100 A (peak to valley
distance). At the nanoscale, depressions in the topography appear to partially correlate
with the current peaks in the current map. Conductive areas represented just 7% of the
measured area. However, the current density of the conductive areas has been calculated

to be as high as 2 A cm™2. However, neither all the depressions exhibit large local
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leakage nor all the mounds are immune to some current spike. Besides, when the tip is
biased at —2 V and —10 V, it seems to correlate with the macroscopic I —V vs T tests

of the vertical Schottky gate produced values of @5 = 0.7 eV and &, = 0.3 eV fitted
with Poole- Frenkel (—ng <10 V) and Fowler- Nordheim tunneling (—ng >

10 V), respectively, which, in turn, would be threading dislocation and/or nanopipe
assisted conduction mechanism, respectively. A thin dielectric can effectively mitigate
this leakage current also at the nanoscale. This concept has been further elaborated in

the next section.

A thin insulator is often introduced between the gate metal and the AlGaN barrier layer
resulting in a device known as a MIS — HEMT, which significantly suppresses gate
leakage. It is also well known that a thin gate dielectric has a beneficial effect on the
reliability of a transistor, the mitigation against current collapse being one such effect.

Therefore, the MIS — HEMT concept has been intensively investigated in this chapter.

First, it has been presented a compact set of analytical closed-form expressions for the
numerical computation of the drain current, the transfer current and the
transconductance of AlGaN/GaN HEMTs. The g,, temperature dependence as T~11
was apparently not in agreement with the one expected from the polar-optical phonon
dependence. To further investigate this, a closed-form analytical expression (based on
the 2DEG channel physical modeling) for the intrinsic and extrinsic transconductance of
AlGaN /GaN HEMTs was proposed. The model includes access resistance and self-
heating effects. The simulation values reproduce reasonably well the experimental

values using meaningful physical parameters.

Afterwards, the impact of introducing a thin gate dielectric in these devices has been
investigated; by modifying the previous model this being the basis of a MIS — HEMT
device. It have been numerically investigated the drain current, saturation current and
transconductance properties of a MIS — HEMT using Si0,, Si;N,, Al,03 and Hf O, as
gate insulators. It has been also evaluated again the effect of the source and/or the
source-drain series resistance along with self-heating. The simulation results explain
reasonably well the general experimental set of results: The MIS — HEMT (when

compared to an identical HEMT) presents the same on-resistance (at Vs = 0 V), higher

saturation current (also at V,o=0V) but lower experimental saturation
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transconductance. For a given Iy ¢4, increases as the gate capacitance decreases. Gate
capacitance decreases with insulator thickness and/or with lower dielectric constant
which, in turn, has an impact on the Vi, and the Iy, ¢q¢ peak for the different insulators
(in our case Si0,, SizN,, Al,0; and Hf 0,). The model also suggests that self-heating
has a relevant role in reducing the saturation On — state current. The thermal
impedance (R;y) of the substrate (SiC, Si or sapphire) has a strong influence on both
lgs sar and g, Ry depends on the substrate thermal conductivity and thermal boundary
resistances, elevating the channel temperature to an effective temperature. This effective
temperature increase significantly degrades the electron mobility (promoted by phonon
scattering) and hence, 45 54+ and g,,. As the MIS gate capacitance provokes an increase
of 15, the g,, would be further reduced for a MIS — HEMT for a given Vy, (i.e., larger
dissipated power increasing the channel effective temperature for a given saturation

drain voltage).

From an experimental standpoint, several MIS — HEMT and Schottky gate HEMTs
have been comparatively studied under bias and temperature stress conditions. Several
test, as DC, dynamicl —V and high — T stress tests for a stable 800V /300°C
Au — free GaN — on — Si HEMT 4 — inch Si CMOS compatible technology was
presented. The thin Hf O, layer is very effective in reducing the current collapse when
compared to the i — HEMT, suggesting an effective passivation of surface traps. The
introduction of the thin Hf O, only caused a small V;, drift to negative values while
other forward characteristics (gm, Igs sqr> €tc. ) only exhibit minor changes. It has been
verified that the introduction of the thin insulator had a marked beneficial role in
reducing the gate leakage current all over the wafer. The thin HfO, based
MIS approach also resulted in improved gate stability under positive gate bias. The

Schottky injection was mitigated when the thin insulator was introduced.

Finally, the gate trap properties of HEMT and a MIS — HEMT have been analyzed by
means of the C/G vs w techniques (conductance analysis). The effect of low-moderate
MIS gate stress is also analyzed. Dy, T, and g have been investigated for a large range
of gate biases for slow and fast traps. The density of the slow traps is significantly
lower for the MIS— HEMT (D;; ~7.0x 10! —5.0x 102cm™2eV 1), when
compared with the HEMT (D;; ~ 2.0 x 102 — 2.0 x 1033cm™2eV~1). All the HEMT

fast trap G,/w peaks can also be closely fitted considering g5 = 0 (D ~ 2.0 X 10** —
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7.0 X 1022cm~2eV~1). However, non-negligible peak broadening would indicate the
presence of longer-range fluctuations in the interfacial charge (and insulator charge) for
the MIS — HEMT fast traps. Additional gate stress appears to have a notable effect on
the fast trap profile of the MIS, not only in the D;; value (which is slightly increased),
but in the increase of g up to a5 ~ 2.5 kgT /q. This large value of o5 would suggest the

presence of additional larger-wavelength defective sites after the stress.
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Chapter 6

AlGaN/GaN HEMT
high-voltage and
high-temperature

6.1. INTRODUCTION

The AlGaN/GaN HEMTs presents excellent proprieties as potential power switch
device for high-voltage, high-frequency and high — T applications. GaN HEMT's have
attracted great attention due to their low gate charge and reverse recovery charge, a low
Ron,sp and high Vp."* From a device engineer point of view, low R,y gate charge
(Qg) and drain and gate leakage currents together with a high-manufacturing yield are

required.

In the first section of this chapter we will present a summary of the main results from
the fabricated power HEMTs in the framework of the industrial contract with ON
semiconductor. The fabricated devices were close to the state-of-the-art taking into
account their power device figure-of-merit (V2 / Ron,sp)- This trade-off figure has been
presented for our GaN HEMTs and has been compared with other similar devices from

the literature.
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The second part of this chapter is devoted to the analysis of which is the effect of the
elevated temperature on a HEMT device. Uncooled electronics is the typical niche
application for power GaN HEMTs. A key advantage of GaN power devices over
traditional Si devices is the high — T of operation. Traditional Si devices cannot
operate at temperatures higher than 180 °C while GaN power devices can work
correctly at much higher temperature than 300 °C (this temperature limit is actually due
to the packaging rather than the device itself which is able to work at much higher
temperatures). The WBG of the semiconductor enables the operation at elevated
temperatures without suffering intrinsic inter-band conduction. This opens the door to
uncooled converters to be implemented in more efficient, lighter and eco-friendly
systems.* How the elevated temperature impacts on the performance of a GaN solid-
state device is therefore a critical issue. Several authors™ have addressed this topic with
some degree of detail. One can assume that, as the temperature increases, the electron
mobility decreases due to several carrier scattering unavoidable effects and, in
particular, due to the polar-optical phonons.” The temperature dependence of this
degradation would directly depend on the effective temperature in the 2ZDEG channel. In
addition, the effective temperature on the channel may be significantly higher due to the

self-heating.'""

Therefore, as the temperature increases, the On — state and Of f — state currents of
AlGaN /GaN heterojunction transistors are degraded. In the last section it will be
presented the impact of the different substrates (Si, shappire and FS — GaN) on the
forward and the reverse leakage currents (gate, drain and bulk). In addition, preliminary
assessment of the device Off — state reliability has been performed at elevated

temperatures up to 300 °C.

6.2. HIGH-VOLTAGE POWER HEMT

The main results out of the ON semiconductor project will be presented in this section.
Device were made at CNM during 2008 — 2012. The characterization was, (for the
AlGaN /GaN devices designed for high-voltage), by means of DC wafer mappings,
reverse and breakdown voltage in Galden bath and high — T stress. Two batches of
AlGaN/GaN — on — Si MIS gated HEMTs devices were fabricated (i) using a thin
ALD Hf O, (deposited in the CNM clean room) and (ii) thin in-situ grown SizN, (from

the vendor) as a gate insulator on 4 inch wafers.
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HIGH-VOLTAGE POWER HEMT

Here we only present the main results of the project but a large amount of work has
been performed for the optimization of the Ohmic and Schottky contact. My role in the

project was mainly the characterization of the wafers.

Full 4 inch wafer scan mapping in terms of Rop sp,Vin, lga» lasorr and Igsorr (Vgs at
100 V) and the forward and reverse measurements in large HEMTs will be presented.
Finally, gate stability under large positive gate bias have been investigated to know the
device gate degradation. The wafer-level analysis was investigated with 120 test
devices across the 4 inch wafer with a 3/(8 —12)/3 um for Lys/Lgyq/Lg, respectively.

The device W was 150 um in all cases.
6.2.1. THINALD HfO, AlGaN/GaN POWER MIS — HEMT

6.2.1.1. DC CHARACTERIZATION (On — state)

When compared to the Schottky gate solution in the same wafer, gate and drain leakage
currents were significantly improved with the MIS — HEMT architecture, (thin Hf O, as
the gate insulator); with almost no trade-off to the On — state. Figure 6-1 shows
On — state results for thin Hf O, MIS — HEMT sample (A03b). The gate and drain
leakage currents were significant lower than 10 nA/mm. The threshold voltage was
around —3.8V and the relation on/off is of more of 7 orders of magnitude. The

transconductance peak (gm,max) 1 in the order of 100 mS/mm.
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Figure 6-1. Typical Hf O, MIS — HEMT (a) transfer curve showing the reduced gate and drain
currents. (b) I —V forward curve and (c¢) transconductance comparison extracted from the

derivative of the transfer curve.
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6.2.1.2. DC CHARACTERIZATION (Of f — state)

The DC reverse characterization was carried out using a Galden bath to avoid arcing in
air (figure 6-2). The maximum breakdown voltage achieved was 750 V. The fabrication

process was stable with a high-number of devices with Vg > 700V for Lyq over

10 um.”
'S 10° - :
E 425V 570V 750V
% 10°
—s 1
o 10
e 1 bA/mm
$10
~ —a— L =06 um
3 10'3 —=— L =02um —v—L =10 pm
E —e— L =04pm —¢—L =14 pm
> 10-5 r r rr*rr 1 rovr7 |g UEE R gl !
&, 0 200 400 600 800 1000

Reverse Bias, V_[V]

Figure 6-2. Hf 0, MIS — HEMT gate and drain (I, and I;) reverse characteristics for different

gate—drain spacings. The breakdown voltage value approaches 750 V for L4 = 14 pm.

6.2.1.3. HIGH-CURRENT HEMTs

As presented in the chapter III, ideally the HEMT — on — Si fabrication process
should be gold — free. In particular the Ohmic contacts should be Au — free.

As shown in figure 6-3 (a), Au — free large area HEMTs (W = 31 mm) yield more
than 18 A, with an on-resistance of 0.4 Q) for I, = 0 V. A thicker second metal level
was deposited on top of the Au — free Ohmic contacts to achieve a current of several
amperes. Figure 6-3 (b) presents the reverse characteristics showing leakage currents

below 1 uA/mm up to 500 V.
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Figure 6-3. Hf 0, MIS — HEMT (a) Output DC c
and (b) Reverse characteristics of the device

to 500 V.

6.2.1.4. POSITIVE GATE BIAS

haracteristics of a large area AlGaN/GaN HEMT

showing leakage currents below 1 uA/mm up

In addition, positive gate-source voltage study has been analyzed in terms to investigate

how the gate leakage current affects the normal transistor operation. As shown in figure

6-4 (a), in that case “normal operation” was achieved to, say V; = +4.5 V. From this

value, it is evident the effect of the leakage current on the I;; — V5 characteristic.

400
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250 -
200 -
150 -
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50 |

0 2 4 6 8 10 12 14 16
Drain-Source Voltage, v, IVl

Drain-Source Current, /,_ [mA/mm]

Figure 6-4. Hf 0, MIS — HEMT for positive V g

source voltage and (b) gate source current vs drai

gs

Gate-Source Current, / _[mA/mm]

0 2 4 6 8 10 12 14 16
Drain-Source Voltage, V_[V]

(4V 45 = 0.5 V) (a) drain source current vs drain

n source voltage.
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It was observed in figure 6-4 (b), a strong degradation effect for large positive gate

voltages (gate breakdown). This was observed for Vg > 5.5V . In figure 6-5 after
transconductance curve for “large” +V, that Schottky gate injection occurs depending

on V.

~
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o
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-
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-10 -8 6 -4 -2 0 2 4 6 8 10
Gate-Source Voltage, V_[V]

Gate/Drain Source Current, / _[uA/mm]

Figure 6-5. HfO, MIS — HEMT up to Vs = 10V (AV4, = 1 V) drain I 4, vs V g

6.2.1.5. 4 inch WAFER MAPPING

For the Hf O, MIS — HEMT, extensive DC forward characterization was performed at
4 inch wafer scale, in terms of Ry sp, Vi, two terminals Iy4. Figure 6-6 presents the

Ron,sp mapping which the mean value is around 2.8 + 0.35 mQcm?.
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Figure 6-6. Hf 0, MIS — HEMT wafer map for R, o, atVy, = 1V with 3/8/3 um for Ly, /Lgq/L,.
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When full-wafer maps are carried out (figure 6-7) this threshold shift can be quantified
as small as AV, = 0.3 V.

MiS-HEMT

Figure 6-7. HfO, MIS — HEMT wafer scale map for the remarkably homogeneous V,, was
determined —3.0 + 0.3 V.
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Figure 6-8. HfO, MIS — HEMT wafer scale map for the 2-terminal gate-drain current. The mean

current obtained is 70 + 13 ndA/mm.

To further analyze the leakage of the low bias we have used two terminal wafer map up
to 100 V. The gate-drain two terminal reverse current is presented in figure 6-8. Then,
the introduction of the thin insulator has a marked of beneficial role in reducing the gate

leakage current all over the wafer.
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6.2.2. THIN IN-SITU GROWN Si3N, POWER AlGaN/GaN HEMT

In-situ SizN, deposition on AlGaN/GaN HEMT structures was recently shown to be
feasible and advantageous mainly due to reduced AlGaN relaxation, increased ng,

improved Ohmic contacts and surface protection during processing.'*'¢

For in-situ SizN, MIS — HEMT (sample E08), focus had been put on the device
reproducibility where 4 inch wafer-scale DC parametric mapping revealed minimal
dispersion and remarkable stability of the MIS — HEMTs electrical parameters across
the wafer. The Si;N, isolated gate also allows operation at larger positive gate bias

voltages and hence, reduces the on-resistance and increases the saturation current.

6.2.2.1. DC CHARACTERIZATION (On — state)

Figure 6-9 shows On — state results for in-situ Si;N, MIS — HEMT. For the gate and
drain leakage currents are significant lower than 100 nA/mm. The threshold voltage is
around —7.0 V and the relation on/off is of more of 6 orders of magnitude. The

transconductance peak (gm max) 1 in the order of 80 mS/mm.
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Figure 6-9. Typical in-situ Si;N, MIS — HEMT (a) transfer curve showing the reduced gate and
drain currents. (b) I — V forward curve and (c) transconductance comparison extracted from the

derivative of the transfer curve.
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6.2.2.2. DC CHARACTERIZATION (Of f — state)

As shown in figure 6-10, the typical drain/gate reverse current characteristic showed a
saturation of the breakdown voltage for Vg~900V (Lgq > 8 — 10 um) and Vg >
600 V for gate-drain distance of Lyq > 5 um. The drain and gate leakage current was

below 1 uA/mm at 600 V.

530V 760V 910V

% 10
m N g BN g g el TR it
= ant SN pA/mm
¥10 :
~ —4— L =06 pum
3 10> =02um  —v— [ =10pum
=04pm —e—L =14pm
0 -5 gd
> 10 rrrrrr (1 rerye Qe ey vy v vy vy
<)
n'd 0 200 400 600 800 1000

Reverse Bias, V_[V]

Figure 6-10. In-situ SizN, MIS — HEMT typical drain/gate current reverse characteristic showing
the saturation of the breakdown voltage for Vg ~ 900 V and Vg > 600 V for gate-drain distance of

L,; = 5 pm. Gate and drain leakage current is maintained in any case below 1 uA/mm atV =

g
600 V.

The extracted specific on-resistance was found to be very stable across the wafer with

Ronsp = 2.5+ 0.3 mQcm? at V;s = 0V. We believe that the relatively large value of

the specific on-resistance is linked with the CMOS compatible gold — free technology.

6.2.2.3. HIGH-CURRENT HEMTs

In spite of this slightly large value of the R,, g, gold — free large areca HEMT's
exhibited a large On — state forward current as shown in figure 6-11 (a). The gold —
free contact solution did not affect the leakage current behavior where it was found to

be remarkably low, less than 1 uA/mm up to 600 V as shown in figure 6-11 (b).
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Figure 6-11. In-situ SizN, MIS — HEMT (a) Output DC characteristics of a large area AlGaN/
GaN HEMT (W = 31 mm). A thicker second metal level was deposited on top of the gold — free
Ohmic contacts. (b) Reverse characteristics (substrate floating) of the device showing leakage

currents below 1 uA/mm up to 600 V.

6.2.2.4. POSITIVE GATE BIAS

The thin in-situ deposited Si;N, — based MIS approach also results in improved gate
stability under large positive gate bias. The Schottky injection is mitigated when the
thin insulator is introduced, with negligible gate-source current flow with a forward
I —V sweep up to Vg =9 V. As shown in figure 6-12, irreversible device degradation
(gate dielectric damage) was observed to occur at Vg = 13 — 14 V. Both the saturation
current and specific on-resistance are significantly enhanced when they are measured at
a large positive gate bias. At V3 =9V the R,y value drops to Rypsp =19+
0.3 mQcm? (wafer maps are presented in the next section). In the same sense, the
maximum saturation current (which was found to be very uniform across a wafer with
lgssat = 296 £ 33 mA/mm measured at Vs = 0 V) increased significantly to Igg gqr =

603 + 44 mA/mmat Vs =9V.
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Figure 6-12. In-situ SizN, MIS — HEMT (a) Typical forward I — V drain-source current for gate
bias up to V4, = +14 V. (b) Gate-source current during the same bias. It was observed negligible

gate current up to V,; = +9 V and the device gate degradation was observed at Vg, = +13 V.

6.2.2.5. 4 inch WAFER MAPPING

For the in-situ SizN, MIS — HEMT , extensive DC forward characterization was
performed at wafer scale, in terms of Ry, sp, Vi, reverse-biased gate and drain reverse
currents at Vs = 100 V. Figure 6-13 presents the R, s, mapping which the mean value

around 2.5 + 0.3 mQcm?.

In-situ Si;N, MIS-HEMT
R onsp [MQem’] V= 1V
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2,2|2,3(2,4[2,5[2,4|2,5]2,7]2,7[2,9] 2,629
2,4|2,4|2,5(2,5[2,4|2,6(2,7[2.7]2,8]2.9]2.6]26
2,3[2,3[2,3[2,4|2,7[32[2,6[2,7[2,7]2,9]2,6]2,5
2,2[2,4]2,3(2,5(2,5(2,7]2,9]2,6[2,8[2,5[2,3] 2,4
2,2(2,2[2,3]2,5(2,7|2,6]2.7[30] 2.6[2,4| 22| 2.2
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2,4|2,6]2,4]2,5]2,4[2,4[2,3[2,3
2,5[2,4[2,4][2,3]2,3[2,2

Figure 6-13. In-situ SizN, MIS — HEMT wafer mapping for R, s, at Vs = 1V. R, i, has been
determined by means of I, — V4 curve for Vy = 0 V. The mean value and the dispersion was

determined from the data statics to be Ry, o, = 2.5+ 0.3 mQcm?.
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In-situ SiN MIS-HEMT]
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Figure 6-14. In-situ Si;N, MIS — HEMT wafer mapping for V,, has been determined by means of
extract the gate voltage that corresponds to I;; = 1.0 x 107° uA/mm of the I ;; — V45 curve. The

dispersion is remarkably low.

When full wafer transfer curve maps were produced the threshold voltage value was
found to be very homogeneous across the full wafer (figure 6-14). The average obtained
for the population of devices was V;;, = —5.8 &+ 0.3 V. Again, this indicated the good

homogeneity of the epitaxial material with in-situ Siz N, deposition.

The introduction of the thin insulator has a marked beneficial role in reducing the gate
and drain leakage currents all over the wafer. Figure 6-15 and figure 6-16 present the

wafer maps of the reverse-biased gate and drain reverse currents at Vo = 100 V.

The yield of devices exhibiting currents lower than 1 uA/mm at Vs = 100 V was as
high as 99%. The drain leakage current was in the range of 2 — 50 nA/mm. In the
same sense the reverse gate current wafer map showed a yield of 95% for yield criteria
of Iy <1 pA/mmat Vs = 100 V. The gate leakage current for these devices was in
the range of 4 — 50 nA/mm. It is worth noting that only six devices on the wafer
periphery exhibited a high-gate leakage current which is an indication of the

homogeneity of the in-situ Si; N, passivation and the process uniformity.
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In-situ SiN MIS-HEMT
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Figure 6-15. In-situ Si;N, MIS — HEMT wafer mapping for reverse drain current (V= 100V)
with Ly = Ly = 3 pm and Lyq = 8 um measured atV,o = —10V. The yield of devices at V ;5 =
100 V with leakage currents lower than 1 uA/mm was as high as 99%. The drain leakage current

for these devices was in the range of 2 — 50 nA/mm.
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Figure 6-16. In-situ SizN, MIS — HEMT wafer mapping for reverse-bias gate current (V s =
100 V) with Lyg =Ly, =3 pm and Ly = 8 pum measured at Vo = —10V. The yield at I 5 <
1 uA/mm atV, e = 100 V in this case is 95%. The gate leakage current for these devices was in the
range of 4 — 50 nA/mm. Only six devices on the wafer periphery exhibited a high-gate leakage

current which is an indication of the homogeneity and robustness of the in-situ Si; N, passivation.

159



CHAPTER 6: AlGaN/GaN HEMT HIGH-VOLTAGE AND HIGH-TEMPERATURE

6.3. TRADE OFF Vg vs Ron’sp

The remarkable material proprieties of GaN and ALN, such as WBG and high-critical
electric field, make these semiconductors and (their alloys) very interesting for the basis
of a new generation of more efficient power devices. Besides, a large conduction band
discontinuity together with the presence of polarizations fields on GaN based
heterojunctions allow a large 2DEG concentration to be confined. This results in
HEMTs offering a virtually unbeatable specific on-resistance vs breakdown voltage

trade-off 21719

The figure of merit (FOM) that measures the performance of a power device is the
product of R, and gate charge at a given breakdown voltage. The R, 5, 1s defined as
the product of the on-resistance and the area of the device (R,, X Area). FOM from
Baliga®” (BFOM) for a vertical device structure with a uniform doping profile that
defines the intrinsic limit of a power semiconductor expressed by:

Vg ErbinEoric (6-1)
= [W/em?]
Ron,sp 4

Where pu,, is the electron mobility and E,;; is the critical electrical breakdown electric
field. The GaN HEMT, as a lateral device, has different properties: the conductive
channel is a two-dimensional charge, and this 2ZDEG is not related to any doping in the
material. From Zhang thesis dissertation,” the GaN HEMT power device FOM can be
expressed by:

15 (6-2)

R = elunEcrit(Eczrit - Ezg) [W/sz]

on,sp
Where 6 is a constant with a unit of [F//cm] and E,, is the polarization field in the
AlGaN. The specific on-resistance of GaN HEMTs is about 50 times lower than that of
SiC devices for the same breakdown voltage, that is to say, the power device FOM is 50
times larger.”' Figure 6-17 show the semiconductor limits explained above and the most

recently literature and our obtained results.
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Figure 6-17. Fabricated HEMTs, MOSFET and hybrid MOS — HEMTs based in GaN — on — Si,

on sapphire and on SiC in terms of R, , vs Vp from recently literature and our obtained results.

The fabrication process was shown to be stable with a large number of devices showing
excellent On — state characteristics and breakdown voltages Vg > 750 V for gate-drain
length over Lyq = 10 um. The specific on-resistance is extracted at Vg = 0V. The
Ohmic contact area was included in the device pitch calculation and pads areas were

excluded from the device area calculation.

The fact of having lager R, 5, for the Hf O, devices are due to several reasons: (i) the
higher Ry, of the 2DEG for the first vendor and (ii) the high R, when the Hf 0, is being
removed from the contact area. Hf O, is in fact difficult to remove from the contact area
this being a possible reason of the higher contact resistance due to the persistence of

ultra-thin Hf O, beneath the Ohmic stack.

Figure 6-17 shows the specific on-resistance VS breakdown voltage state-of-the-art
comparison. Figure 6-18 presents a comparison of GaN HEMT fabrication with a

CMOS compatible gold — free process.
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Figure 6-18. Fabricated HEMTs based in GaN — on — Si in terms of R, ,,, vs Vg from recently

literature results. (No-CMOS lines and gold — free process results.)

There, two main results have been included as a main reference for our GaN gold —

free devices, Van Hove et al.? (IMEC) and Liu et al.® (Singapore/HKG). Our

results are in the state-of-the-art.

6.4. HIGH TEMPERATURE BEHAVIOR

As mentioned before, GaN power devices can work correctly at temperature higher than

300°C. However, as the temperature increases the On — state and Off — state

currents of AlGaN /GaN heterojunction transistors are, in general,

severely degraded.

Besides, the effective channel temperature (always higher than the bulk temperature due

to the self-heating effect) also depends on how the different bulk materials dissipate the

heat. In this section, it is exploratively presented the elevated temperature impact on the

forward and the reverse leakage currents for analogous HEMTs

grown on different

substrates: Si, sapphire and FS — GaN. In this sense, it is necessary to evaluate the

device performance at elevated temperatures (25- 310 °C) to provide reliable transistors
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for demanding applications. This includes the achievement of low leakage currents
when the transistor is in Of f — state to minimize losses. In addition, it have been
investigated the impact of the high-temperature on the reverse leakage currents Iy, I4s

and /4, of an AlGaN/GaN HEMT.

6.4.1. On — state

In this section, the bulk temperature impact is evaluated for three identical AlGaN/
GaN HEMTs grown on different commercial substrates. Three different substrates, as
shown in figure 6-19, (€01, C04 and CO5 respectively) namely Si,' sapphire' and
FS — GaN *** where an AlGaN/GaN HEMT has been defined.”**” It had also been
investigated the thermal impedance (R;j) of the different substrates layers to evaluate

the On — state current reduction with temperature.

Since the nitride substrates are still under development as well as being very expensive,
commercial GaN — based devices are grown typically on sapphire, SiC or Si
substrates. Among these, GaN epilayers grown on Si substrates offer a lower cost
technology compared to the other substrates as well as allowing material growth on
large diameter substrates up to 200 mm."' Nevertheless, the growth of GaN layers on Si
is still challenging and these precarious growth conditions result in GaN — on —
St HEMT devices which are still vulnerable to parasitic currents. The high-temperature
can accelerate this thermal degradation, as more carriers are thermally injected over the

barriers particularly from the Si substrate.

| GaN cap layer (5nm) GaN cap layer (4nm) GaN cap layer (3nm) \

| Al,.Ga, N (21nm) ¥ | Al..,Ga, ,3N (23nm) ¥ o Al Gay, N (21nm) 4

IDO0000000F [BOOOC 3 O0000000%
AIN (1nm) AIN (1 nm)\ AIN (1nm)

MBE GaN (1.7 um) MBE GaN (1 um) MBE GaN (1 um)
AIN/GaN NC (0.54 um) MOCVD GaN (4 um) MOCVD GaN (10 um)
| | |
| Substrate Si(111) ‘ Substrate a-Al203 ‘ ‘ Substrate GaN(0001)

Silicon Sapphire FS-GaN

Figure 6-19. Cross-sectional description of the fabricated HEMTs.
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On the other hand, GaN — on — sapphire exhibits an interesting trade-off between the
currently expensive SiC substrates and Si but with much better epitaxial matching, as

well as a naturally insulating substrate.'”*

In any case, a high-quality 2DEG was formed in the AlGaN /GaN heterojunction. The
Rgy,, the ng and the u,, were obtained via Hall measurements. Table 6-1 summarizes the

main 2DEG parameters.

HEMT substrate | R, [Q/sq] ng [em™?] Uy, [cm?/Vs]
Si 350 9.6 x 1012 1980
Sapphire 328 8.8 x 1012 2163
FS — GaN 270 1.1 x 102 2110

Table 6-1. Summary of obtained results.

The temperature has a well know detrimental effect on the carrier mobility, as several
scattering phenomena (in particular those related with phonons) increase with the
temperature.” This, in turn, implies a reduction of the On — state current of the device
with temperature as shown in figure 6-20 and figure 6-21. Also well-known is the
strongest temperature dependence of the HEMT — on — sapphire due to the Al,05

substrate lower thermal conductivity" (figure 6-20 (b)).
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Figure 6-20. AlGaN/GaN HEMT forward drain current vs drain voltage (at V,; = 0 V) at varying

temperatures for the HEMT transistor, (a) on Si, (b) on sapphire, and (¢) on FS — GaN.
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The temperature coefficient (figure 6-22) is an effective way of describing the
temperature impact on the main parameters of the transistor, such as the on-
resistance (R, = Rono T%) , the saturation current (Igssqr = Igssaro T%) or the
maximum transconductance g, max = Immaxo I +).-“* In the temperature range of
typical applications (25-300 °C), the simple power law approximation appears to be
sufficiently accurate. In this temperature range, the ng is generally considered as

virtually temperature independent.’
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Figure 6-21. AlGaN/GaN HEMT saturation drain transconductance Vs gate voltage (atV;, =
12 V) at varying temperatures for the HEMT transistor, (a) on Si, (b) on sapphire, and (c¢) on
FS — GaN.

This is due to the weak dependence of the polarization fields on the temperature, which
results in an exceptional stability of the HEMT threshold voltage with temperature
(figure 6-22 (d)). The typical temperature coefficients («) obtained for the three types
of HEMT's are present in table 6-2.

HEMT substrate a(Ron) |« (Ids,sat) a (gm,max)

Si 1.33 —1.53 —-1.08
Sapphire 1.83 —-1.78 —-1.33
FS — GaN 1.29 —1.48 —0.99

Table 6-2. Summary of obtained temperature coefficients.
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Figure 6-22. HEMT forward current temperature dependence for (a) on-resistance, (b) saturation
current and (c¢) maximum transconductance. From these temperature dependences, the

temperature coefficient (T*) can be evaluated. (d) Temperature stability of the threshold voltage.
The Si and FS — GaN coefficients appear to be somehow similar. Nevertheless, it was

determined a slightly better temperature behavior (more stable with temperature) for the

HEMT — on — FS — GaN.

The temperature coefficient values are in agreement with previously reported a for
HEMTs — on — Si** and HEMT — on — sapphire.” However, it is worth mentioning
that Tan et al.® have reported remarkably smaller a (~ 0.5-0.7) when the channel
length is reduced to the submicronic scale. In our case the channel lengths were L, =
2 —4 um. The excellent threshold stability has also been reported to be lineal with

reduced interfacial trapping phenomena.”

In contrast, the temperature coefficients of FS — GaN HEMTs are only very scarcely
reported. Our results seem to indicate that, effectively, the GaN bulk exhibits better
thermal conductivity than Si and/or the absence of thermal boundaries between different

epilayers significantly favors the heat dissipation.
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For further investigating this, we have adapted a dc method* for the estimation of the
HEMT thermal impedance. This method is based on the fact that the DC output
characteristics may show a substantial drop in the saturation current (with increased
drain voltage) and a negative differential resistance may appear (Algs sq:). Due to the
high-level of power handled by the 2DEG, self-heating effects may become very
relevant. Basically, the self-heating increases the channel temperature to an effective
temperature Terr." This effective temperature depends on the dissipated power, the

thermal resistance R, and the substrate temperature, Ty, as:

Teff = Rthlds,satVds + Toun (6-3)
1R Q .
E 4007 — 3 O N\ 1Y 1
Eq N 25°C| B 0.8 n = -2.59
< (dsssat < 0.6
£ 300 304
= < 0.2/(b)
S 200- 400?100 200 300
‘5 00 —— Silicon
; N - S
S 100- 1= 200
3 |z
, e 100

e Yt s o Z P,= 47 Wimm (c)
S 0 4 8 12 ©° "0 100 200 300
O Drain-Source Bias, V., [V] Temperature, T, , ['C]

Figure 6-23. (a) AlGaN/GaN HEMT — on — Si forward current (V,, = 0 V) where the definition
of Al 45 o is shown. (b) Al 5, dependence with the substrate temperature. (¢) Computed channel

temperature VS T, from the Al ;5 ;4 VS T, dependence.

Figure 6-23 (a) illustrates how the Iy ¢qe(Tsyp) 1s defined. Iyg sq¢ (Tsyp) Would be the
extrapolation of the saturation drain current at Vgg = 0V and Al g4, 1s defined as
Alys sat(Tsup) = Ids,sat(Teff) — lgs sat (Tsup)- The red curve of figure 6-23 (a) is an
idealization of the forward I;; — V5 without taking into account self-heating effects,
parasitic contact or drain/source resistances, leakage through the substrate, variation of

the saturation drift velocity (Avg,.)** and any variation of the threshold voltage (AV;).
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If it is assumed power laws for Alyg sqr, (Algssae(T) = AlggsaroT™), We can rewrite

AIds,sat as AIds,sat (Tsub) = Ids,sat,O (Tec;f - TSO{Lb) yielding:
1/« -
Terr = (T — TiTou) 6-4)

Where I} = Alyssaro/lassato Of as a function of the HEMT at 25°C, I} =

Toa/n( AIds,sat,ZS"C /Ids,sat,25°C) (TO =300 K) and hence:

T(;I <Teff - Tsub) (6—5)
Rep =

a
Ids,sat,25°C Vds Teff

Thermal resistances of AlGaN/GaN HEMTs on different substrates (Si, sapphire,
GaN, SiC and diamond) have already been investigated.”* In particular, this topic has
been investigated for the AlGaN/GaN HEMT — on — SiC which is the most accepted
substrate for RF applications (due its higher thermal conductivity k). A number of
experimental techniques (including p — Raman, photocurrent or scanning thermal
microscopy) have been utilized to measure the channel temperature.*** Besides, finite
difference simulations and analytical models have also been widely used to investigate
the nature of heat flow within the HEMT heterostructure.””** Both, experimental and
simulation approaches, have indicated that the materials with better k are the superior

choice, due its improved heat dissipation.

However, there is a significant discrepancy of the values given for Ry, in the literature.
Defective substrate dislocations (in particular for FS — GaN or diamond), the presence
of nucleation layers, different active layer composition (GaN cap, AlGaN thickness and
Al content, GaN buffer doping and thickness) the different device layout (channel
length, number of fingers and others), access or contact resistances may play a role.
These differences make the comparison somewhat confusing. In particular, nucleation
layers are considered as essential to accommodate the lattice mismatch between GaN
and the substrate. This would give rise to an additional thermal boundary resistance
(TBR) when heat is conducted across the heterostructure.”** It have been used virtually
identical active layers (GaN buffer, AlGaN barrier and GaN cap), processing (identical
Ohmic metal, i.e., contact resistance and Ni/Au gate metal) and device layout on the
three substrates. Therefore, the differences on Ry, would come solely from the substrate

or nucleation layers.
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For the computation of Ry, is then required the determination of Alyscqe (Vgs = 0V),
and the corresponding Al 4, for each bulk temperature y was determined for several
drain-source saturation voltages as shown in figure 6-23 (b). The parameters for a

computation the R;; model are summarized in table 6-3.

HEMT n TatRT | T.r[°Cl at RT | Ry [°C/(W /mm)] RT — 300°C
Si —2.70 | 123.7 K%/n 62.4 7.6 > 16.3
sapphire —2.83 | 110.2 K%/n 86.7 12.9 - 31.0
FS — GaN —2.65| 75.6 K*/n 48.1 4.4 98

Table 6-3. Summary of parameters to computation of R,.

Therefore, (as shown in figure 6-20), the negative differential resistance slope has a
strong temperature dependence. For example, Alyg 4. decreases from 130 mA/mm
(25°C) to 19 mA/mm (300 °C) for sapphire (V4 = 13V). We choose for the
evaluation of the thermal resistance a set of Vg values (15V,13 V and 6.5 V) which
dissipated power (P; ~ 4.7 W /mm) was similar for the three substrates. The pitch of
the HEMT device (source-drain) is 9 um (14 um for Si) and the device W is 150 um.

When compared with the literature, the values of T,sr and Ry, extracted with the DC
method appear to be somehow underestimated, with the thermal resistance of the
FS — GaN (4.4 °C/(W /mm)) in the order of the state-of-the-art HEMT on diamond.*
One partial explanation (a part of the questionable accuracy of the method) is the fact of
dealing with conventional single finger HEMTs with rather large length gates. Besides,
parasitic resistances would significantly reduce the I, 4¢ value. However, as mentioned
before, HEMTs are virtually identical on the three substrates and hence, this would

affect in the same fashion the drain current, regardless the substrate.

More interesting are the experimental Ry ratios among the different substrates. The
thermal resistance of the device grown on Si appears to be 1.67 times lower than on
sapphire, which perfectly fits with the previous literature.*® Normalizing R, with
respect to the FS — GaN value (at RT), it was observed a factor of improvement of
X 1.6 and X 2.7 compared to Si and sapphire, respectively. The effective temperature
would depend mainly on the different k (substrate thermal conductivity) for a given
power density and substrate thickness. The typical values of k for different substrates

given in the literature are summarized in table 6-4.%
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Substrate | k [W/mK]
Si 148
sapphire 35
GaN 160
Sic 400
Diamond 2200

Table 6-4. Summary of typical values of k for different substrates.
It is worth mentioning that, this value rises up to 400 W /mK for SiC, but the ultimate
substrate is diamond, with the highest thermal conductivity of 2200 W /mK among
materials. Device oriented polycrystalline diamond K is typically 3 — 4 times* that of
SiC, though. Normalizing the theoretical k values again to GaN, it would give factor of
improvements of X 1.1 (Si) and X 4.6 (sapphire). Hence, the thermal behavior should
be very similar for Si and FS — GaN, with the device on sapphire being remarkably
worse. Indeed, we observe the HEMT — on — sapphire being the worst (but only to
some extent) and the FS — GaN being the most stable with T. In addition, there is a

relevant difference between the thermal behavior of the device on FS — GaN and Si.

We suggest that this important gap between Si and FS — GaN would come from the
nucleation layer TBR depicted in figure 6-19 for Si. It has been reported that optimized
nucleation layers (GaN — on — SiC)** can reduce the channel T up to 40% or even
more.” Other explanation would come from the fact that the GaN bulk thermal
conductivity would be greater than what is currently generally accepted. Recently, it has
been reported bulk GaN thermal conductivities larger than 260 W /mK* (the theoretical
value for kK would be as high as 410 W /mK),* which suggests the FS — GaN an
interesting alternative to the excellent (but otherwise prohibitively expensive yet) SiC

substrates. In addition, the TBR additional resistance may be naturally mitigated.

6.4.2. Off — state

GaN — based power switches are expected to play a key role in uncooled electronics at
elevated temperatures. Nevertheless, the implication of the elevated temperature in the
Of f — state device performances is not completely understood. In this section, it had
been explored the leakage thermal activation mechanisms taking place in analogous
AlGaN /GaN HEMT grown on Si and sapphire. This comparison reveals interesting
facts such as the strong temperature dependence of the drain current on/off ratio or the

different thermal activation energy ranges for Si, depending on temperature.
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6.4.2.1. LEAKAGE CURRENT THERMAL ACTIVATION

The thermal activation energy provides valuable information of how a device performs
at high-temperature. The temperature on/off ratio of a power electronic switch, for
example, is a critical figure of merit for industrial applications such as power
converters,’ but it is broadly unknown. WBG semiconductors, such as GaN, are ideally
suited for working at elevated temperatures since the large bandgap makes the intrinsic
carrier concentration irrelevant for temperatures below 300 °C.° However, the electrons
on the 2DEG of the AlGaN/GaN HEMTs generally suffer from undesirable and
persistent parasitic leakage. This occurs for a number of reasons, in particular the
narrow and defective AlGaN buffer layer, and the inhomogeneous nature of the
Schottky gate contact with a number of leakage paths, with reduced Schottky barrier
height.*

Therefore, in this section it had been investigated the temperature impact on the
AlGaN /GaN HEMT’ forward and leakage currents where the thermal activation pattern
was also determined. A highly resistive GaN buffer layer is required to achieve low
leakage HEMT devices when biased in the Of f — state. This is accomplished using
the thick nucleation top AIN layer which is a barrier for electrons. On sapphire
substrates the growth of good quality highly resistive buffer is more difficult due the
presence of oxygen diffusing from the substrate. The same AIN nucleation technique
has not been replicated yet on sapphire to have sufficient quality to act as an electron
barrier. A solution consists in doping the GaN buffer layer with deep acceptors like
iron, but such element was not available in the MBE growth reactor. For these reasons,
the structure was regrown by MBE on an iron-doped GaN — on — sapphire template

obtained by MOCV D following a procedure as described in literature.*

The device dimensions was 4/5/4 um for Lys/Lgq/ Ly and W = 150 um. This very
conventional layout has been chosen to avoid premature breakdown phenomena and to
guarantee the constant electron mobility model to be valid. Temperature is well known
to have a detrimental effect on the carrier mobility as several scattering phenomena (in
particular those related to phonons) increase with the temperature.’ This, in turn, implies
a reduction of the On — state current of the device with T as shown in the insets of
figure 6-24 (a) and (b). Also well-known is the strong T dependence of the HEMT —

on — sapphire due to the low thermal conductivity of Al,05 (figure 6-24 (b))."
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Figure 6-24. Transfer curve (V ;; = 12 V) showing the drain and gate currents at varying T for a
heterojunction transistor on Si (a) and on sapphire (b). In the inset, forward I;; —V 4, for
V4s =0V at 25°C,100 °C, 200 °C and 300 °C for Si (a) and sapphire (b). Detail of the transfer
curve subthreshold currents (drain, 14,7 and gate, I, ,¢f) for the Si (c), (d) and the sapphire
HEMT (e), (). a4, ay, as, a,, as, ag refer to I orp (Vys = —87V) at 25 °C, 100 °C, 150 °C, 200 °C,
250 °C and 300 °C. Idem for b; — bg, ¢; — ¢ and d{ — d.

Regarding ;s ¢4 if we assume the constant electron mobility model, a linear
relationship between mobility and saturation current can be obtained."*” The
temperature dependence of I 54, could be derived by the temperature dependence of

the electron mobility, as in the case of the R,,, (see chapter I1I).
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The subthreshold gate and drain current increases with T (figure 6-24 (c¢)-(f)). In the
case of the HEMT — on — sapphire the subthreshold current increase is linear from
room temperature up to 300 °C. For the HEMT — on — Si, two different temperature
regimes were observed with a turning point at a temperature of about 150 °C. For the
lower temperature range the gate and drain current only weakly depend on the
temperature. For T > 150 °C the temperature dependence is that expected from a trap
assisted mechanism.* Figure 6-25 (a) and (b) show the activation energies (V5 =
—8V,V ;s = 12V) assuming a rate-limited thermally activated process following an
Arrhenius law (I = I, exp(—E,/kgT)),”™ where E, is the activation energy and kg is
the Boltzmann constant. The thermal activation energy can be determined from the

Arrhenius plot (Inl vs 1/T).
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