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ABSTRACT

GaN based technologies are capable of addressing the emerging technological demands
arising from the current needs of rapidly changing electronics markets. AlGaN/GaN
heterostructures are promising candidates for a number of applications. Reliability and
performance enhancement remains the biggest challenges in the commercialization of
GaN based technologies. In this work, both of these issues were addressed in context of
the devices incorporating, single and double AlGaN/GaN heterostructures. In addition,
novel application of these heterostructures as HEMT based biosensor device was
demonstrated.

Implementation of gate recess in field effect devices has been touted as an effective
means for improving the transconductance of the transistors. Potential influence of this
recess technology on the low-frequency noise characteristics of the HEMT devices was
investigated. It was found that the magnitude of noise is strongly dependent on the recess
depth. Degradation of excess noise, in unrecessed and recessed gate HEMTSs, due to hot-
electron stressing was also studied. It was observed that noise degradation can be
identified to occur in two distinct phases. In the first phase, devices initially show
fluctuations in the noise properties around a constant average value. This was shown to
arise from the modulation of the percolation paths of the carriers in the two-dimensional
electron gas. In the second phase, irreversible degradation of noise power was observed
due to generation of interface states at the AlGaN/GaN heterointerface. The two phase
degradation was observed for all the recessed and unrecessed devices, however, it was

found that recessing significantly affects the device life time.



Low-frequency noise in MOCVD-grown AlGaN/GaN/AlGaN/GaN double channel
HEMTSs was investigated over a wide range of temperatures. Bias dependence of noise
properties was studied. Generation-recombination noise was observed to be arising from
the traps with activation energies 140 meV, 188 meV and 201 meV. Hooge parameter
was estimated to be 1.64 x 10” at room temperature. Experimental results of the noise
measurements on TLM structures reflected insignificant contribution of contact noise in
studied structures.

A novel application of GaN based heterostructures for bio-sensing was
demonstrated. Feasibility of using AlGaN/GaN heterostructures for cell culture was
studied. High density cell monolayers of human osteoblast-like cells could be achieved
after surface functionalization. Effect of drug-H7, and trypsin was optically inspected.
Large area gateless HEMT like devices were fabricated and cell monolayers were grown
over the gate area. Effect of trypsin on these cells was electrically monitored with this
device. Detection is based on current modulation in the device due to removal of the cells
from the gate area. The time scale recorded from optical inspection and electrical
inspection were found to be the same. This suggested the feasibility of using the proposed

HEMT-based biosensor devices for a wide variety of biosensing applications.
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CHAPTER 1

THESIS INTRODUCTION

1.1 Worldwide Research Scenario

In the past century human civilization has experienced tremendous scientific and
technological development. To be able to continue this progress, we need to consider
a few critical factors which influence the direction of future technological
development'. One such factor is the increasing demand of energy. Need for efficient
energy utilization is also a factor. Another factor is the increasing demand for high
speed in different sectors. To be specific, the demand for fast communication® and
hence, the need for high speed communication devices® is a crucial factor. Human
health is another important factor and hence, biomedical research is also at the core
of attention in the present century. Having identified these factors, key technologies
concerned with the mentioned factors are being extensively researched. Such
technologies include nuclear energy, information technology (IT), biotechnology,
medical diagnosis and health care, nanotechnology, and next generation electronics
and optoelectronics technologies.

Electronics have been playing a crucial role since last century and there has
always been a huge, ever-expanding consumer electronics market worldwide. As a
result of rapidly developing consumer markets, there has been a continued shift in

the requirements of innovative products in the electronics industry. No wonder



electronics and optoelectronics have witnessed one of the highest growth rates in
technological research and research related funding since the last decade. Gallium
nitride (GaN) is an advanced electronic material which is intensively researched for
optoelectronics as well as for power and communication applications. According to
a recent report®, 232 companies were participating in GaN production worldwide as
of early 2005. The worldwide device market for GaN based components reached
US$3.2 billion in 2004. The GaN production market will reach US$7.6 billion by
2009. Over the next five years, it is expected that GaN-based power transistors will

capture a sizable portion of the base station power transistor market.

1.2 Motivation

GaN-based devices are routinely setting new records for the highest
achievable power density and maximum cutoff frequency with solid-state Field
Effect Transistors (FETs). The GaN technology exploits the advantage of the high
critical breakdown fields offered by GaN, which are associated with its large
bandgap. The technology has also benefited from high saturation velocity in GaN.
GaN-based devices can be exploited for a wide area of applications including cell
phone base stations, radar systems, microwave ovens, and circuits in harsh
environments such as those close to automotive or other engines. The new
technology will provide cheap and powerful circuits currently not available. With
the potential advantages of GaN-based technology well demonstrated, significant
efforts are currently under way to accelerate its development for system insertion.

By now, GaN technology has resulted in various successful applications

including but not limited to, blue and green light-emitting devices (LEDs), blue



diodes, short wavelength lasers, UV-sensitive light detectors, High temperature
power electronics, and high frequency electronics. Next-generation wireless devices
that allow users to get stock quotes off the Internet, send e-mails, or check their
online calendars will need plenty of high-frequency bandwidth to push data through.
High temperature chemical and gas detection are also successful applications.

There has been substantial interest worldwide in the development of GaN-
based low-noise circuit elements, particularly transistors with superior
characteristics. Most of the GaN-based device applications incorporate one or more
heterostructures. Heterostructure technology allows simultaneous improvement® in
the carrier density and the carrier mobility. Two unique features of the
heterostructure transistor technology are: (i) high electron mobility which allows
high-frequecny applications and (ii) high electron density which allows high current
capabilities. A widely explored GaN-based heterostructure is the AlGaN/GaN
heterostructure. One of the most important applications ® of heterostructure
technology is in the High Electron Mobility Transistors (HEMTSs). However, the
capabilities of GaN-based devices presently fall short of the requirements for a long
lifetime, low defect density, and low and stable contact resistance. Hence, applying
existing GaN-based technologies has proven problematic in terms of reliability. For
GaN-based FET technology to become the main stream, some obstacles have to be
overcome. The remaining challenges are technological hurdles rather than
fundamental limitations. Significant research efforts are required to identify and
solve the reliability problems. Reliability and performance related issues are often

concerned with heterostructure properties. Studying different devices which



incorporate heterostructures can enhance the understanding of quality and

performance related issues, thus help improve the current technology.

1.3 Thesis Objective

In this thesis, first, some of the reliability and performance issues have been
addressed in the context of the AlGaN/GaN heterostructure based devices which
incorporate: (i) a gate recessed HEMT structure, and (ii) a double channel HEMT
structure, and then their application in biosensors is demonstrated using a HEMT
structure.

In a gate recessed HEMT, recessing is done by reactive ion etching technique.
The dry etching process is destructive and it may introduce surface defects. This can
affect the life time of the devices. There are other possible ways to create gate recess
which introduce much less defect in the material, for example, wet chemical etching.
Unfortunately, wet etching technique for GaN technology is in early stages and not
yet successful in providing a controllable recess depth with high uniformity over a
large area. Then it is important to understand the influences of gate recess of such
technique on the defect sensitive GaN devices. Influence of recess depth on device
degradation and life time can be non-destructively monitored using low-frequency
noise (LFN) characterization. It is important to establish the detailed mechanism for
the degradation of GaN-HEMTs and the effects on device reliability due to the
recess formation. This will help understand the behavior and limitations of the

device under high-power operations. These problems have not yet been addressed



and little study is available in the literature on the monitoring of device noise
degradation in GaN HEMTSs for prolonged stress durations.

To enhance the device performance, namely current density, double channel
HEMT structures are used. A double channel structure incorporates two
heterostructures. Current conduction in such a HEMT is through two parallel
conduction channels. Both of the channels have different details of defect density
and properties. Consequently, their noise response may provide the information
about properties of the heterostructures. However, rare reports are available in the
literature on the study of properties of dual channel AlIGaN/GaN HEMT devices.

Though the GaN technology for core electronics applications is in early stage
of development, there are other serious applications where even the state-of-the-art
can prove its potential. For example, GaN heterostructures may find important
application in bioelectronics. In order to fabricate biosensors with living cells
attached on the gate area of a biosensor device, the material should fulfill a few basic
requirements which include: non-toxicity of the gate surface, hydrophilic nature of
the cell/semiconductor interface, and chemical stability to allow stable transistor
operation. GaN not only fulfills all these requirements but also offers additional
features. GaN is chemically robust and stable in a large number of biological
environment, as well as it is non toxic. It is hydrophilic (with a native oxide over it,
alternatively the surface can be oxidized for this purpose), and it can be prepared to
be cell friendly. If a double side polished transparent sapphire substrate is used then
it becomes even more useful. Because, then it allows simultaneous analysis of

electrical activity as well as optical analysis of the cell area by a microscope.



Considering these qualities, heterostructure based biosensor devices could be a very
promising application of GaN technology. Studies on the application of GaN
heterostructures for bio-sensing are rarely reported and hence in this thesis

application of GaN HEMT technology for biosensor application is explored.

1.4 Original Contribution

The major contributions of this research study are summarized below:

1. Potential of low-frequency noise characterization as a nondestructive tool for
degradation monitoring in GaN-based HEMTs was demonstrated. Strong
negative influence of gate-recess technology on device life time was
established. A noise-mechanism for the degradation observations in the early
phase was proposed.

2. Merits of the double-heterostructure HEMTs were evaluated. Thermal
activation process as a dominant noise mechanism was identified. Negligible
contribution of ohmic-contact noise in studied HEMTS was established.

3. Application of the state-of-art AIGaN/GaN heterostructures for biosensors
was demonstrated. Effect of trypsin on human osteoblast like Saos-2 cells

were electrically recorded with help of gate-less HEMT structures.



1.4 Thesis Orientation

A synopsis of the thesis is provided here:

In CHAPTER 1 (Thesis Introduction), motivation behind the thesis is
mentioned. Original contributions are introduced. Brief background of the research
is introduced which is reviewed further in-depth in chapter 2.

In CHAPTER 2 (GaN-based Technologies: A review of State-of-the-Art),
state-of-the-art of GaN based research, as reported in literature, is reviewed. Topics
relevant to this study are detailed. Context and need of the presented work is referred.

In CHAPTER 3 (Experimental Techniques), experimental techniques used
for this work are detailed. Theoretical concepts and related instrumentations are
briefly described. General experimental setup and related conditions are specified. A
brief introduction to the noise theories is provided that may help appreciate this
study.

In CHAPTER 4 (Results and Discussions), experiments and results are
discussed in three parts. Each part is devoted to the experiments performed on
devices incorporating a specific detail of AlGaN/GaN heterostructure and for a
specific purpose.

e In Part I, HEMT devices incorporating a single heterostructure are studied.
Both recessed and non-recessed gate devices are investigated. The influence
of gate recess on device life-time is studied by means of low-frequency noise
monitoring. A physical mechanism is proposed that explains the results

observed in the early phase of degradation.



e InPart Il, HEMT devices incorporating a double heterostructure are studied.
Room temperature and low temperature noise properties of the devices are
investigated. Trap states and their possible affiliation to the channels are
discussed. The influence of contact resistance and contact noise on Hooge
parameter estimation is discussed.

e In Part I, the application of heterostructures to bio-sensing is investigated.
The Preparation of heterostructures for this purpose is detailed. The
fabrication of large-area gate-less HEMT-like devices using such
heterostructures is described. High density monlolayer of osteoblast cells
cultured on heterostructure surface is demonstrated. Optical and electrical
detection of the effect of trypsin and the drug H7 on the cell-monolayer
cultured on a biosensor device is demonstrated.

In CHAPTER 5 (conclusions), the research is summarized, conclusions are drawn,

and possible future works are noted.
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CHAPTER 2
GaN BASED TECHNOLOGIES - AREVIEW OF

THE STATE OF THE ART

We have witnessed a great change in our lifestyle since the emergence of
semiconductor electronics in the past century. This change was further
revolutionized by the development of information technologies. Hybridization of
very advanced communication technologies, internet, and the information
technology added entirely new dimensions in our lives. For these sophisticated
applications, most of the credit goes to the devices like transistors, lasers, light
emitting diodes, and detectors. In this chapter, evolution of GaN based research,

their importance, and their role in emerging technologies is reviewed.

2.1 The Drive for GaN Based Research Initiatives

In the semiconductor industry, Silicon (Si) based technologies have been
dominant. As per the Semiconductor Industry Association (SIA) roadmap *,
complementary metal oxide semiconductor (CMQOS) will have a dominant market
position even after 2012. SIA, however, only deals with Si based technologies and
does not cover other aspects. Telecommunications, 1l1I-V materials, analogue
microelectronics, low-power portables, optoelectronics etc. are other critically
researched areas. A few of these have successfully been commercialized and gaining

momentum in the consumers market. An appropriate and timely example is the
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lighting industry. This industry is being revolutionized after the commercial success
of I11-V materials based LED technology in past few years. Rapidly developing
consumer electronics market has caused a restless shift in the requirement of
innovative products. Consequently, new materials and applications have attracted
research interest. Some of those are now successfully catching significant market

segments around the globe.

2.1.1 Emerging Markets and Technologies

It is projected that in the near future single electron transistors (SET), intra-
molecular nano-electronics, resonant tunneling devices (RTDs), and spin based
devices will play key roles in fulfilling the emerging market demands®. In the
context of information technology and communication driven products and
applications, the requirements as suggested from the SIA roadmap may be relaxed if
new architectures and functions may be integrated which allow similar functionality
at reduced device numbers. Perhaps the most important driver for new technologies
in the coming future is the ability to reduce the cost per function on a chip rather
than cost per unit device. Hence, there is great scope for technologies which may be
integrated on a CMOS chip and thus enhance the functionality of the CMOS chip.
Several other alternative technologies can serve this purpose. For example, I11-V
materials are dominant in optoelectronics and also in radio frequency power
electronics where CMOS cannot compete. Silicon is an indirect band-gap material
and as such, Si optoelectronics is at a very immature stage when compared to I111-V
materials®. Poor Si emitter efficiencies can open opportunities for 111-V materials to

be used for optical communications in Si-integrated applications, for example in
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multi chip modules (MCM). Si has limited applications in high-frequency and high-
power electronics due to small breakdown fields. There are opportunities for
alternative or complementary technologies to be integrated with the existing silicon
technology. RTDs are one such alternative candidate that allows reduced transistor
counts and either high speed or low power. An RTD circuit is attractive to
implement high-speed dynamic logic families. Their characteristic features are
reduced circuit complexity and great design flexibility. RTDs can be designed for
much higher speeds than CMOS typically in the speed range 10 to 100 GHz. RTDs
have demonstrated numerous applications and potential markets including, digital to
analogue converters (DACS), clock quantisers, shift registers and ultra low power
SRAM. RTDs are based mainly on Il1-V technology and resonant tunneling has
proven fruitful application of 111-V materials as a strong alternative of Si technology
in the above areas. In near future, it is likely that several other non traditional
technologies and products will dominate the market. Such applications include
telecommunications, home entertainment, and portables. Il11-V materials could

provide better alternatives in high-speed mobile communications.

2.1.2 Potential of 111 Nitrides

Devices based on group-Ill nitrides are capable of operating at high temperatures
and hostile environments®>. They serve as key materials for emitters and detectors
below green wavelengths. Existing Si and GaAs based technologies cannot tolerate
greatly elevated temperatures or chemically hostile environments. SiC is also a
competent material for high temperature electronics but it does not challenge the

nitride based devices due to their other unique properties®. For emitter applications,
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same is the case with ZnSe based 11-VI compounds in the longer wavelength side’.
The nitrides, AIN, GaN, and InN are most notable of all Il nitrides. All three have
direct band gap at room temperature in the wurtzite form while in cubic form AIN
and GaN have direct band gap but InN has indirect band gap. One can tailor design
the alloy of these nitrides for a desired band gap in much of the visible and
ultraviolet energy range. This makes the nitride system attractive for optoelectronics
device applications, such as LEDs, laser diodes (LDs), and detectors, which are
active in the green, blue or UV wavelength®®. Successful commercialization of these
novel materials has already been shown in the growing demand for LEDs and
LASERS in consumer electronics and in information technology products. By now,
LEDs have proved to be reliable, and have applications, for example, in displays,
lighting, indicator lights, advertisement, traffic signs and traffic signals, possibly
light sources for accelerated photosynthesis, and medicine for diagnosis and
treatment®®*. A rapidly increasing? number of publications in Ill-nitrides based

research in the past decade have been observed, as shown in Fig. 2.1.
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Fig. 2.1: Rapidly increasing publications in group 111 Nitride based research *2.
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In addition to the demonstrated potential of Ill nitrides in photoemission
devices, they have been utilized for transistor and detector applications and further
advancement is the subject of cutting edge research™®**. Heterostructure bipolar
transistors™, field effect transistors'® , and semiconductor-insulator-semiconductor

based device structures’*8

are other such areas of application. These devices are
supposed to find important applications in high temperature high-power electronics.
The materials like GaN and SiC posses wide band gaps and they become intrinsic at
much higher temperatures than other common semiconductors such as Si, and Ge.
This allows them to operate at higher temperatures™® and requires less cooling.
Consequently, the cost involved in cooling and the complex device design can be
lowered. Further, as the critical breakdown electric field is roughly proportional to
the square of the energy band gap, Il nitrides can work at very high voltages as
compared to other semiconductor materials. One of the most important features of
I11-V materials is that they can form heterostructures®®?!. Compound I11 nitrides can
be used to fabricate heterostructures that allows formation of high density two
dimensional electron gas (2DEG) which can be used for sophisticated electronic
applications. One such application is in HEMTs?. High mobility allows high speed
transfer of electronic signals and hence high speed communications. Such properties
together with specific property of a particular Il nitride make them suitable for a
range of applications in electronics. GaAs and GaN are the base materials for FET

applications. GaAs is already an established technology which has developed to its

theoretical limit while GaN is under the phase of rapid development.
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2.2 The GaN Technology

Literature on the growth of nitrides based research dates back in early 60s. Since
then, nitride technology has always lagged behind the easier to grow Si and GaAs
based studies. The first systematic effort to grow InN, GaN and AIN by chemical
vapour deposition or sputtering processes took place in the 1970s with the emphasis
on characterization of structural and optical properties. The 1l nitride materials got
serious attention in late 80s. In the early research, metalorganic precursors
containing In or Al with electronic grade purity were not available, also the plasma
sources for nitrogen radicals were not compatible with MBE systems. As a result
substantial defect concentration and high n-type background was unavoidable in the
growth of GaN films. A large concentration of free electrons was presumed to result
from oxygen impurities and intrinsic defects. Films having relatively small
background electron concentration or p-type doping could not be achieved even until
recently. Also, substrate material with reasonably good thermal and lattice matches
to the nitrides were not available. AIN was one of the options but the structural
quality of the AIN films was not good enough for optical or electronic applications.
All these problems resulted in late coming of technological spin-offs, only after
some of these problems were addressed with reasonable success.

Large single crystal GaN substrate is not available commercially. This
presents a key problem in the growth of homoepitaxial GaN films, making
heteroepitaxy a necessity; consequently a suitable choice of substrate becomes
crucial. Most often, the lattice constant mismatch has been the primary criterion for

determining the suitability of a material as a substrate for GaN epitaxy however
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other properties are also important, such as crystal structure, thermal expansion
coefficient, chemical, and electrical properties, composition, reactivity, and surface
finish. The substrate employed determines the crystal orientation, polarity, polytype,
the surface morphology, strain, and the defect concentration of the GaN film,
ultimately determining the optimal device performance. There are few techniques
which can be employed to ameliorate some of the shortcomings of the substrate.
Appropriate surface preparation such as nitridation, pendeoepitaxy®, epitaxial lateral
overgrowth®, deposition of a low-temperature AIN or GaN buffer layer, multiple
intervening low-temperature buffer layers®, and other techniques?® have been
employed for this purpose. Sapphire (Al,O3) and SiC are the most popular substrate
materials used currently, although, recently a few groups have reported using Si as a
substrate material®’-? for GaN film growth, in the drive to make it cheaper and Si
compatible. The residual strain due to lattice misfit in GaN on sapphire is
comparable to the strain due to misfit between 6H-SIiC and GaN, as a result
comparable dislocation densities have been observed. GaN layers with dislocation
densities as low as 10’ cm™ have been produced but even lower defect densities are
necessary for more sophisticated devices operating at more extreme conditions of
temperature, voltages, and current densities. Thus far, the (0 0 0 1) sapphire are the
most commonly used substrates for the growth of GaN, as this orientation is
generally the most favorable for growing smooth films. However, interest in GaN
epitaxial layers with other orientations is also increasing to eliminate the polarization
effects as such effects can be deleterious for some optoelectronic applications, in

which piezoelectric effects in quantum wells can cause a spatial separation of

16



electrons and holes, thereby decreasing the recombination efficiency®.

Many epitaxial thin film growth processes have been developed, including
molecular beam epitaxy (MBE), hydride vapor phase epitaxy (HVPE), supersonic jet
epitaxy™’, and metalorganic chemical vapor deposition (MOCVD). Some combined
and derivative techniques have also been tried to exploit the benefit of the individual
technique. For example metalorganic molecular beam epitaxy (MOMBE), which
combines the MOCVD and MBE technique in the same growth machine. Primarily,
the development of MOCVD and plasma-induced molecular beam epitaxy (PIMBE)
over the last eight years has led to a number of recent advances and important
improvements in structural properties. As a result it could be possible to achieve few
successful applications based on GaN. One such remarkable application is the
achievement of super-bright blue LEDs which were fabricated by MOCVD method.
High growth rates, high purity chemical sources, large scale manufacturing potential
and the ability to grow abrupt junctions, and a high degree of composition control

and uniformity, all these are characteristics of MOCVD that made it possible.

2.2.1 Material Properties

Gallium nitride (as other I11 nitrides) is normally found in a wurtzite structure.
Zinc blende and rock salt are the other possible structures. At room temperature the
wurtzite is the thermodynamically stable structure not only for GaN, but for AIN and
InN as well. The wurtzite structure has a hexagonal unit cell and hence two lattice
constants a, and ¢ with six atoms of each type per unit cell. The wurtzite structure
consists of two interpenetrating hexagonal closed packed (HCP) sub-lattices, with

each type of atom, offset along the c-axis by 5/8 of the cell height c. It consists of
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alternating bi-atomic close-packed (0 0 0 1) planes of Ga and N pairs stacked in an

ABABAB sequence. Atoms in the first and third layers are directly aligned with
each other. The perspective views of wurtzite GaN along [0 00 1], [1 1 2 0] and [1

01 0] directions are shown in Fig. 2.2, where the large sphere represent gallium
atoms and the small sphere represent nitrogen atoms. The group Il1 nitrides lack an
inversion plane perpendicular to the c-axis. So, the crystals surfaces have either a

group 111 element (i.e. Al, Ga, or In) polarity (designated (000 1) or (000 1)A) ora

N-polarity (designated (0 0 0 1) or (0 0 0 1)B), as shown in Fig. 2.3.

Fig. 2.2: perspective views of wurtzite GaN along various directions: left [0 0 0

1]; middle [1 1 2 0]; right [1 0 1 0]*2.
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Fig. 2.3: Ga (0001)A), and N (0001)B) polarities of wurtzite GaN*,

In 111-V alloys, a thermodynamically stable phase with wurtzite structure (a-
phase) as well as a meta-stable phase with zincblende structure (B-phase) exists.
Because these phases of Group IlI-nitrides only differ in the stacking sequence of
nitrogen and metal atoms (poly-types), the coexistence of hexagonal and cubic
phases is possible in epitaxial layers, for example due to stacking faults. The
wurtzite and zincblende structures are similar. All group I11-Nitrogen bond lengths
are equivalent in the zinc blende structures but there are slightly differing Il1-
Nitrogen bond lengths in the wurtzite structures®. In either structure, each group Il
atom (Al, Ga, In) is coordinated by four nitrogen atoms. Conversely, each nitrogen
atom is coordinated by four group Ill atoms. It is the stacking sequence of closest
packed diatomic planes that makes difference between these two structures. The
stacking sequence of (0001) planes is in <0001> direction in wurtzite structure,
while for zincblende the stacking sequence of (111) planes is in <111> direction.
The difference in both structures can be seen by viewing along a chemical bond in

the <111> or <0001> (c-axis) direction as presented in Fig. 2.4. Some of the key
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properties of wurtzite GaN material are listed in Table-2.1.

== 001>

Wurtzite

Zinc blende

R o001-

Fig. 2.4: an eclipsed bond configuration in the wurtzite and a staggered

configuration in the zinc blend as observed viewing along the <0001> axis®.

Table-2.1: Basic material and electrical properties of GaN.

Property Value
Energy band gap (eV) (300 K) 344
Maximum electron mobility (cmsz s)
300 K 1350
TTK 19200
Maximum hole mobility (300 K) (em/V s) 13
Controlled doping range (cm )
n-type 10 to 4 x 10%
p-type 10" to 6 x 10"
Melting point (K) >2573 (at 60 kbar)
Lattice constants (300 K)
a (nm) 0.318843
¢ (nm) 0.518524
Percentage change in lattice constants (300-1400 K) Aalag 0.5749, Aclcy 0.5032
Thermal conductivity (300 K) (W/cm K) 2.1
Heat capacity (300 K) (J/mol K) 353
Modulus of elasticity (GPa) 210 + 23
Hardness (nanoindentation, 300 K) (GPa) 155 £ 09
Hardness (Knoop, 300 K) (GPa) 10.8
Yield strength (1000 K) (MPa) 100
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2.2.1 GaN Based Transistor Technologies

Like in Si technology, GaN based transistors also consist of two kinds, i.e.
bipolar transistors and field effect transistors. GaN based high-power and heat

tolerant hetero-junction bipolar transistors *

can be important components of
integrated systems designed for high-frequency and high speed applications, for
example, in satellites and all electric aircraft. With our focus on HEMTS, which are
field effect devices, in this section we will briefly review the progress made in the
GaN based field effect transistor devices. GaN based FETSs are projected to be highly
useful for power amplification and switching in high temperature and high-power
environment®, as can be understood from a comparison of suitability presented in
Table-2.2 below. Some of the GaN properties are listed and compared with other
prospective materials in Table-2.3. This table also presents the combined figure-of-

merit (CFOM) factor. CFOM?¥ is a figure-of-merit of a material for high-power and

high-frequency applications.

Table-2.2: Suitability of GaAs, Si, SiC, and GaN materials for high-power and

high-frequency applications.

Property GaAs Si SiC GaN
Suitability for high-power Low Medium High High
Suitability for high frequency | High Low Medium High
low cost substrates No Yes No Yes
HEMT structure feasibility Yes No No Yes
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Table-2.3: Basic properties of selected semiconductor materials for high-power

and high-frequency applications.

Characteristic Property Unit GaN GaAs | SIC-Hs | Si
Relative Dielectric Constant (&) - 9.0 12.8 9.7 11.8
Thermal Conductivity () W/cm-K 1.3 0.5 4.9 1.5
Electron Mobility (x) cm?/V-s 1300 6000 800 | 1350
Maximum Velocity (1) 10" cm/s 3.0 2.0 20 | 10
Breakdown Field (Eg) MV/cm 4.0 0.4 3.0 |0.25
Band gap (Eg) eV 3.40 1.42 3.25 | 112
Relative CFOM expvsEs’/ 489 8 458 | 1
(expvsEs’)si

Different types of GaN based FET structures have been investigated

including metal-semiconductor field effect transistors (MESFETS), metal-insulator

field effect transistors (MISFETs) and modulation-doped field effect transistors

(MODFETSs, also known as HEMTS). A brief introduction of the first report of these

devices and their most advanced version would be useful to appreciate the efforts for

advancement of these technologies. We start with MESFET structures, as they are

the straightforward electronic device application of GaN material, and then we will

look at MISFETSs, while the HEMTs will be discussed in detail in the next few

sections.
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Khan et al® were among the first few investigators to fabricated GaN
MESFETSs grown on sapphire using low-pressure MOCVD. A thin AIN buffer layer
was used to enhance the quality of the GaN films. The gate length and width for the
MESFETSs were 4 and 100 pum, respectively. The reverse leakage current density at a
gate bias of - 5 V was measured to be ~ 1 mA/cm? For such MESFET the
transconductance was 23 mS/mm at a gate bias of - 1V. The measured carrier
density and low-field mobility for a channel of thickness 0.6 pm were 10" cm™ and
350 cm?/Vs, respectively. The drift velocity of the carriers estimated from these
values was 5 x 10° cm?/s. Since then, far better MESFETS have been achieved due to
advancement of design and processing technologies. For example, very recently

Hong et al®

have reported an improved MESFET using- selective area growth
technique (SAG). Schematic device design as proposed in these two investigations
is shown in Fig. 2.5 below.

Selectively grown n*-GaN (35 nm)

S__G-I:-_ Soured Jn/lme\. [Drain]

|
WI__IT_EaN n-GaN channel (200 nm)
AN, —
S.I. GaN (2.5 num)
SAPPHIRE
Sapphire Substrate

Fig. 2.5: MESFET structures as reported in 1993 (left)®®, and 2006 (right)™®.

Hong et al., used plasma-assisted molecular beam epitaxy (PAMBE), for the
fabrication of a recessed-gate MESFETS. On patterned SiO;, samples, polycrystalline

GaN and single crystal n*-GaN were observed to grow in the masked and unmasked
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regions, respectively. Ohmic contact formed on the n*-GaN exhibited a vastly
improved contact resistivity of 1.8 x 10® Qcm?, giving rise to excellent device
characteristics including a peak drain current of 360 mA/mm and a maximum
transconductance of 46 mS/mm for a device with a gate length of 1 um and width of
100 um. When compared with the conventional unrecessed MESFET, the MESFET
with a recessed-gate structure exhibited increased drain current, higher
transconductance, and reduced surface leakage current. The Schottky diode current
measured between the gate and the source under a reverse gate bias of 30 V was 51
mA/mm for the recessed-gate MESFET while that of the unrecessed MESFET was
larger than 20 mA/mm.

In MESFETS, the Schottky type gates are formed directly on the GaN
channel. The channel is highly doped with a tight profile as desired for a high
transconductance (Gn,). While, formation of the Schottky junction often requires a
lightly doped channel. As a good Schottky junction is mandatory, a compromise
with the doping is done. This compromise leads to thicker and lightly doped GaN
channel. As a result, the MESFETs show a low Gy, (as reported in the mentioned
studies®®* G, = 23, and G, = 46 mS/mm). In addition, high series resistance is
observed due to the low electron mobility in the bulk GaN channels that limit DC
and RF performance of the MESFETs. The problem of low mobility can be solved
by a HEMT structure which makes use of a high mobility two dimensional electron
gas channel. In some applications an extremely low leakage current is desirable;
however, as even base line HEMTs incorporates a similar Schottky junction,

Schottky leakage is unavoidable. In that case, metal-insulator structures become the
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choice of device design as applied in the MISFET structures. An added advantage of
the MISFETS is the thermal stability of the gate characteristics at high temperature.

Binari et al'®

(1994) were among the first to report the GaN based metal-
insulator-semiconductor field-effect transistors. A schematic structural cross-section
of their MISFET design is shown in Fig. 2.6. For the design of these transistors, the
GaN layers were grown on basal-plane sapphire substrates by MOVPE. An AIN
layer, about 40 nm thick and grown at 450°C was used as buffer layer. The source-
drain spacing for the MISFETs was 5 um. The total gate width was 150 um and gate
lengths were 0.7 to 2.0 um. A PECVD grown 0.08 um thick SiN layer on GaN was
used as gate insulator and a 0.3 um thick Al was deposited as gate metal. In order to
minimize the substrate leakage current, 0.02 um thick GaN channel was confined by
an AIN/GaN heterostructure. The MESFET measured gate leakage current of the
device was less than 0.2 pA over the entire range of gate and drain biases. The
maximum extrinsic transconductance gn of the MISFET was 16 mS/mm, the
pinchoff voltage was - 50 V, and the maximum drain current density was 330
mA/mm. Interface traps were seen to be responsible for low values of the electrical
parameters of these devices. In fact, the difficulty in obtaining high quality insulator
in 1I-V semiconductors has prevented this device concept being implemented
successfully®. Several groups have been working to improve the device design and
to achieve the commercial standard MIS devices. As a result, advanced device
concepts were introduced in the primary design and many successful devices have

been reported in last few years. Recently (2006), a 140 W recessed gate AlGaN/GaN

MISFET with field-modulating plate was reported by Nakayama® et al. The
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reported device successfully incorporates an AIN layer as insulator and was
fabricated using wet chemical etching technique with hot phosphoric acid. This
technique improved ohmic-contact resistances for the source and drain, and provided

a new and simple fabrication process for the MISFET with a 3 um gate length.

gate insulator
({thickness =)

SigNy
Pt/Au /
1

200 nm GaN i 7
6 nm AIN = B! . P N B

3 pm GaN

40 nm AIN

. 8.1, SiC substrate
Sapphire

Fig. 2.6: (left) GaN MISFET as reported in 1994 (left)*?, and in 2006 (right)®.

A maximum transconductance of 130 mS/mm and a maximum drain current of over
600 mA/mm were obtained. The recessed-gate structure with the field-modulating
plate suppresses electric field concentration in the gate insulator and enables high
voltage microwave power operation. At a reverse bias condition, gate Leakage
current was 10° A/mm and gate-drain breakdown voltage was over 200 V, which
was four times higher than that of a conventional AlIGaN/GaN MISFET without a

field plate.

2.3 Development of the GaN based HEMT Technology

In this section, a short description of the physics of HEMT device operation, and a
brief review of the progress made in HEMT research is provided. As clear in the
name of the device, the most important term related to HEMT is ‘mobility’ of

electrons. A HEMT device is quite similar to the previously discussed GaN
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transistors (MESFETs, MISFETS) in device operation, but quite different in device
physics. This is because a HEMT consists of a carrier channel that is much thinner in
dimension, much larger in electron density, and much faster due to high mobility of
carriers. How this high mobility is achieved will be clear from the following

description of 2DEG.

2.3.1 Heterostructure and 2DEG

The semiconductor heterostructures are the material structures that consist of two or
more semiconductor materials. The interface between such materials is called
heterointerface. Heterostructures are interesting as they allow the achievement of
low dimensional electronic systems which are considered extremely important
because of the profound physical phenomenon involved in the properties of such low
dimensional systems. Heterostructures have been employed in light emission, laser
diodes, multi quantum well devices, and in high-speed transistors as well.
AlGaAs/GaAs based heterostructure transistors and other similar structures like
InGaAs/InP, AlGaN/GaN etc. are a few examples of such heterostructure material
system among the I1I-V based hetererostructures that have been successfully
commercialized. Many important GaN based devices involve heterostructure as the
primary means of achieving improved performance including the HEMT structures.
For an in-depth understanding of the physical mechanisms underlying the operations
of such devices, the properties of the heterostructure is needed to be extensively
studied. In semiconductor heterostructures, it is the transition or interface between
different semiconductors that plays an essential role in any device action, and many

times the interface is the actual active device. So it is important to gain an in-depth
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understanding on the electronic properties of heterostructures, especially how the
carrier behaves at the heterointerface. In perspective of a device engineer’s interest
in heterostructures, it would be appropriate to mention the basic concept of
modulation-doped heterostructures that allows very high carrier density confined in
a nano scale dimension while at the same time allows high carrier mobility. In a
common bulk semiconductor, one has to heavily dope the material to achieve a
higher carrier concentration. However, heavier doping inevitably brings in more

ionized impurity scattering and thus deteriorates the carrier mobility.

Fig. 2.7: Modulation doped heterostructure-a schematic representation*.

A schematic band diagram of a modulation doped heterostructure is shown in
Fig. 2.7. It consists of a wide gap semiconductor and a semiconductor with narrower
gap. At the interface a triangular quantum well is formed in the undoped narrow gap
material. Electrons from the wider band gap material fall into this potential well and
are confined within the well. Because of such quantum mechanical confinement in a

very narrow dimension, they form a high density of electron gas in two dimensions.
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Electrons can move freely within the plane of the heterointerface, while the motion
in the direction perpendicular to the heterointerface is restricted to a well-defined
space region by energy, momentum, and wave function quantization, thus forms the
so-called 2DEG. As the narrow gap material is undoped and these electrons are
away from the interface, the electron mobility can be simultaneously increased with
high concentration of carriers. To further suppress the coulombic scattering from
ionized donors, a spacer layer is sandwiched between the undoped channel layer and
the doped barrier layer. This results in even higher carrier mobility.

Fruitful scientific achievements have been made, using heterostructures®.

Dingle et al*

proposed the n-type modulation doped semiconductor heterostructure
in 1978, to simultaneously improve the carrier density and the mobility, and spatially
isolate the carriers to the ionized scatters. Khan et al*’ reported an exciting
development, formation of a 2DEG in the quantum wells at the interface of an
AlGaN and GaN heterostructure. Heterostructure was formed by depositing a 3000
A thick unintentionally doped GaN on AIN buffer, capped by 500 A undoped

AloosGaoeiN. The sheet carrier density in the quantum well was 5 x 10* cm™, and

the carrier mobility was 620 cm?/Vs at 300 K, and 1600 cm?/Vs at 77 K.

2.3.2 Basic HEMT Device

Channel formation from carrier’s accumulated along a grossly asymmetric *
heterojunction is a unique feature of the HEMT. Grossly asymmetric hetereojunction
means a junction between a heavily doped high bandgap and a lightly doped low
bandgap region. Esaki*® et al were the first to introduce the physics of carrier

transport parallel to a heterojunction. Later, the enhanced mobility effect was
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applied to demonstrate a HEMT ! device. Electron mobility enhancement®? at
AlGaN/GaN interface was first reported in 1991. This enhancement was attributed to

the two-dimensional nature of the electron.

S G D l
— | — j— D, —p|

Active n-AlGaN/GaN AlGaN

Spacer layer i-AlGaN/GaN
[ . . . .

GaN

Active layver i-GaN y

AIN Butfer layer

Substrate

Fig. 2.8: A Basic HEMT structure and corresponding conduction band diagram

showing formation of 2DEG in the vicinity of conduction band discontinuity .

A typical GaN HEMT structure is shown in Fig. 2.8. This structure consists
of an AlGaN barrier layer grown on GaN channel layer. Sapphire or semi-insulating
SiC substrates are the main substrates for growth of HEMT device structures. Both
of these substrates are not lattice-matched to GaN, with about 13% and 3.1% lattice
mismatch respectively. To overcome this problem of lattice mismatch an AIN
buffer layer is generally grown to isolate the channel layer from the substrate. With
the thermal conductivity of SiC being about 10 times that of sapphire, it is evident
that SiC is better suited for high-power and high-temperature applications, however

sapphire being relatively cheap, remains the widely used substrate. The bandgap of
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AlGaN layer is larger than that of GaN layer, so the electrons from the AlGaN
diffuse into GaN and form a very thin 2DEG. The maximum electron concentration
in the 2DEG layer depends on the bandgap energy difference between the barrier
and the underlying buffer layer. Polarization doping effect® together with a very
large bandgap offset enables the formation of a 2DEG layer even without any
doping of the AlGaN barrier. In many designs, an intrinsic AlGaN spacer layer
between doped AlGaN layer and intrinsic GaN layer is used to reduce the career
scattering at the interface. Finally two different metallization are used for ohmic

channel and schottky gate.

GATE (G)
SOURCE (S) DRAIN (D)
i)
MESA - - )——-l—- 1000 A AlGaN
— I 0 l
S :;ﬁ;" — 6000 An - GaN
s G D
AN
AIN Sapphire (0001)
Sapphire

Fig. 2.9: Plan and cross-sectional view of the 1st AlGaN/GaN HEMT (right) and

the epilayer structure (left) **.

Khan et al. were the first™ to report the AIGaN/GaN HEMT in 1991. The
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device design of this HEMT is shown in Fig. 2.9. For a device with a 10 pm
channel opening and a gate length and width of 4 and 50 um respectively, the sheet
carrier density of the conduction channel of this device was 1.15x10* cm?at room
temperature and the carrier mobility was 563 cm?/V/s. A saturation drain current of 2
mA was observed at zero gate bias. Room-temperature transconductance of 28
mS/mm was measured at a gate voltage of 0.5 V. This increased to a value of 46
mS/mm at 77 K. Since the first demonstration of this device a continuously
increasing research reports on the development of the AlGaN/GaN HEMT
technology and a number of issues involved have been reported. Present day’s
HEMTSs are far advance than this device and the various dc and rf parameters have
been much improved. In addition, several device designs as well as technology
variations have been reported in literature and a few selected of them are mentioned

in the following section.

2.3.3 Recent Advances: Gate Recessed GaN HEMTs

Gate recessing is a technique to create recess in the vicinity of gate area.
Recessing the gate area allows significant changes in device performance of GaN
based HFETs*®'°". It provides an improvement in the transconductance in
comparison to the conventional device®®. A gate recess is also helpful to reduce
source contact resistance® which is desirable for high-frequency applications. Fig.
2.10 shows a cross-sectional structure of a recessed gate HEMT device, as reported
by Takashi et al*® in 2003. In their device, a 2DEG mobility 12000 cm?/V-s with a
sheet carrier density of 2.8x10™ cm? was observed at 8.9K. The recessed gate

HEMT structure showed maximum extrinsic transconductance of 181 mS/mm and
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drain-source current 1120 mA/mm for a gate length 1.5 pum at 25 C with a recess
depth of ~30 nm and a recess width of ~6 nm. The observed transconductance of this
recessed device is much larger in comparison to basic HEMTS, as expected.

In a more recent study in 2005, Wang et al. have presented a study providing
comparisons ®* between recessed and conventional AlGaN/GaN HEMTs. A
schematic cross-section structure of the recessed and control devices is shown in Fig.
2.11. By using a n—GaN cap layer, the contact resistance and channel resistance was
significantly reduced, increasing the RF and microwave power performance of the
device. A lower knee voltage, a higher transconductancse (223-mS/mm), a higher
current density (1.104 A/mm), and a higher microwave output power (4-W/mm) was

achieved in the recessed AlIGaN-GaN HEMTs.

Ti/Al Pt/Ti/Au TifAl

¥/ y
n*t-GaN (20nm) | / ~1019 em™3

nt-Alg 26Gag 74N (20 nm) ~1018 cm™3
i-Al 2gGag 74N spacer layer (10 nm)

i-GaN (2.5 um)

GaN nucleation laver (30 nm)

sapphire substrate

Fig. 2.10: Cross-sectional structure®® of the RIE etched recessed gate HEMT

grown on sapphire by MOCVD.
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Fig. 2.11: Cross-sectional structures® of the recessed and conventional devices.

2.3.4 Recent Advances: Double Heterostructure FETSs

Designing a device with double or multi heterostructure can, in principal,
proportionally increases the device current and thus can enhance the total power
output. Yoon et al. reported enhancement of carrier confinement and maximum
saturation current in double® heterojunction InGaP/InGaAs HEMTs. The double
heterostructure device enhanced the electron confinement in the channel by
sandwiching the channel between two InGaP donor layers. The  0.35-um  DH-
HEMT shows peak transconductance of 440 mS/mm, maximum current density of
500 mA/mm, and cut off frequency of 40 GHz. It was found that that DH-HEMT
structures results in significant improvements in the dc characteristics when
compared to the SH-HEMT, by more effective carrier confinement in the channel. In

order to enhance the current drive in GaN based HEMTs, efforts were made by

Gaska et al. to construct AlGaN-GaN double-channel®® HEMTSs, though such efforts
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have been very limited in number. A schematic diagram of their device is shown in

Fig. 2.12.

Sapphire substrate

Fig. 2.12: Schematic of epilayer structure of a double channel HEMT .

Devices with a source-drain spacing of 5 mm a gate length of 2 mm, and a gate
width of 50 mm were fabricated. Ti/Al/Ti/Au layers of thickness 25/170/50/100 nm,
were used for ohmic contacts. A Pt/Au metal layer was used for the offset gate
fabrication. The maximum source-drain current at zero gate bias was 0.6 A/mm, and
maximum transconductance of 150 mS/mm was observed at a gate bias of 21.5 V.
The maximum measured current was approximately the same as for the similar
single channel devices with the same threshold voltage. The contribution to the
current from the second channel was small but clearly distinguishable. The bottom
channel appeared to have a large series resistance at low drain-source voltages,

caused by the undoped 100 nm GaN layer and the presence of the second AlGaN
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barrier. At higher drain voltages, electron injection across the barrier drastically
reduced this series resistance. It was suggested that the large series resistance for the
bottom channel can be eliminated using ion implantation or selective epitaxial re-

growth, and by optimizing the thickness of the various layers.

2.4 Challenges: Reliability and Performance Issues

2.4.1 General Understanding

GaN-based HEMTs manifest a number of deficiencies in their operation and
the potential of nitride based HFETS has not been fully realized as yet. A very latest
and one of the most accredited® developments is reported recently by Fujitsu
Corporation. They have shown highly efficient push-pull amplifiers delivering 250
wideband code division multiple access (W-CDMA) signals based on these GaN
HEMTSs. Their devices are efficient and capable to produce high output powers, and
can work at higher cut-off frequencies than other semiconductor materials. It is said
that device degradation still remains the biggest obstacle to their commercialization.
There are several general issues and challenges yet to be addressed in this field.
Those challenges include current collapse, current and power degradation after RF
stress, threshold voltage shift, reliability, necessary reproducibility, and the low cost.
Although little has been reported on the reliability of AIGaN/GaN HEMTSs, various
related concerns such as the discrepancy between DC predicted and RF measured

d®"® in literature. Various solutions have been suggested

power have been discusse
to suppress these problems that include passivation, improved device design, barrier

thickness control, gate dielectric, as well as field plate technology.
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Most of the reliability and degradation problems affiliated to GaN HEMTSs
are often associated with the surface defects and hot electrons. Surface trapping-
detrapping of electrons at surface states has been suggested as a possible mechanism
responsible for some of the observed degradation effects. Trapping can compensate
part of the surface component of spontaneous polarization and reduce the 2DEG
electron concentration. The effects resemble those produced by a virtual gate®
between the actual gate and the drain. One explanation of RF current slump is the
reduction of compressive strain’® of GaN under the gate and tensile strain of ungated
AlGaN upon negative bias application. Transconductance and output resistance

dispersion are also providing means of evaluating the performance limitations.

2.4.2 Mechanisms

Earlier failure mechanisms '’ studies in AlGaAs/GaAs HEMTs shows
evidences of gate sinking, ohmic contact degradation, and trapped charge formation
near the 2DEG. Failure mechanisms of pseudomorphic HEMT's have been
investigated by means of storage tests and hot-electron tests. Hot-electron effects can
be related to trap-assisted phenomena that belong to two major categories: (1)
modulation of the charge trapped under the gate either thermally-assisted or due to
holes generated by impact-ionization leading to recoverable shifts of the threshold
voltage. (2) generation of additional electrons traps in the AlGaAs layers under the
gate, originating a permanent change in the output characteristics. It was observed
that the drain resistance’® increases faster than the source resistance due to hot
carrier degradation. Surface passivation with SiNy has been reported to partly cure

most of the surface state related problems’®. Role of hot carriers”® was held
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responsible for the shift in the pinch-off voltage of AlIGaN/GaN MODFETSs. It was
also suggested that keeping the Al mole-fraction to lower values’ using a thicker
barrier layer might be a remedy for this degradation. A long-term stability study
conducted on sub-100nm gate-length metamorphic HEMTs revealed that the
positive threshold voltage shift is caused by gate sinking. The source and a part of
the drain resistance increase are caused by ohmic contact degradation’’. In the long-
term stability study of metamorphic HEMTs with gate lengths of 50 nm, main
failure mechanisms’® are caused by gate sinking, ohmic contact degradation and hot

carrier induced degradation.

2.4.3 Noise Based Degradation Studies

Accelerated aging tests are a traditional technique for the degradation study
of electronic devices. Microwave and dc characterizations are normally employed
ways to monitor changes in device performance. As the accelerated aging tests are
performed at extreme temperature and stress conditions, test-results not necessarily
represent the actual operational behavior of the device. Also, these tests usually
enhance the failure mechanisms. A promising technique for monitoring the
reliability characteristics is the evaluation of LFN of the device. It is a
nondestructive and less-expensive measurement technique which is very sensitive
and effective for materials and device characterization. LFN measurements are
performed at normal operating conditions of electronic devices. LFN
characterization gives more realistic information and has been extensively used as a

79 80

diagnostic'*-"" tool for quality and reliability studies in semiconductor devices.
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Several theories have been presented to explain the origin of 1/f low-
frequency noise in semiconductors. Most popular ones are based on mobility®
fluctuation, and number® fluctuation of carriers. The number fluctuation theory®®,
relates the 1/f noise behavior to trap density and band-tail states within the channel
or in the barrier layer of the heterostructure. A correlation between the material
quality and the 1/f-noise characteristics allows evaluation of oxide trap density® in
MOSFET devices and identification of the trap levels within the bandgap of
semiconductor. Bias-dependent variations in the magnitude and frequency exponent
of 1/f noise characteristics allows to assess and understand the device characteristics

88 ohmic quality®”, electromigration,

such as: Schottky barrier height variations
and hot-carrier effects®.

A vast body of low-frequency noise studies on IlI-Nitride materials and
devices is available in literature. In case of studies conducted with AlGaN/GaN
based FETs, there is considerable discrepancy between the reported noise levels®®.
Hooge parameter, which is considered to be a noise figure-of-merit, shows a large

%.92in the range of 10°° to 10°2. Trapping of carriers and hot-electron effect

variation
were characterized by Sozza® et al. by means of low-frequency noise techniques.
Degradation observed in AlGaN/GaN HEMTs under on-state and off-state
conditions includes decrease of the drain current and transconductance, and increase
of the channel resistance. The on-state stress showed the most important degradation
and ascribed to the effect of hot electrons. Valizadeh®™ et al. investigated the impact

of surface passivation, barrier Al composition and heterointerface quality on the

low-frequency noise characteristics of AIGaN/GaN HFETSs. It was found that the
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drain noise current characteristics are independent of Al composition. The surface
treatment of the devices with same heterointerface roughness was found to influence
the noise characteristics. These observations suggested the possibility of conducting
low-frequency noise studies for investigating the quality of the heterointerface.
Pavlidis et al. found that a highly sensitive gate noise current is incapable to predict
the gate failure under RF stress, and drain noise current values of the fresh devices in
the linear operation regime for both passivated and unpassivated device categories
demonstrate signatures® for degradation prediction. These properties make the
degradation prediction possible independent of the requirement for those alternative

methods that are expensive, destructive, and time consuming.

2.5 Applications of Heterostructures Beyond HEMTs

GaN based heterostructures are most often referred in context of their application in
high-power high-frequency communication. In addition to their analog transistor
application, digital®®°" applications have also been explored. Merits such as: (i)
exceptional mechanical, chemical, and thermal stability, and (ii) excellent electronic
properties, make the GaN eligible to be a prime candidate for a variety of
applications. Application of heterostructures is not limited in HEMT transistors
anymore and a number of other applications are being investigated. Solar blind UV
detectors®®*® have been reported exploiting the wide bandgap of GaN. The HEMT

structures with catalytic gates have turned out to respond®

to a large variety of
gases. Their robust chemical properties have been utilized in high temperature gas
sensors'®. Passive surface acoustic wave (SAW) devices'® have also been reported

by authors. Chemical inertness of GaN surface and its ion sensitivity have been
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utilized for ion sensing in ISFET structures'®. Additional novel features like

piezoelectricity and pyroelectricity ***

make them a unique candidate for
multifunctional and versatile applications. Stress dependence of the Schottky barrier
heights on n-GaN and n-AlGaN 1% and effect of pressure'® on the dc
characteristics of AlGaN/GaN HFET have been reported. Effect of hydrostatic
pressure’® has been demonstrated that can be exploited for liquid pressure sensing
as well as in strain sensing applications. Most of such device concepts are based on
modulation of the carrier density in 2DEG. The device designs essentially
incorporate a basic HEMT structure with additional modifications. Most often, the
modifications are introduced in the gate area. A number of device designs using
heterostructures are possible. A typical design'® is shown in Fig. 2.13. Most of the

required designs can be derived from this basic structure, as per the specific

requirement of a particular application.

Pt TifAl

Fig. 2.13: Schematic diagram of a basic AIGaN/GaN heterostructure employed

for sensor applications™.

The sensor function of such structures is determined by the complex

response of the 2DEG to electrostatic boundary conditions of the free surface above
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it. Any such device is designed to work in a specific environment that contains ions,
polar liquids, gasses, or pressure etc. When it is exposed to such external
environment, the electrostatic boundary condition at the surface is changed. This
could be due to adsorbed ions, screening by polar liquids, decomposition of gases by
catalytic Schottky contacts, or changes of polarization-induced interface charges by
piezoelectric/pyroelectric coupling to elastic deformations. A change in the
electrostatic boundary condition at the surface modulates the response of the 2DEG
and results in the modulation of the device current. There is an attractive feature of
employing a common device structure using the same material system. That is,
several functions can be integrated with existing electronic or optoelectronic devices,
micromechanical systems, or contact-less readout schemes on the same chip. Such
integration facilitates complex applications at cheaper cost.

A particular application of GaN is in biosensors, which is rarely explored to
date. Signal transfer in cells and tissue models have been analyzed with the help of
semiconductor electronics coupled to bio-organic molecular assemblies. Hydrophilic
SiO, surfaces, acting as gate material, with capacitive coupling to living cells have
been reported''!. But, the operation of Si based devices in aqueous solution suffers
from various difficulties such as: chemical instability and degradation of gate
insulator. Short term stability due to oxidation and subsequent hydratization limits

112

the areas of application™. Alternatively, metal oxide gate layers make stable device

113 towards the

operation possible and exhibit a significantly higher sensitivity
detection; however, it also increases complexity in device fabrication. GaN based

heterostructure can be a good solution to these problems, as they have already been
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demonstrated to show good response in ISFET applications, as mentioned above. It
has been expected that due to chemical stability, cell friendly surface, and high
current density, GaN heterostructure could be a good candidate for biosensor

applications™.
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CHAPTER 3

EXPERIMENTAL TECHNIQUES AND SETUPS

In this chapter, experimental methods and techniques are discussed. These
techniques were used to characterize the heterostructure material and devices
investigated in this thesis. A brief theoretical introduction is provided and general
experimental conditions are mentioned. Some of the specific conditions for a
particular technique or experiment are detailed at relevant places in Ch. 4. Before
discussing the techniques in detail, an overview of the typical investigation process

is precisely outlined in the following flowchart.

Material Fabrication Device Fabrication ———» Device Characterization +———
MBE Growth
Transistor Characterization
{Current-Voltage,
Transfer Characteristics
Material Electrical Characterization \4
Chalracterization /\ Noise Characterization
SEM /
l TLM Measurements Hall Measurements Biosensor Application
AFM > Cell Growth
XRD

Fig. 3.1: A diagrammatic presentation of the experimental schedule
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3.1 Techniques for Epitaxial Heterostructure

Growth

3.11 Plasma Assisted MBE Growth

Molecular Beam Epitaxy (MBE)*'? and metalorganic chemical vapor deposition
(MOCVD)? are the two main growth methods frequently used for the growth of 111-
nitrides. The heterostructures and devices studied in this work also rely on the MBE
and MOCVD growth. MBE was developed in early 1970s for growing high-purity
epitaxial layers of compound semiconductors*®. It is a sophisticated and widely
adopted crystal growth method. One of the advantages of MBE is the low
temperature growth that minimizes diffusion and auto doping during the growth
process. With MBE it is possible to produce high-quality layers with very abrupt
interfaces with good control of thickness, doping, and composition. Such possibility
of high degree of control makes it a valuable tool in the fabrication of sophisticated
device structures.

To obtain high-purity layers, it is critical to use the extremely pure source
material. In addition the entire process must be done in an ultra-high vacuum
environment. In MBE growth processes the constituent elements of a semiconductor
in the form of ‘molecular beams’ are deposited onto a heated crystalline substrate to
form thin epitaxial layers. The growth rates are typically on the order of a few A/s
and the beams can be shuttered in a fraction of a second, allowing for nearly

atomically abrupt transitions from one material to another. The ‘molecular beams’
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are typically from thermally evaporated elemental sources. Other sources include
gaseous group V hydride or organic precursors (gas-source MBE), metal-organic
group 11 precursors (MOMBE), or a combination (chemical beam epitaxy or CBE)
of these.

The MBE machine used to grow heterostructures for this work is designed
for the growth of group Il nitrides. The system consists of a load lock chamber and
a main growth chamber. A UHV gate valve isolates these two chambers. Substrates
are loaded through the load lock chamber and it is pumped with a Balzers TMUO065
turbo molecular pump. The substrates are then transferred to the main chamber using
a magnet coupled transfer rod. The main growth chamber is pumped with a
cryopump, CTI Cryo Torr 8, and a base pressure of ~2 x 10™° Torr. A Hiden
HAL201 residual gas analyzer (RGA) is used to detect the residual gasses. In-situ
surface morphology and growth mode were monitored by a 10 keV RHEED system.
The bottom flange of the growth chamber has eight ports for standard effusion cells.
Substrate temperature, index of refraction and reflectance were monitored by a
SVTA In-situ 4000 process monitor. EPI SUMO cells are used to evaporate high
purity metallic Al, Ga, and Mg elements and Si is evaporated by a conventional
Knudson effusion source. A careful tuning of Eurotherm 818 temperature controller
allows a temperature stability of 0.1 °C. A flux monitor, equipped with a nude
ionization gauge controlled by a Grandville Phillips 350 lonization Gauge Controller,
is used to monitor the incident flux of elements. This flux monitor is also used to
measure the beam equivalent pressure, when extended to the growth position. A

VLSI grade nitrogen gas was excited by an EPI UNI Bulb radio-frequency (rf)
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plasma source. This plasma source consists of a one-piece PBN design, which
promotes the efficient electron-nitrogen collision and maximizes the source
efficiency. Nitrogen plasma is generated by a standard 13.56 MHz Advance Energy
RFX-600 rf power supply at a power rating of 350 W. Power matching unit consists
of two variable capacitors. This manual matching unit minimizes the reflected power
to less than 1% of the input power. Flow of nitrogen to the EPI plasma source is
controlled using a MKS 1179 mass flow controller.

The heterostructures were grown over commercially available MOCVD GaN
templates on two-inch diameter sapphire substrates. The substrates are single side
polished. The back side of the substrates was sputter coated with 5000 A of Mo for
improved effectiveness of heating. Before loading to the chamber, a brief degreasing
process was applied that included ultrasonic treatment of samples in acetone and
then in methanol. Surface damage due to polishing and contaminants were removed
by an etching solution, which consists of a hot mixture of H,SO,4 and H3PO, in 3:1
ratio. Samples were dipped in this solution for 15 minutes at 150 °C. After etching,
samples were rinsed in DI water for 5 minutes and then blown dry with filtered N,
Gas. This step is important, as there are fair chances of contamination of the front
surface during Mo deposition.

In order to mount the substrates to the Mo block, two Mo spring plates with
fingers were used, so that the substrate is sandwiched by the two spring plates.
Substrates were loaded through the load lock chamber and were heated to 850 °C

and then out gassed for 30 minutes for thermal cleaning. After this, conventional
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three step growth process® was used which includes, nitridation of sapphire surface;

growth of low-temperature GaN Buffer layer; and the main epitaxial layer growth.

3.12 MOCVD Growth

MOCVD has evolved as a leading technique, with the increasing innovations in
nitride based opto-electronic technology and therefore increasing industrial demand,
in past several years. In the early 1980s, it was argued whether MOCVD could ever
compete with molecular beam epitaxy (MBE) with respect to the quality of grown
epilayers such as thickness control, composition and composition uniformity, and
the interface abruptness of the grown materials. MBE is problematic for growing
Nitride- and Phosphide-based I11-V semiconductors i.e. GaN, InP or InGaAsP.
While MOCVD, has been renowned for its high production capability and its larger
variety of source materials using metalorganic compounds. Large scale
manufacturing potential of MOCVD is an important attribute of this technique.
Hence, recently MOCVD has emerged as the preferred technique for GaN based
commercial optoelectronic applications after invention of super bright LEDs and a
number of following inventions thereafter.

MOCVD is a nonequilibrium growth technique that relies on vapour
transport of the precursors and subsequent reactions of group-I11 alkyls and group-V
hydrides in a heated zone. MOCVD utilizes gas mixtures containing the constituent
molecules which are also called precursors to grow the epilayers. Nowadays the

carrier gas is hydrogen due to its purity. The growth temperature is 550 C ~ 700 C

due to the stable growth rates provided in this regime. Low pressure (50 ~ 150 torr)
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operation is preferable for growing high-quality epitaxial layers. Within this
temperature range, the driving force is thermodynamics and the reaction rates of
surface kinetics are so high that diffusion is the rate-limiting step for the epitaxial
process. In this regime, one can easily control the growth rate by adjusting the flow
rate (partial pressure) of precursors with small variations of temperature and total
reactor pressure. Composition and growth rates are controlled by precisely
controlling mass flow rate and dilution of various components of the gas stream.
Organometallic group-111 sources are liquids (trymethylgallium, trimethylaluminum),
or solids (trimethylindium). The Organometallic sources are stored in bubblers with
the gas flows. The bubbler temperature is to precisely control over the vapour
pressure of the source material. Carrrier gas saturates with vapour from the source
and transport vapour to the heatedsubstrate. Group-V sources are most commonly
gaseous hydrides and for nitride growth ammonia is used. For doping, metal organic
precursors like cyclopenta-dienyl-magnesium (for Mg doping) are used. A typical
deposition process for MOCVD growth of GaN can be expressed as:

Ga(CHgs)3 (vapour) + NH; (vapour) -> GaN (solid) + 3 CH,4 (vapour).

The expression above is a very simplified one and ignores the specific reaction path
and intermediate reaction species that are largely unknown and growth process is
inadequately understood so far. The least developed and most difficult topic is the
kinetics of process and growth mechanisms occurring at the solid/vapour interface
during MOCVD growth. Optimization of MOCVD growth is typically done by
empirical studies of external parameters such as growth temperature, V/III ratio,

substrate tilt, and mass flow rates.
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3.2 Material Characterization

3.2.1 Scanning Electron Microscopy

SEM is an established technique for surface analysis in various disciplines of science
and technology "*®. In this study, Scanning Electron Microscopy was used for
preliminary examination of the surface quality of films. In addition, it was also used

to gather information of the top view geometry of the devices.
3.2.1.1 Working Principle

The resolution of a microscope puts a restriction over the minimum observable size
of an object. In an optical microscope, visible light is used as a medium to observe
the tiny objects. The wavelength of light is too large to see the micron or sub micron
size features. For this purpose, a medium with shorter wavelength is necessary.
Because of the wave nature of electrons, they can be used for this purpose. The
benefit of using electron as a medium is controllability over the electron energy and
hence the wavelength and resolution. Including the relativistic correction,

wavelength of an electron is written as,

P h | 3.1
\/ZmOeV(H e\/2 j
2m,C

where A is in nm, V is in volts, h is the plank constant, m, is the electronic rest

mass, e is the electronic charge, and c is the velocity of light. According to this
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formula, electron wavelength at 10 kV, and 100 kV is 0.12 nm, and 0.0037 nm
respectively. These resolutions are sufficient for a large variety of surface

investigation and 10 kV is good enough for general surface studies.

3.2.1.2 Instrumentation and Operation

In electron microscopy, magnetic and electrostatic lenses are used in a similar way
as optical lenses in optical microscope. In an SEM, an electron gun at the top
produces a beam of monochromatic electrons which is condensed by the first
condenser lens, and is used to form the beam and limit the amount of current in the
beam. It works in conjunction with the condenser aperture to eliminate the high-
angle electrons from the beam. The second condenser lens forms the electrons into a
thin, tight, coherent beam. A selectable objective aperture further eliminates high-
angle electrons from the beam. A set of coils then "scan" or "sweep" the beam in a
grid fashion, dwelling on points for a period of time determined by the scan speed,
that is usually in the microsecond range. The objective lens focuses the scanning
beam onto the part of the specimen desired. When the beam strikes the sample,
interactions occur at the surface and secondary electrons are generated from the top
few nanometers, while some electrons are backscattered. Before the beam moves to
its next dwell point, these instruments count the secondary electrons and display a
pixel on a CRT whose intensity is determined by this number. This process is

repeated until the grid scan is finished and a complete picture is formed.
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3.2.1.3 Experimental Setup

In this study, a Leica Stereoscan 440 SEM was used which can, in principal, provide
300,000 times magnification and hence objects with the feature size above 50 nm
can be conveniently studied with this machine. Samples were coated with a 10 nm

gold film, to enhance the electron emission so that a sharper image is obtained.

3.2.2 Atomic Force Microscopy

AFM has been extensively used in GaN research for a variety of purpose. It has been
commonly used for typical surface examination to measure the surface quality,
cracks, local variations, and surface roughness®. A very clear correlation of
fabrication process with the surface quality has been shown with AFM surface
images™. Surface relaxation*! has been evidenced by AFM in GaN films grown on
low quality substrates. In addition to its use for characterization, it has also been
used as a tool for surface modification. One such application has been reported to
result in reduction’® of reverse leakage current in GaN Schottky devices. It is a

13,14

recent, advanced, and very sophisticated surface characterization technique " used

in microelectronics and other areas of research.

AFM is designed for qualitative and quantitative measurement of near
surface characteristics of various objects with atomic resolution™**. AFM images
are much closer to the simple surface topology and it can image the non-conducting
surfaces also. In addition it is a non destructive technique with a small instrument

size which can be used immediately at any stage of fabrication to monitor the
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surface quality.
3.2.2.1 Working Principle

AFM uses a probe moving across the sample's surface to identify its features as
shown in Fig. 3.2 (left). The probe is a sharp tip, usually made of silicon, at the end
of a cantilever that bends in response to the force between the tip and the sample
being viewed. The force experienced by the tip is the inter-atomic force that acts at
atomic scale distances and varies with the separation between the atomic scale
objects, as shown in Fig. 3.2 (right). The variation in inter-atomic force between the
apex of a tip and atoms of the surface is recorded by the measurement system, as the

tip is scanned over the surface of the sample.
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Fig. 3.2: a schematic illustration of AFM operation (left) and Force-distance

relation at atomic scales'’ (right).

3.2.2.2 Instrumentation and Operation

As shown in Fig. 3.2, AFM utilizes a sharp probe moving over the surface of a

sample in a raster scan. The sharp tip mounted on a cantilever is brought to a close
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proximity of the surface, giving rise to the emergence of a force between the tip and
the surface. First the force is attractive, but when the tip-to-sample distance gets very
small, on the order of 0.3 nm, the force becomes repulsive and grows very steeply
with decreasing distance. Typical force magnitude observed by the tip is in the
range of micro Newton to nano Newton. This force acting on the tip will cause the
cantilever to deflect. As the cantilever flexes, the light from the laser is reflected
onto the split photo-diode. By measuring the difference signal (A-B), changes in the
bending of the cantilever can be measured. For small displacements, cantilever
obeys Hooke’s law, and the interaction force between the tip and the sample can be
found. The probe is moved by a piezoelectric unit and thus the tip-surface distance is
gathered. Such scanners are designed to move precisely in any of the three
perpendicular axes (X, y, and z). By following a raster pattern, the sensor data forms
an image of the probe-surface interaction. Feedback from the sensor is used to
maintain the probe at a constant force or distance. Accordingly there are two modes
of AFM operation. A typical AFM instrumentation is shown in Fig. 3.3. An MDT
Solver-P47 AFM measurement system was used for this study and its schematic
diagram is also shown. When operated in normal ambient, the cantilever oscillates at
its resonant frequency (typically in kilohertz or beyond), and is positioned above the
surface. So, it only taps the surface for a very small fraction of its oscillation period.
The cantilever is still in contact with the sample, but for a very short period of time,
so that the lateral forces are dramatically reduced as the tip scans over the surface.
This avoids the damage on the tip which could be caused by possible dragging of the

tip over the surface. In constant force mode, the feedback loop adjusts so that the-
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Fig. 3.3: A typical AFM instrumentation.

-amplitude of the cantilever oscillation remains nearly constant. An image can be
formed from this amplitude signal, as there will be small variations in the oscillation
amplitude due to the control circuit responding instantaneously to changes on the

specimen surface. As the digital information is acquired from the experiment, a
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software is used to process the information to calculate the root mean squared

roughness of the scanned area as a standard parameter for the surface roughness.

3.2.2.3 Experimental Setup

For this work, AFM Solver-P47 was operated in semi-contact operation mode at a
tip resonance frequency of 350.043 KHz. Lateral scan velocity was chosen between
104000 and 441600 A/s, depending on the scan area which was set between 1 pm x
1 um, to 11 p x 11 p. For this machine, MAG signal (refers to magnitude) was set to
7.4 nA; S Point (a set point parameter) was set to 7; and FB Gain was set to 2.7 units.
Lock-in (a parameter related to gain) gain was set to 2.7 and the L pass value was

3.0 units.

3.2.3 X-Ray Diffraction

X-ray diffraction (XRD) is a non destructive technique that has been extensively
used for characterization of imperfections, thickness, strain relaxation, and
stoichiometric information of thin films and multilayers. In addition to structural
characterization of epitaxial layers, composition in ternary compound and stress in

hetero-epitaxial films can also be determined with this technique.

3.2.3.1 Basic Diffraction Theory

XRD analysis is based on Bragg’s law according to which, when X-rays are
scattered from a crystal lattice, peaks in the intensity of the scattered beam are
observed which correspond to the following condition, known as the Bragg’s

Equation.
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2d sin 0 = nj, 3.2

In the above expression, d is the inter-planer spacing, 6 is the incident angle between
direction of the incident beam and the lattice plane, A is the wave length of the X-ray
beam, and n is an integer number. A schematic presentation of this Bragg diffraction

condition is shown in Fig. 3.4 below.

\

Fig. 3.4: Schematic diagram showing Bragg’s diffraction from a crystal plane.

Miller Indices

Miller indices of a crystal are given by three indices (h k I) in a rectangular co-
ordinate system indicated in Fig 3.5 (a). The interplaner spacing in case of a
hexagonal lattice, as shown in Fig. 3.5 (b), for which a and c are the lattice

parameters, is then given by,

1 4(h?+hk+k? +£
d%wu 3 a’ 2 33

C
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(0,0,9)

8,0,0)

(@) (b)
Fig. 3.5 : Schematic diagram of a plane with Miller indices (1 1 1) in a cubic

lattice (a); and a hexagonal lattice with lattice parameters a, and c (b).

3.2.3.2 Four Index Notations for the Hexagonal Lattice

When analyzing a hexagonal lattice, it is convenient to adopt the four-index
notation system rather than the three-index system commonly used for cubic lattices.
This gives an advantage of presenting similar planes with similar indices for a
hexagonal lattice. The directions in such a four-index system can be determined
based on the vectors aj, ay, as, and ¢ as shown in Fig. 3.6. If [h k 1] are the indices of
direction referred in three-index system, the corresponding four-index notion is

given by [H K I L] so that,
h=H-I;k=K-I;I=Lor 3.4

H = (2h-K)/3; K = (2k-h)/3; | = -(H+K) = -(h+k)/3 and L = I. 3.5
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[100] or [27110]

Fig. 3.6: A four-index and a three index (miller) notation of various planes and

directions in the hexagonal lattice.

Accordingly, the [1 0 0] and [0 O 1] directions will be transformed to the new

notations [2110] and [0 0 0 1] in the four-index notation.

3.2.3.3 High-resolution X-ray Diffraction (HRXRD)

Conventional high resolution X-ray diffraction is a powerful tool for
nondestructive ex-situ investigation of the epitaxial layers and structures. In this
technique, the information is obtained from diffraction patterns which carry the
signature of composition and uniformity of the layers, layer thickness, built-in strain
and strain relaxation, and the crystalline perfection related to dislocation density,
domain miss orientation and distribution. All these can be investigated by recording
o-rocking curves and 6-20 diffraction curves in a high resolution diffraction

experiment.

68



3.2.3.4 HRXRD Instrumentation and the Measurement Geometries

A typical X-ray instrument for high resolution measurements is built by
combining high performance components such as sources, optics, detectors, sample
handling device etc. to meet the analytical requirements. A consequent modular
design is the key to setup the best instrumentation. Bruker D8 Discover is one such
HRXRD system that was used for this work. The instrument geometry with X-ray
optics for this system is shown in Fig. 3.7. There are several reasons to use X-ray
optics in an HRXRD experiment. Some of those include: (i) to increase the primary
beam flux or the flux density; (ii) to improve the angular or energy resolution of a
set up; (iii) improve the peak-to-background ratio etc. Several types of scans and
scan geometries, as shown in Fig. 3.8, are used to obtain a variety of information.
Corresponding instrumental arrangements are shown in Fig. 3.9. Next few
paragraphs provide the details of these scan types.

Gobel mirror Channel-cut analyzer

X-ray tube

"

4 p
/ Sample

Channel-cut monochromator L . Detector
Motorized slit
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’o'

_——""__'
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Fig. 3.7: Schematic drawing of the Bruker D8 Discover X-ray optics connsisting

of the X-ray tube, hybrid monochromator, Euler cradle and the detector®®.
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Fig. 3.8: Different types of HRXRD scan geometries®® (left); and Schematic

diagram of the instrument geometry for 8-26 scan (right).
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Fig. 3.9: Schematic diagram of a four axes X-ray diffractometer instrument.
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An X-ray Diffractometer, as shown above, consists of an X-ray source,
different kinds of slits, a monochromator, and a detector. There are four rotating
axes; 6 (w), 26, ¢, and @ for different scan modes. A brief description of the scan
types is given below.

(8-26) scan: In this scan type, the position of the X-ray source is fixed, and
the sample rotates a certain fixed difference of angle with respect to the X-ray
incident beam axis, while the detector rotates at twice of this angle. This scan allows
observing the lattice planes of the thin film grown in the direction parallel to the
normal of the substrate surface. The diffraction profile reflects the crystal structure
of the materials. We can determine the crystalline phases and orientations as well. If
there are any crystals grown out of plane crystalline orientation of the film,
corresponding information will be reflected in this scan. Fig. 3.8 shows the geometry
of X-ray optics used for this kind of scan.

o scan: For w scan, 26 value for a selected peak is fixed and the angle @ is
scanned for a few degree around the corresponding original & value. A graph
between the detected intensity and the varying € value is plotted after every scan.
This intensity vs. 6 curve is referred to as rocking curves. This scan is performed to
obtain the quantitative information of orientation. The degree of random orientation
of the crystal grains with each other in the film is reflected by this scan. It also
allows knowing, how good the film is oriented. Strong diffraction is observed when
a particular plane of the grain is aligned at the angle that satisfies the Bragg’s law.

Hence, for poorly aligned grains or planes, a broader peak will be observed in a
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rocking curve, while a sharp peak with a narrow width will reflect a high quality

epitaxial film.

CRYSTAL LATTICE DIFFRACTION
LINE
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diffracted X-ray (a)
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; ®)

1

sample m

‘ NONUNIFORM STRAIN 20—
grains ©
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Fig. 3.10: Schematic diagram of the instrument geometry for o scan in case of
poorly oriented grains (left); and the schematic representation of the influence
of no strain (a), uniform (b) and non-uniform (c) microstrain on the XRD

profile(right) *°.

A film can be considered highly oriented or highly epitaxial if the FWHM of the
rocking curve is less than around 1°. For comparison, FWHM of the rocking curves
of commercial silicon substrates are 0.2°. In Fig. 3.10 (left), shown is the poorly
aligned grains which will contribute in line broadening. At the same time, strain or
stress can also result in line broadening as explained in the Fig. 3.10 (right). The
effects are discussed on the following page.

@ scan: When diffraction peaks from a single family of planes is observed in
0-26 scan, it is difficult to say if the films are epitaxially grown or just randomly

oriented on the substrate. Hence, the above two scan types are insufficient to provide
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information of crystal planes parallel to the surface and out of plane lattice spacing
characteristics. A complete rotation along the @ axis can reflect this information
precisely. For this scan, 8 and 26 both values are kept fixed and the @ is rotated. For
a film with simple cubic lattice structure, intensity vs. & curve will show four peaks
for a complete 360° rotation of the @, reflecting the four fold symmetry. Similarly, a
hexagonal lattice will show six peaks reflecting the six fold symmetry. If the peak
position corresponding to the epitaxial film and the substrate align at the same angle,

the film is with perfect match with the substrate.

3.2.3.4 Experimental Setup

Bruker D8 Discover HRXRD machine was used for this work which provides a high
intensity Cu K, (1.54060 A) X-ray beam with a divergence of less than 0.05°. It
consists of a four bounced Ge 220 monochromator for high resolution configuration.
This Ge crystal removes the Cu K., component from the beam. The line focus
combined with the hybrid monochromator gives a low beam divergence of only 47
arcsec with high intensity. The samples are mounted onto an Euler cradle, which
allows an independent variation of the incident angle (®), the diffraction angle (26),
the angle around the surface normal (¢) and the angle around an in-plane horizontal
direction (y). The divergence and receiving slit sizes are 0.25 and 0.1 mm. High
resolution of 20 arc sec was achieved with a secondary Ge (220) crystal
monochromator in front of the detector. Scan in 6-26 was performed to determine
the film orientation and the rocking curves for the (0002) diffraction were performed

to determine the crystalline quality.
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3.3 Electrical Characterization

3.3.1 Hall Measurements

The basic physical principle underlying the Hall Effect is the Lorentz force acting on
the charges in a current carrying sample placed in a magnetic field. When an
electron moves along a direction perpendicular to an applied magnetic field, it
experiences a force acting normal to both directions and moves in response to this

202122 the theory

force and the force affected by the internal electric field. To explain
of Hall effect measurement, a cross-bridge structure is presented in Fig. 3.11. When
an electron moves along a direction perpendicular to the applied magnetic field, it
experiences a force acting perpendicular to both directions and moves in response to

this force. Another force affected by the internal electric field is formed by the

directional movement of carriers.
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Fig. 3.11: Hall Effect measurements in a cross-bridge structure
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For an n-type sample, assume that a magnetic field is applied to the
sample in the negative z-direction, then the charge carriers will experience a Lorentz
force perpendicular to their velocity, and they will drift parallel to the y-axis until
they are stopped at the sides of the Hall bar. The charge at the sides of the sample
will build up, establishing an electrical potential in the negative y-direction, which
results in the Hall voltage V. And steady state will be reached when the force due to

the intrinsic electric field just cancels the Lorentz force due to the magnetic field as

qu = quBZ 36

where g (1.602 x 10™ C) is the elementary electronic charge. The sign of the Hall
voltage can be used to determine the doping type of the sample. In the above
descriptive case, if V}, is positive (negative), the sample is n-type (p-type). When a
current | flows from contact 5 to contact 6, the resistance voltage V; is measured
between contacts 1 and 4. From the definition of resistance and Ohm’s Law, a sheet
resistivity ps is given by,
p RY

——:—L =
Ps H H

v, W 3.7
| L

where W and L are the dimensions defined in Fig. 3.2.8 and H is the thickness of the
active layer. The density of the charge carriers may be determined using a theoretical

model for current and the definition of Hall coefficient Ry,

| =gnHWv_, and 3.8
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R, =— 3.9

where n is the carrier density. So by scalars, based on above Eq.s, it leads to a sheet

Hall coefficient,

Ry = 3.10
IB,
The sheet carrier density is calculated from Ry,
n,= IB, 311
qV,,

The calculation of Hall mobility p, depends on the values of psand Ry, which is
given by
R, V,L

_ Rus _ 3.12
lu ps VrWBZ

Since the Hall voltage may be quite small, the effects that have a vital influence on
the value of the voltage should be considered. The more severe problem comes from
the large offset voltage caused by non-symmetric contact placement and sometimes
nonuniform temperature. The most common way to solve this problem is to acquire
four sets of Hall measurements at both reverse current directions and two magnetic
field directions. Therefore the actual resistance voltage and hall voltage can be

expressed as:
Vr :[\/r(l)_vr(_l% 3.13

Va (1)(B) -V, (—l)(B%JF\Vh(l)(—B)—Vh (—l)(—B%

2

v, = 3.14

In theory, the value of V, has no correlation with magnetic field direction.
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3.3.1.1 The van der Pauw Method

For convenience the van der Pauw method is typically used for the measurement of
the Hall voltage. As originally devised by van der Pauw, one uses an arbitrarily
shaped (but simply connected, i.e., no holes or nonconducting islands or inclusions),
thin-plate sample containing four very small ohmic contacts placed on the periphery
(preferably in the corners) of the plate. A schematic of a rectangular van der Pauw
configuration is shown in Fig. 3.12. Van der Pauw demonstrated that there are
actually two characteristic resistances Ra and Rg, associated with the corresponding
terminals shown in the picture. Ra and Rg are related to the sheet resistance Rs

through the van der Pauw equation,

exp (-tRa/Rs) + exp(-nRs/Rs) = 1, 3.15

Rp = Via/ Iy

Fig. 3.12: A schematic of a rectangular van der Pauw configuration

The expression can be solved numerically for Rs. The bulk electrical resistivity p can

be calculated as

p=Rsd 3.16
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To obtain the two characteristic resistances, one applies a dc current | into contact 1
and out of contact 2 and measures the voltage V43 from contact 4 to contact 3 as
shown in Fig. 3.12. Next, one applies the current | into contact 2 and out of contact 3
while measuring the voltage Vi4 from contact 1 to contact 4. Ra and Rg are

calculated by means of the following expressions:

Ra = V43/|12 and Rg = V14/|23. 3.17

Coordinate
System

L.

Vi =V

B

Vi

Figure 3

Fig. 3.13: Hall voltage measurement method in van der Pauw configuration

Sheet carrier density ns can be determined by measuring the Hall voltage Vy. The
Hall voltage measurement consists of a series of voltage measurements with a
constant current | and a constant magnetic field B applied perpendicular to the plane
of the sample. Conveniently, the same sample, shown again in Fig. 3.13, can also be
used for the Hall measurement. To measure the Hall voltage V4, a current I is forced
through the opposing pair of contacts 1 and 3 and the Hall voltage Vy (= V24) is

measured across the remaining pair of contacts 2 and 4. Once the Hall voltage Vy is
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acquired, the sheet carrier density ns can be calculated via ns = IB/q|Vy| from the

known values of I, B, and g.

There are practical aspects which must be considered when carrying out Hall
and resistivity measurements. Primary concerns are (1) ohmic contact quality and
size, (2) sample uniformity and accurate thickness determination, (3)
thermomagnetic effects due to nonuniform temperature, and (4) photoconductive
and photovoltaic effects which can be minimized by measuring in a dark
environment. Also, the sample lateral dimensions must be large compared to the size
of the contacts and the sample thickness. Finally, one must accurately measure

sample temperature, magnetic field intensity, electrical current, and voltage.

3.3.1.1.(A). Resistivity Measurements

The data must be checked for internal consistency, for ohmic contact quality, and for

sample uniformity.

1. Set up a dc current | such that when applied to the sample the power
dissipation does not exceed 5 mW (preferably 1 mW). This limit can be
specified before the automatic measurement sequence is started by
measuring the resistance R between any two opposing leads (1 to 3 or 2 to 4)
and setting | < (200R)°®

2. Apply the current I; and measure voltage Vg

3. Reverse the polarity of the current (I12) and measure V43

4. Repeat for the remaining six values (Va1, V14, V12, Vo1, Va3, V32)
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Eight measurements of voltage yield the following eight values of resistance, all of

which must be positive:

R21,34 = Vaalla1, Ri2.43 = Vas/la,
R32.41 = Vai/lz2, Rz 14 = V1all23
Ra312 = Vi12/laz, R3a21 = Vai/lza,

R1a.23 = V2s/l14, Raz,32 = Vol las. 3.18

With this switching arrangement the voltmeter is reading only positive
voltages, so the meter must be carefully zeroed. Because the second half of this
sequence of measurements is redundant, it permits important consistency checks on
measurement repeatability, ohmic contact quality, and sample uniformity.

Measurement consistency following current reversal requires that:

R21.34 = R12.43, and Raz 12 = Raa

Ra2.41 = Ro3 14, and Ria23 = Rag 32 3.19

And the reciprocity theorem requires that:

R2134 + R12.43 = Raz 12 + Raa 21, and

R3241 + R23 14 = Rug23 + Rag 32. 3.20

3.3.1.1.(B). Measurements Procedure

Hall measurement is performed in following sequence,
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1. Apply a positive magnetic field B

2. Apply a current I35 to leads 1 and 3 and measure Vasp

3. Apply a current I3 to leads 3 and 1 and measure Vap
Likewise, measure Visp and Vsip With I42 and I,4, respectively

4. Reverse the magnetic field (negative B)

5. Likewise, measure Van, Van, Vian, and Vaiy with iz, lsg, lag, and log,

respectively.

The above eight measurements of Hall voltages Vaap, Vazp, Visp, Vaip, Vaan, Vaon,
Visn, and Vszin determine the sample type (n or p) and the sheet carrier density ns.
The Hall mobility can be determined from the sheet carrier density ns and the sheet
resistance Rs obtained in the resistivity measurement. This sequence of
measurements is redundant in that for a uniform sample the average Hall voltage
from each of the two diagonal sets of contacts should be the same, as in case of a

square size sample.

3.3.1.1.(C). Hall Calculations

Steps for the calculation of carrier density and Hall mobility are:

1. Calculate the following

Vc = Vaap - Vauan, Vb = Vaze - Vi,

VE = Vizp - Vaan, and Ve = Vaip - Vain. 3.21
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The sample type is determined from the polarity of the voltage sum V¢ + Vp + Vg +

V. If this sum is positive (negative), the sample is p-type (n-type).
2. The sheet carrier density (in units of cm™) is calculated from

ps = 8 x 10° IB/[q(Vc + Vp + Ve + VE)] 3.22
if the voltage sum is positive, or
ns = |8 x 108 IB/[q(Vc + Vo + Ve + Vi)]| 3.23
if the voltage sum is negative, where B is the magnetic field in gauss (G) and I is the

dc current in amperes (A).

3. The bulk carrier density (in units of cm™) can be determined as follows if the

conducting layer thickness d of the sample is known:

n=nsd;or

p = ps/d 3.24

4. The Hall mobility g = 1/gnsRs (in units of cm?V's™) is calculated from the

sheet carrier density ns (or ps) and the sheet resistance Rs.
Experimental Setup

Room temperature Hall measurements were performed using a Bio-Rad HL5500
Hall effect measurement system. For this system, thin film samples of size 5 mm x 5
mm were diced and ohmic contact were formed by soldering indium at the four

corners of the squares. Low temperature Hall measurements were performed using a
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custom-made setup which consists of a Keithley 220 programmable current source, a
Keithley 182 sensitive digital voltmeter, a Neocera LTC-11 temperature controller,
an ABBESS instruments DC electro-magnet, a Sorensen DCS 55-55 power supply
for the magnet, and a Cryo Industries FGT cryostat. For this setup, both van der
Pauw configuration as well as cross-bridge configuration were used. Ohmic contacts
on the samples were formed by evaporating Ti/Al bilayers and then annealing at 650
°C for 40 seconds. A thin ceramic package, as shown in Fig. 3.14 with copper
contacts was used which provides as an interface between the wire bonding of the
ohmic contacts on the films as well as the soldered cryostat wiring. Above explained
methods were followed at each temperature point to acquire the temperature

dependence of resistivity and Hall data.

Ti/Al contacts

Thick Copper films Teflon holders

Fig. 3.14: A sample holder for the cryogenic Hall measurements.
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3.3.2 TLM Measurements

Transmission Line Method test pattern are commonly used for accurate assessment
of electrical quality of contact resistance?®®* for planar ohmic contact. The TLM
technique uses a test pattern composed of differently spaced ohmic contact pads as
illustrated in Fig. 3.15. Ohmic contacts are formed on the semiconductor surface and

separated by a distance Ii. The contact pads have a width, W, and a length, d, and the

pattern is isolated to restrict the current to flow to the width W. The resistance

between two such contacts, Ri, separated by Ii is:

R = + ! 3.25

where RSh is the semiconductor sheet resistance (€/o) and LT is the transfer length, P,

is the specific contact resistivity at the metal-semiconductor interface. All voltage

drops in the horizontal direction are attributed to the current flow in Rsk while the
voltage drop in the vertical direction, perpendicular to the plane of the current, is due

top.

c
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Fig. 3.15: Transmission line pattern on isolated semiconductor (top); and the
TLM method for measuring the contact resistance.

R —2R, +R, - 3.26
W

where RC is the contact resistance of the semiconductor. A plot of Ri Versus Ii will

yield a straight line as shown in Fig. 3.6(b). The slope of this line gives the value of

Rsh/W and the intercept with the R-axis gives the value of 2RC. The intercept with I-

axis, called LX is related to the transfer length LT as:

_2RW _

LX
Rsh

2L, 3.27
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If the contact length, d is much greater than the transfer length, LT, (d >> LT) the
effective contact area is approximately WLT instead of Wd. Thus, the specific contact

resistivity, from the above expression becomes:

(RW)*
Rsh

p, =RWL, =R, L2 ~ 3.28

Since in practice p_can be measured for semiconductors then the contact resistance
can be calculated. It is to be noted that the value of RC is independent of the contact

length t only depends on its width i.e. only on the dimension perpendicular to the

current flow.

3.3.2.1 Experimental Setup

For the TLM measurements, a probe station with optical microscope arrangement
was used to place the samples and HP4140B measurement system was used to

acquire the I-V data.
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3.4 Low-frequency Noise Characterization

In this thesis, a significant part deals with the low-frequency noise and its
applications. Noise is not a very commonly used technique. In this section, this topic

is introduced in brief and at a fundamental level.

3.4.1 Noise: Relevance in Semiconductor Characterization

In general, random fluctuations in any measurement are termed as noise. In an
electronic device, a random spontaneous perturbation of a deterministic electrical
signal, inherent to the physics of the device, is known as electrical noise. In context
of this thesis, noise refers mainly to the low-frequency electrical noise associated
with materials and device characterization. Hence, theories and models relevant to
these noise features are briefly discussed.

For a long time, fluctuation phenomena in semiconductor materials and
devices were considered only as a limitation to sensitivity and performance of
devices. Therefore, all early investigations in this field were application-driven.
They were directed towards understanding the origin of fluctuation to be able to
reduce the noise level and increase sensitivity and stability of devices. From the
initial studies, following important facts were discovered that attracted the interest in
this topic:

1. Reduction of noise level increases the sensitivity or the performance of a device.
2. Noise generation process was found to be highly sensitive to particular physical
features of a given device even if these features are not detectable by other

means.
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From the first observation, it was understood that origin of low-frequency noise is
somehow related to few basic physical mechanisms governing device operation.
Hence, noise investigations can provide valuable information about the different
physical processes occurring in semiconductor materials and devices. In addition,
from the second observation it became clear that noise study may serve as a very
sensitive characterization tool of the material. In that capacity, it makes possible to
obtain additional information about the semiconductor materials and structures that
are not accessible by other physical characterization techniques. So the noise can
actually be used as the signal to evaluate and get insight in the properties of a
particular system®. As the noise is a random phenomenon, statistical analysis is
required in order to extract any useful information. In the next section, the statistical

foundation of noise is introduced.

3.4.2 Statistical Definitions and Formulations

Noise refers to the fluctuations in an observed signal. Most generally it is the voltage
or current in the device. Without sticking to the particulars of a signal, consider an
arbitrary signal variable ‘x’, which shows random variations in time. Few key terms

used in the noise formulation are then defined as follows.

3.4.2.1 Autocorrelation Function

In order to facilitate theoretical analysis of noise, memory of a stochastic process is

reflected in the formulation of autocorrelation function defined as,
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) 1 r/2
@, () = (x(2)x(t +7)) = lim— jx(r)x(t+r)dr, 3.29
-T2
where, the brackets denote ensemble average. The ensemble formalises the notion an
experimentalist repeating an experiment again and again under the same
macroscopic conditions, but unable to control the microscopic details, may expect to
observe a range of different outcomes. As far as the assumption of ergodicity holds

(i.e. till a time average gives complete representation of the full ensemble), the

ensemble average is replaced by time average.

3.4.2.2 Power Spectral Density

An important statistical function associated with such random variable is defined as
the power spectral density, Sx (f), that represent the average power per bandwidth for

Xt, Where Xt is the Fourier transform of the variable x (t),

X(t)...-T'/2<t<T/2,
X (t) = i 3.30
0. otherwise.
The power spectral density is then defined as,
21X, (F)°
S, = |imM . 3.31

>

3.4.2.3 Wiener-Kintchine theorem

The above two important terms used in noise theory, power spectral density and
auto-correlation function, are related through the Wiener-Kintchine theorem, given

as:
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sx(f)=2jcpx(t)ei2”“dt. 3.32
When restricting the frequency to positive values, the above expression becomes,

Sy (f) =2, (1)e*"dt = 4] @, (t) cos(2Aft)dt 3.33
—© 0

3.4.3 Classification of Noise

Based on the spectrum shape and origin noise can be broadly classified in four types

as listed in Table-1 below. Brief information about the related theories is provided.

Table-3.1: Noise Classification.

Name Origin Power Spectrum

Thermal Noise | Thermal agitation of charge carriers | white

Shot Noise Randomly generated charge carriers | white
G-R noise Capture-emission of charge carriers | f./(f;°+f?)
Flicker Noise Controversial 1/t

3.4.4 Thermal Noise

Atoms, in any object (and hence in a conducting device), vibrate at all non-zero
temperatures and so does the lattice. Consider an ohmic device at a temperature T.
Charge carriers inside the conductor collide with lattice vibrations called phonons,
causing Brownian motion with a kinetic energy proportional to T. This yields open

circuit voltage fluctuations with zero average value, but a nonzero rms value as
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given by,

| 4hfBR
V, == 3.34
n el /AT 1

where v, is the rms value in Volts, h is Planck’s constant (6.63 x10-** ) in Joule
second, k is Boltzmann’s constant (1.38 x10%) in Joule/K, B is the bandwidth of the
system in Hz, f is the center frequency of the band in Hz and R is the resistance in

Ohms. At low frequencies using the Rayleigh-Jeans approximation, and considering
only the first two terms of a series expansion of the exponential, e"'*" —1~ hf /KT ,
and then converting to the voltage power spectral density, S, , is given as,

S, =V2 /B =4kTR. 3.35

As clear from this equation, thermal noise has a white spectrum.

3.4.5 Shot Noise

The current flowing across a potential barrier, like in a pn-junction, is not continuous
due to the discrete nature of the electronic charge. The current across a barrier is
given by the number of carriers, each carrying the charge g, flowing through the
barrier during a period of time. A shot noise current is generated when the electrons

cross the barrier independently and at random. The current fluctuates with a PSD [99]

S = 2q 3.36

3.4.6 Generation-Recombination Noise

The generation-recombination (GR) noise arises due to the trapping-detrapping

processes of carriers by localized states, mostly among energy states, mostly
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between an energy band and a discrete energy level (trap) in the bandgap. A
trapping-detrapping process results either in excess of carriers by ‘generation’ or in
reduction of carriers by ’recombination’. This results in the fluctuation in the
number of carriers from an equilibrium value. The process can be modeled as
follows. Suppose there are N number of carriers at equilibrium in a semiconductor.
If a GR process results in fluctuation AN at any time t, the perturbation dAN is
given by,

N _ o, s

dt ¢
where 7 is the characteristic time of carrier recombination. In different physical
systems and ¢ is further modeled according to the fundamental details of that
system.
Suppose there is a two-terminal resistive sample that is made of such a
semiconductor. If the resistance of the sample is R and the bias voltage applied

across the terminals is V , noise power arising from the GR process is given by,

s, S, S, (AN°) 4
N ;. 3.38
R VZ N?Z  NZ 1+(247)

where S, S, , and S, are power spectrum density of resistance, voltage and

number of carriers respectively and f is the observation frequency.
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Fig. 3.16: A Lorentzian Noise Spectra.

When this concept is applied to a semiconductor sample having a two dimensional
conduction channel in which the number fluctuation results in fluctuation in device
resistance, the voltage noise power spectral density, Sy(f), resulting from trapping

and detrapping process of carriers by defect states is given by,

S, (f)=41%(AR) .[“' (x,y,E dxdydE 3.39

where | is the dc current bias applied to the device, AR is the resistance fluctuation
caused by the capture or emission of a single electron by a defect, N, is the two-
dimensional defect density per unit energy and 7 is the fluctuation time. The spectra
resulting from the above expression is a Lorentzian® as shown in Fig. 3.16, if the
traps are concentrated in one single energy level. A Lorentzian power spectrum

shows almost a constant value before a corner frequency and rolls down as 1/ f?2

after that.
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3.4.7 Flicker (1/f) Noise

The 1/f noise, also called flicker noise, refers to a spectrum that shows a power
spectral density proportional to the 1/f”. When y = 1, it is called strictly 1/f noise. It

has been known as a fundamental?’

noise which is intrinsic to the different systems.
It has been found in different kinds of materials and systems including
semiconductor materials and devices, metals, biological systems, music etc.
Interestingly, it has apparent lack of cutoff frequency. These peculiar aspects make it
one of the most interesting physical phenomena. Origin of flicker noise has been
highly debated in literature. One of the very few common agreements about the
origin of the flicker noise is that it results from of the conductivity (o) fluctuation.
As the o depends on both the mobility («) and the number of carriers (N), there are
two school of thoughts regarding the origin of flicker noise. One of those is the

mobility fluctuation model, and the other is the number fluctuation model. Both are

briefed in the following sections.

3.4.7.1 Mobility Fluctuation Models

3.4.7.1.1 Hooge’s Model

The basic concept behind the Hooge’s empirical model is that carrier scattering by
lattice vibrations cause fluctuations in mobility of the charge careers. Such mobility
fluctuations in turn result in conductance fluctuations and give rise to flicker
noise®®?. As the carrier mobility in the bulk of the material is assumed to fluctuate

and cause the observed conductivity fluctuations, hence it is a bulk effect. Hooge*

94



gave an empirical relation for 1/f noise. The relation is based on homogenous

samples of semiconductors or metals and given as,

Sv(f)_Sl(f):a_H 3.40

V2 | 2 N’

where N is the total number of electrons in the sample and «,, is a dimensionless
constant, known as “Hooge parameter’.

Initially when the Hooge relation was proposed, the parameter «,, was

considered a universal constant with a value of 2 x10°3. Later, a number of studies
resulted in following observations which made this relation questionable.

1. «, is not a universal constant, and A number of semiconductor samples
reflect &, having a range of values® 107 < ¢, <107

2. Studies on devices such as MOSFETSs gave extensive evidence for a surface
effect, as opposed to bulk effect
3. Typical time scales of phonon scattering are of the order of picoseconds. The
time scale is incompatible with the fact that flicker noise spectrum extends to
frequencies as low as 10° Hz.
4. Spectral slopes often deviates form -1 (-0.8 <y <-1.4)
All these findings limited the validity of Hooge’s relation and the parameter. Later it
was stressed that the above equation is an empirical relation and that the only
theoretical idea behind it, is that whatever carriers do to produce 1/f noise, they do it
independently. Even though the relation has been questioned, it has been remaining

in extensive use in literature. It turned out that the value of ¢, is very sensitive to
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material quality and processing techniques, and hence it can be used as a measure of

the quality and relative noise level of materials and devices.

3.4.7.1.2 Handel’s Model

An attempt to give physical meaning to the Hooge parameter was the formulation of
guantum mechanics based flicker noise theories. These theories are inline with the
mobility fluctuation but consider different causes and mechanisms. One such
mechanism*? was proposed by Handel. He considered interaction of scattered charge
with the electromagnetic field, which in turn modulates the scattering process.
Unlike defect related noise, such interactions are fundamental in nature and can not
be avoided with improvement in technology. The model predicts that inclusion of

inter-valley scattering processes give rise to «,, ~10°-107, otherwise o, ~10°-10°
8 So, it fails to explain larger a,, values. Hence, Handel further proposed a different

quantum process ** | which was ‘coherent state quantum 1/f fluctuations’.

Calculations based on this model («,, ~ 4.65 x10®%) are quite close to the higher

reported values. Handel’s models are also limited to systems which exhibit strictly

1/f spectrum.

3.4.7.2 Number Fluctuation Models

Several competing models based on carrier number fluctuation have been proposed

to explain the flicker noise. Two widely used models are discussed here.
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3.4.7.2.1 McWhorter’s Model

McWhorter proposed® that, flicker noise in MOS systems originate from number
fluctuations caused by carrier trapping by localized states in the oxide. Process of
random capture and emission of carriers results in fluctuations in the charged state of
an oxide trap. Such fluctuations modulate the local Fermi level at the semiconductor
surface. Modulation of local Fermi level then causes fluctuations in the number of
mobile carriers. Oxide traps are spatially separated from the carriers and the
trapping-detrapping takes place via ‘tunneling” mechanism. The power spectrum for

fluctuations in the trap occupancy in an elemental volume AQ = AXAyAz is given

by35,

T
SAN(f):4NT (E,Z)AQfT (1— f-l—)m, 3.41

where N; (E, z) is the density of traps in cm®eV?, and
r=7,exp(z,) 3.42
z, is the distance separation of localized state in oxide from the interface and A is

the WKB parameter. The Fermi factor f;(1- f;) as a function of trap energy E
peaks sharply at E = E. . Therefore, only traps with energies within a few kT from
the Fermi level contribute to number fluctuation. Applying this model for a device
with a finite resistance R, and having a total volume Q, which is voltage biased,

following expression can be derived.

S, (f)=4N.OQ(Al )?R2f. (1—f.)— - 3.43
(1) = AN QALY R, (- )y
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3.44
where Alg is the current fluctuation due to the capture of a single carrier, fr is the
fraction of filled traps.

Though McWhorter’s model was quite successful, Surya et. al. found that the
model can not adequately explain the experimental data®, in particular the strong
temperature dependence of the 1/f slope i.e. y. The data could be accounted for if the
trap kinetics were governed by thermally activated processes, instead by tunneling
processes. It is shown that the distribution of the trap density at z, strongly affects
the functional form of the noise power spectral density of the 1/ f” noise. If

oN;/oz|,., =0 then y = 1, however, if oN./oz|,_, <O then y > 1 and if

oN, /oz|,_,,>0 then y < 1.

Superposition of
GR noise spectrum

Log SN

1d 10 10° 10° 10 10
Frequency(HZ)

Fig. 3.17: 1/f spectra as superposition®’ of Lorentzians.
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3.4.7.2.2 Thermal Activation Model

Flicker noise has been shown to be resulting from the superposition of Lorentzian
spectra of thermally activated processes®. As shown in Fig. 3.17, superposition of a
number of Lorentzians characterized by different z will result in a 1/f spectrum. The

required distribution of r was shown to result from a distribution of E_, ie. a

distribution of trap states with different activation energies.
Applying this model to a 2DEG conduction channel, the thermal activation
model stipulates that the trapping and detrapping process is thermally activated in

which 7 is given by

T=1, exp( Eﬁj , 3.45

where E_ is the activation energy for the capture and emission of the carriers, T is
the absolute temperature and z, is the inverse phonon frequency. In this case, the

voltage noise power spectral density, Sy(f), is given by

Vs’ T
S, (f)=4 o [ UE Ny - OxdydE, 3.46

where N is the total number of electrons in the two-dimensional electron gas (2DEG),
Vps IS the dc voltage across the 2DEG channel, Nt is the two-dimensional defect
density and z is the fluctuation time constant. The Lorentzian described by above
equation is a sharply peaked function of the activation energy at

E, =—kT In(wr,). 3.47

p
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Thus, y = 1 for oN; /OE|c_¢ =0, y > 1 for oN; /OE|c_¢ <0 and y < 1 for

ON; /0B | > 0.

3.4.8 Difference between Tunneling and Thermal Activation Models

The main difference between the tunneling mechanism and the thermal
activation mechanism lies in the temperature dependence of the noise. In contrast to
the tunneling model, above equations governing thermal activation process indicate
that traps at different energy levels are being activated as the device temperature is
varied. This implies that there is a possibility of strong temperature dependence for
y iIf Nt(E) varies with energy E. On the other hand, the tunneling model, stipulates
that as the temperature is varied essentially the same group of traps is responsible for
the observed noise. This is because the WKB parameter is basically independent of
the device temperature. Hence, if the noise is correctly described by the tunneling
model then one would expect little change in the value of y with temperature.
Previous experiments performed on GaN-based devices clearly indicate systematic
variation of y with the device temperature. The results clearly show that a thermally
activated trapping and detrapping process underlies the flicker noise in GaN devices.

According to the thermal activation model, trap density can be estimated by*®

3.48
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3.4.9 Experimental Setup for Noise Measurements

Measurement of noise is a complex task as the signal to be measured is very weak
(down to ~1 pA). A DC bias current is usually present as well as disturbances from
electronic equipments, which makes the task more complicated. The measurement
setup must be designed carefully with appropriate shielding and preferably using
batteries as power sources to avoid disturbances to be injected in the circuits.
Schematic diagram of a typical low-frequency noise measurement setup used for the
investigations is shown in Fig. 3.18. Circuit representation of the setup is shown in
Fig. 3.19. In a noise measurement experiment, ‘voltage fluctuations’ across two
terminals of a conducting channel are amplified by a low-noise preamplifier and fed
to a signal analyzer. Signal analyzer presents those time domain input fluctuations in
the form of ‘noise power spectra’. In this thesis such power spectra of the open

circuit voltage fluctuations were used for analysis.
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Fig. 3.19: Circuit representation of a typical noise measurement setup.
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The complete noise measurement setup is configured in a noise shielded room. Such
a shielded room helps in avoiding influence of the extraneous noise sources, such as
electrical transmission lines. The experimental setup consists of following typical
components:

1. Device Under Test (DUT)- that is the test device itself.

2. A Bias Box- contains a biasing circuitry designed to facilitate current bias for
a particular test device. A series resistance is used that is at least 30 times
larger in ohmic resistance than the test device. Standard lead-acid batteries
are used to construct the voltage source. All noise-passive sources, like lead-
acid cells, metal-film resistors were used to construct a noise free bias source.

3. Low Noise Preamplifier (LNA)- is used to amplify the signals across the
device terminals, typically with a gain factor of 10000. PAR-113 was used
for this purpose.

4. Dynamic Signal Analyze- is used to analyze the amplified signals from LNA.
For this work, HP3561A was used. The basic operating principle of the
analyzer is to collect the signal time data, digitize it and make a conversion
to the frequency domain by discrete fast Fourier transformation (FFT). The
analyzer presents (among other options) the power spectral density of the
voltage noise at the analyzer input in VV¥/Hz, averaged from at least 500
sweeps according to user settings.

The above constitutes the basic noise measurement setup, however, for low-

temperature measurements two more components are required.
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5. Cryostat- is used to facilitate a cryogenic environment to the test device,
when the device is placed inside a cryostat. In our experiments an exchange
gas cryostat or a continuous flow cryostat was used. Liquid Nitrogen was
used as the cryogen.

6. Temperature Controller- is used to facilitate thermal equilibrium to the test
device at a desired cryogenic temperature. Lakeshore 91C temperature
controller was used for the experiments.

The measurements are usually performed in the frequency domain by measuring the
power spectral density with a spectrum analyzer. The low-frequency noise in a
device is sensitive to the device technology, especially the presence of traps, defects
and crystal damage. Therefore, important information about reliability and sensitive
areas for the current transport can be attained from noise studies. As per the need of
a designed experiment, specific details are provided in the next chapter at

appropriate places.

3.5 Epifluorescence Microscopy

Epifluorescence microscopy was used for the optical inspection of human osteoblast
cells which were used for the biosensor investigation. Basic information about this
technique is provided in this section. In a normal bright field microscope, light
passes through a thin specimen on a glass slide and is viewed through the eye piece.
Fluorescence microscopy® differs from in that the visible light in the microscope
eyepieces is not the original light emitted by the light source. The light seen is

actually the light that has fluoresced from the fluorescing microscope specimen. A
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high intensity light source is used. This light is passed through a dichroic filter cube
containing a fluorescence bandpass excitation filter. Only specific wavelengths of
light are allowed to pass and reach the fluorescence specimen. After the incident
filtered light reaches the specimen, it is no longer used, and any amount reflecting
back into the microscope objective to the dichroic filter is filtered out by the
emission filter. The specimen fluoresces and it is this fluorescing light that passes
back through the fluorescence emission filter and goes to the microscope eyepieces
to provide a fluorescence image of the specimen. Confocal*® microscope is a specific
application of epifluorescence microscopy, widely used for fluorescence imaging of
biological samples. A major application of confocal microscopy involves imaging
either fixed or living cells and tissues that have usually been labeled with one or
more fluorescent probes. Confocal microscopy offers several advantages over
conventional optical microscopy, including shallow depth of field, elimination of
out-of-focus glare, and the ability to collect serial optical sections from thick
specimens. When fluorescent specimens are imaged using a conventional widefield
optical microscope, secondary fluorescence emitted by the specimen that appears
away from the region of interest often interferes with the resolution of those features
that are in focus. This situation is especially problematic for specimens having a
thickness greater than about two micrometers. The confocal imaging approach
provides a marginal improvement in both axial and lateral resolution, but it is the
ability of the instrument to exclude from the image the out-of focus flare that occurs
in thick fluorescently labeled specimens. Resolution in the laser scanning confocal

microscope is somewhat better than in the conventional widefield optical
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microscope. The illumination is achieved by scanning one or more focused beams of
light, usually from a laser, across the specimen. The images produced by scanning
the specimen in this way are called optical sections. This terminology refers to the
noninvasive method by which the instrument collects images, using focused light
rather than physical means to section the specimen. In order to build an image using
the confocal principle, the focused spot of light must be scanned across the specimen.
Movement of the specimen can cause wobble and distortion, resulting in a loss of
resolution in the image. The final resolution achieved by the instrument is governed
by the wavelength of light, the objective lens, and the properties of the specimen
itself. The dyes are used to add contrast to specimens. The image is serially built up
from the output of a photomultiplier tube or captured using a digital camera
incorporating a charge-coupled device, directly processed in a computer imaging
system, displayed on a high-resolution video monitor. For the present work,
propidium iodide dye that give red fluorescence, was used for color contrast and
Nikon’s Eclipse-TS100, and Eclipse-FN1 microscopes were used for the visual

inspection of the cultured cells.

3.6 Cell Culture

Cell culture is a process used for growing biological cells in controlled conditions.
The controlled condition implies that cells are grown and maintained at a particular
temperature and gas mixture (typically, 37 C and 5% carbon dioxide) in a cell

incubator. Incubator is the instrument that facilitates a controlled environment to the
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cells and maintains appropriate levels of humidity, gasses and temperature.
Humidity is maintained above 95% and a significant amount of carbon dioxide helps
keep a slightly acidic pH. In addition to growth environment, the most commonly
varied factor in culture systems is the growth medium. Medium is a biochemical
solution, in which cells are kept and this medium acts as a means to supply the
nutrients to cell for their growth. It also provides protection against viruses. Cells
generally continue to divide in process of culture. They divide and grow in number
to fill the available area or volume. For this work, HERA Cell 150 incubator was
used in which, a growth temperature of 37 C and 5% carbon dioxide was maintained.
Human osteoblast-like cells from saos-2 cell line (ATCC, USA) were used for the

experiments and standard McCoy’s 5A medium was used as for the cell culture.
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CHAPTER 4
RESULTS AND DISCUSSIONS

Part I - Degradation Monitoring In AlGaN/GaN

Heterostructures Based Recessed-Gate HEMTs.

To achieve better performance in GaN-based HEMTs, gate-recessing is used to
provide improvements in the transconductance of the devices. The technique is also
used to reduce source resistance, which is particularly beneficial for high frequency
applications. Reactive ion etching is typically used for the formation of gate recesses.
The process involves the use of energetic ions and may cause physical damages to
the material in the recessed regions. This will strongly affect the integrity and the
lifetimes of the devices. Influence of recess induced damage on the life time of
devices can be studied using hot-electron stressing.’ Previous studies of hot-electron
injection in Si-MOSFETs showed that the process leads to the degradation in the
drain current (/p) and transconductance of the device. Low-frequency noise
characterizations indicated that the degradations in the device characteristics
originate from the generation of traps at the Si-SiO; interface. Experimental studies
of hot-electron injection in GaN-based HEMTs exhibited a more complicated
behavior. Results by Sahoo' et al. indicated significant degradations in the drain
current, Ip, and the transconductance of GaN-HEMTs when the devices were
subjected to high-voltage stress over short stress time (f5) of approximately 60
seconds. However, upon further stressing for a period up to about one hour, partial

recovery in the device characteristics was observed. The physical mechanism
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underlying this behavior is still a point of contention. It is important to establish the
detailed mechanism for the degradation of GaN-HEMTs and the effects on device
reliability due to the recess formation process, in order to fully understand the
behavior and limitations of the device under high power operations?,

Prior to this work, no study has been reported to investigate the effects of gate
recess formation on reliability of the GaN-based devices. In this part, detailed
investigations were performed to examine the physical mechanisms underlying the
low-frequency fluctuations. Degradation of noise properties caused by high dc
voltage bias stress applied across the conduction channel was monitored with stress
time £5. Studies on the effects of gate-recess formation on the electronic properties of
the HEMTs are also presented. An important aspect of the study is on the
characterizations of the low-frequency excess noise. It is an important figure-of-
merit of the device and is shown to be an effective tool*” for monitoring the integrity

of the semiconductor devices.

4.1.1 Investigation Objectives

To address the reliability concerns of GaN HEMTs, investigation objectives were
broadly identified as follows:

@) Influence of recess on devicé noise performance

(ii)  influence of recess on device life time

(iif)  Influence of bias-stress on the stability of device properties

(iv)  Physical mechanism underlying the low-frequency noise in GaN HEMTs
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4.1.2 Methodology

An appropriate investigation methodology was adopted based on following

considerations:

4.1.2.1 Variation in Device Type

To compare the effect of recess, both recessed and unrecessed devices should be on
the same AlGaN/GaN heterostructure. Same epilayer scheme of heterostructures and
processing them in one batch ensures the least influence of material and process
induced variations. Two to three variations of recess depth (d,) would be fare to
make better conclusions. HEMT devices with different recess depths and with no

recess were fabricated on the same heterostructure films in the same batch process.

4.1.2.2 Characterization Method

A consistent scheme of characterization is required to probe the differences in
various HEMT structures. This characterization method must not influence the
device properties during characterization at any point of time. Else, the results will
appear which will be difficult to make strong conclusions. Usually, electrical
characterization is used to study the reliability and degradation in the device
community. However, it has repeatedly been observed that even the simplest
characterization like I-V ‘disturbs’ the devices temporarily for prolonged durations.
As the GaN-based structures are highly defect sensitive, the influence of effects
produced by electrical characterization techniques could be strong enough to
compete with the intrinsic effects which are characteristic of the material or

structural changes under observation.
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4.1.2.3 Stress Method

A unique means to disturb the devices from their present physical details is required.
For simplicity one such measure could be bias stress to the device. If the bias stress
is to be used for such purpose, it could be questionable to choose the electrical
characterization to probe the intrinsic effects induced by the stress.

There are two types of bias stresses: stressing at constant current (current-
bias) and stressing at constant voltage (voltage-bias). To keep consistency and
simplicity of the overall characterization scheme, voltage bias is a better choice in
case of the studied devices. This is explained further. If the constant current is
chosen for stressing, different devices with different recess and with different current
capabilities will actually be stressed unequally. Even the same device will be
unequally stressed with aging, thus making it difficult to interpret the complete set of
data. Alternatively, using a unique constant voltage stress for all devices will allow
comparable electric fields with comparable distribution along the conduction
channel. This is because the devices have same gate-length and width. They vary
only in recess depth.

To choose an appropriate value of the voltage bias stress, a suitable criterion
can be: a bias that is two times of the knee voltage at zero gate bias. As the knee
voltage for all the devices are comparable and close enough, this criterion nicely fits
with the above stated scheme. A moderately large bias will also ensure the
degradation monitoring at a slower pace. This will help in recording those stress

effects which occur in the early phases and disappears later.
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Keeping the above discussion in mind use of bias-stress as a disturbing-tool,
and low-frequency noise as a probing tool is adopted. As the noise experiments are
performed at a very small bias, it is unlikely that devices will be affected electrically.
As the noise is a characteristic quality of the device, influence of bias stress on
material structure can be unambiguously detected and interpreted by noise
investigations. In addition, as the noise properties are strongly influenced by the
material quality, it is one of the best nondestructive tools to characterize the material
related influences of recess and stressing of the devices. Thus, a characterization-

stress-characterization cycle was used to monitor the long term degradation process.

4.1.3 Device Fabrication

GaN-based HEMTs were fabricated using MOCVD-grown AlGaN/GaN
heterostructures on sapphire substrates. A 1.5 pm thick semi-insulating GaN layer
was grown on top of a 50 nm thick low-temperature GaN buffer layer. This was
followed by the growth of a 30 nm thick AlGaN layer, consisting of a 15 nm Si-
doped layer and a 15 nm thick spacer layer. A GaN cap layer of thickness around
2.5 nm was deposited on top of the AlGaN layer. Schematic cross-sectional diagram
of the epilayer design used for the device is shown in Fig. 4.1. The gate recess was
created by reactive ion etching (RIE) process with a mixture of Argon and Freon at
100 V dc bias and 70 W HF power. Gate length of the devices was 2 pm. Devices
have a typical width of 100 um, as used for characterization, though some devices
with different widths in the range 50 um — 300 um were also fabricated. Devices
with different d, were fabricated by reactive ion etching as listed here: Device A — 6

nm; Device B — 12 nm; Device C — 18 nm; and Device D — 0 nm (control device).
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Ohmic contacts to the source and the drain regions were accomplished by deposition
of Ti/Al/Au (20/120/200 nm) pads in an e-beam chamber, followed by annealing at

870°C for 45 seconds in a rapid thermal annealler. Schottky contacts in the gate

regions were formed by deposition of Ni/Au (100/150 nm) double layer by e-beam
evaporation at the base pressure of ~ 10 mbar. The fabrication process did not

incorporate any surface passivation.

Source Gate Drain
TUAVTY/ Ni/Al

GaN cap layer ;,
AlGaN:Si 5

AlGaN (spacer layer)
S.I. GaN on Sapphire Substrate

Fig. 4.1: Schematic cross-sections of the recessed gate AIGaN/GaN HEMTs.

4.1.3.2 Chip and Device lay-out

SEM image of the lay-out of a HEMT chip after complete fabrication process is
shown in Fig. 4.2. HEMT devices with different gate width are visible. TLM
patterns are seen in the region between two different groups of HEMTs. SEM image
of a HEMT transistor is shown in Fig. 4.3. The HEMT device has a ‘[’ gate

geometry that is visible in the layout.
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Fig. 4.2: SEM image of a HEMT chip.
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Fig. 4.3: SEM image of a recessed HEMT device.

116



-

4.1.3.3 Electrical interface with Devices

A very limited interaction with the device is possible using contact probes. For the
desired experiments devices are required to be subjected to different set of
instruments, frequently. So, a reliable electrical interface with the device is required
that lasts till the end of experiments. Such an interface method must not affect the
noise measurements and should be easy to handle with reliable contact at room and
cryogenic temperatures. Considering all these factors, it was decided to use the
devices placed on ceramic packages. Electrical contacts of devices were
ultrasonically wire bonded with a 1-mil Aluminium wire that connects them to the

external contact pins on the package, as shown in Fig. 4.4.

Fig. 4.4: A chip containing HEMT devices bonded on a 24-pin DUI ceramic

package.
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4.1.4 Experimental Setup and Characterization Process

The transistor characteristics of the devices were measured with a Keithley Model-
251 measurement system. All-passive sources were used for device biasing to
minimize the system noise. For the noise experiments, the current source is
constructed using a lead acid battery connected in series with a metal film resistor
which is at least 30 times as large as the channel resistance. A large series resistance
ensures a constant current through the device even in the presence of a small
fluctuation in the device resistance. The fundamental trapping and detrapping
process in the channel regions leads to the fluctuation in the conductance of the
2DEG. Hence, the application of a constant current through the 2DEG will produce
a corresponding fluctuating voltage across the drain source region. These fluctuation
signals were amplified using a PAR 113 low-noise preamplifier and Sy (f) was
measured using an HP3561A dynamic signal analyser. For low-temperature
measurements the devices were placed inside a continuous-flow cryostat using liquid
nitrogen as the cryogen. The temperature variation of the device was kept within
+0.3 K over the duration of the experiments using a Lakeshore 91C temperature
controller equipped with a Si diode temperature sensor.

At first, initial dc and room temperature noise characteristics of all types of
devices were recorded to study the general variation in noise characteristics with
recess depth. Temperature dependence of noise in HEMT devices before (when it is
virgin) and after the final stress experiments was recorded. As stated earlier, a
characterize-stress-characterize cycle was used to induce and monitor the

degradation. Bias stress was stopped when at least two orders of magnitude increase
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in the noise power was observed after a number of stress cycles. Low-temperature
noise characterization was then again performed. In addition, a different set of low-
temperature noise experiments were performed only at liquid nitrogen temperature

to investigate the percolation mechanism as detail further in a later section.

4.1.4.1 Stress Bias condition

The devices were subjected to dc voltage stressing at ¥ =10V and V5 = QV.

4.1.4.2 Noise Bias condition

For the room-temperature noise measurements, the conduction channels were
current biased at Vp = 0.22V with V5= — 1.5V. At this bias, devices are set to
operate in the linear regime and current flow under such condition is small enough
so the devices are essentially in thermal equilibrium. This condition enables a very
stable and reliable acquisition of noise data without affecting the electrical or
material condition of the device. The series resistance of the current source was set

at about 30 times that of the channel resistances of the devices.

4.1.4.3 Background Noise

Before initiating the detailed room temperature and low-temperature noise
investigation, background noise of the measurement system was recorded. Noise
background was measured by replacing the device with a 100 Q metal film resistor,
and is shown in Fig. 4.5. From the figure, we find that background noise is

essentially white noise with a power magnitude of ~10"'® V¥/Hz.
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Fig. 4.5: Background noise of the measurement system.

4.1.5 Effect of

About 10 devices of each type were subjected to room-temperature noise
characterization to see the influence of recess depth. It was found that the noise
power magnitude observed for any particular device type show variations. Noise

power spectra which refer to the maximum and minimum power magnitude for each

Gate Recess on Noise Properties

device type are shown in Fig. 4.6.
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Fig. 4.6: Noise power spectra of devices with different d,.

A general observation from the above results is that all devices, irrespective of their
recess depth, show almost 1/f dependence for Si{f). It is evident that the control
devices (device D) show the lowest noise levels while the device C, show highest
value for Si{f). This is not unexpected, as the device C supposedly has the largest
recess etching, resulting in highest defect density under the gate which will
effectively influence the channel noise. A clearer observation of the influence of
recess on Si{f) is noticed when the noise power, at a fixed frequency, is plotted
against d,. Maximum (Symax) and minimum (Symin) magnitude of Sy, observed for a

particular device type, are plotted against d,, as shown in Fig. 4.7.
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Fig. 4.7: Dependence of Sy on d, as observed at f= 10 Hz, for the maximum and

minimum value of Sy.

From the graph, it is noted that:
1) There is about an order of magnitude variation in Sy for any particular
device type
2) This variation is comparably smaller for device D
3) A large increase in Sy is seen with d, when it undergoes transition from d,
=0nmtod,=6nm
A variation in the noise spectral density for a particular device can be the result of

intrinsic variation in material properties within the same chip area. Such a variation
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would be statistically similar for any device type, as noted. Observations suggest that
a large number of defects are created when a recess is formed as reflected in a rapid
transition from non recess to recess structures. As the noise power is typically
proportional to the defect density, it is suggested that defects induced by the etching
process depends very strongly on the magnitude of etch depth. In first inspection,
this has faster than exponential dependence. When the data points corresponding to
recessed devices are extrapolated smoothly over the vertical axis, it is predicted that
the noise level corresponding to a hypothetical zero recess will be more than half an
order higher, in comparison to the experimental data for device D. A large difference
in predicted and real magnitude of noise power for an unrecessed device indicates
that even if a few monolayers are etched under the gate, considerable generation of
defects will take place that will strongly influence the noise and electrical

characteristics of the devices.

4.1.6 Degradation Monitoring in a Recessed HEMT device

After acquiring a general idea of the typical noise properties of the different devices,
stress experiments were then performed to study the stress induced device
degradation effects. In this section, degradation monitoring in Device-A is presented.
Later, results on other devices shall also be discussed to build up on the knowledge
gained in this process. To start the monitoring process, first, dc characterization was
performed. Typical /-V characteristics of a virgin HEMT device for Vgs=0V to Vgs

= -4 V with a step of -0.5 V, and Transfer characteristics at Vps =5 V, are shown in

Fig. 4.8.
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Saturation drain current, Ipgs, of this device is about 16 mA at Ves =0 V.
Transfer characteristics are presented for Vps =5 V. The graph indicates that pinch
off occurs at a threshold gate voltage, Vm, ~ -2.75 V but the device does not show a
hard pinch off and a considerable leakage current is seen. The maximum value of the
transconductance measured at Vgs = 0 V Gigmas is about 130 ms/mm. After dc
characterization, systematic characterizations of S){f) across the conduction channels
were performed to monitor the degradation of the device properties with stress time.
After every stress session, devices were relaxed for 10 minutes before they were
subjected to characterization. The cycle was repeated until the observation of about
two orders of magnitude increase in Si{f). In the first phase, fluctuations in the noise
power spectra, about a relatively constant value, are observed. This phase lasts for
about 175 hours. In the second phase, rapid degradation in the Si{f) of the devices is
observed. The degradation observed in this phase is irreversible and is accompanied

by the general breakdown of the device characteristics.
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Fig. 4.8: Typical I-V characteristics (top) of a virgin Device A (for Vgs=0V to

Ves = -4 V with a step of -0.5 V, and Transfer characteristics (bottom) of the

device at Vpg=5 V.
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Fig. 4.9: Experimental Si(f) recorded at ¥ps=0.22 V and Vgs=-15V, plotted

as a function of stress time, ts, for Device A (d, = 6 nm).

4.1.7 Degradation Dependence on Recess Depth

It was found that lifetime of an individual device with a particular d,, vary
substantially from one to another. They all reveal the same pattern in their low-
frequency noise characteristics as a function of stress time, as shown in Fig. 4.10. It
was observed that a very sharp increase in Sy{f) occurs in Device C (d, = 18 nm)

even for a short stress duration of a few hours, after which it suffers breakdown.

126



T

This indicates a very short life time for Device C. Hence, it was not possible to get a

long duration stress profile for these devices.
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Fig. 4.10: Experimental Sy(/) recorded at Vs = 0.22 V and Vgg = -1.5 V, plotted
as a function of stress time, f5, for the devices A (solid spheres), B (solid

triangles, and D (solid squares). Solid lines represent exponential fits to the
original data points.

A short life time of these devices may result from the damage created by a deep
recess etching. In deeply etched devices remaining depth of AlGaN layer can
approach to a very narrow thickness due to uncontrollability of etching process over

ultra thin material layers. Following points can be noted from Fig. 4.10:
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1) In the initial part (0 < t5< 25) of phase-I, fluctuations in SK{) is evident
for all devices, that lasts for about 25 hours. The fluctuation is of about

an order in magnitude for any particular device;

2) For a particular device, S(f) settles down after this, and shows almost

constant and very slow variation with ¢5 until near the start of phase-II;

3) All the devices, irrespective of the recess depth, show a fast increase in

SK(f) near the beginning of phase-II;

4) An aggressive increase is seen for the recessed devices (A, B) in

comparison to the unrecessed device-D.
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4.1.8 Degradation Mechanism

Degradation observed by the bias stress may be a result of hot-electron
induced degradation. Based on a two-dimensional charge control model of HEMT,
lateral electric field at the device surface is given by following equations®:

In the low-field region,

L i ; 0<x<L; 4.1

2
I I
J(—Z‘m’ - AVK’ } - 2/1[(/1[/“, - _2;'_"_’-)111\'"1 R.\' - % Ilz)xal sz + xII).rul J

where, 4 =%;Vy =Vss =Vis
h

E(x)=

and in the high-field region,

E(x")= EcCosh(%(xv)]; Li<x'<Lg. 42

h

In the above equations, Ip,, is the saturation drain current, E, is the critical field, R,
is the dc source resistance, Lg is the gate-length, yg is the low-field mobility, dj, is the
effective thickness of the heterostructure interface, and ¢ is the dielectric constant. L,

is the effective channel length, which represents the extent of the low-field region,

given by:
v, v 2
= £ &, ———-—AR" E" +2Rx ID_\-al - ’1Vgl R.\' . 43
21,., E, 2E,

Using this model, calculated field profile under the gate of an unrecessed device
having a gate-length of 2 um when subjected to stress bias condition of Vpg = 10V

and Vgs = 0 V is plotted in Fig. 4.11. It is observed that near the drain end, lateral
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electric field is ~ 100 kV/cm and is confined in a very small dimension. Such a large
field can support the hot-electron induced phenomenon. However, influence of the

Joule-heating cannot be ignored.

6
10 F L, = 2 Hm ' Low 'Field Re;;ion ' *'lish Field Region?
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Fig. 4.11: Calculated lateral electric field along the channel under the gate of an

unrecessed HEMT device.
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Estimation of Trap Density

As a result of the degradation process, a large number of traps are generated. The
density of these traps can be estimated using the Eq. 3.48. Based on the low-
temperature noise data taken before and after the stress experiments with Device A,
trap density {N(E)} was calculated as shown in Fig. 4.12. It was found that stress
induced permanent degradation of the AIGaN/GaN interface results in several orders

of magnitude increase in trap density.
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Fig. 4.12: Computed N(E) before (open circles) and after (open triangles) the

dc voltage stress.
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4.1.9 Fluctuations in Early Phases

In order to understand the mechanism responsible for the observed fluctuations
in the noise-magnitude in the first phase, several complementary experiments were
done. In one such experiment, a device was subjected to bias stress for a very short
duration of ¢t = 1 minute, and then was annealed for about 20 minutes in an electric
furnace at 100°C in nitrogen ambient. Both the /-V characteristics and the noise data
were recorded prior to and after stress, and also after the low-temperature annealing.
Experimental I-V characteristics are shown in Fig. 4.13 for Vgs=0 V to Vgs=-2V
with -0.5 V steps. The data illustrate significant increase in Ips at ¥Vps =5 V for
different gate biases. It is interesting to note that the changes in /pg can be partially
reverted by annealing the device as shown in the figure. Similarly, substantial
increase in the room temperature S)(f) was observed in the device after stress, as
shown in Fig. 4.14. The data also show that annealing results in significant reduction
in S/(f). From the experimental data, one observes significant changes in the device
characteristics and the low-frequency noise properties, even for such short stress
duration. The increase in Ips immediately after the short stress stipulates a significant
increase in the number of positive charged centres in the AlGaN layer. This can also
result in the observed increase in Si{f) as the localized states may serve as trapping
centres leading to an increase in the trap-originated 1/f noise. The trapping centres
will be annealed during the baking process, causing a decrease in the magnitude of
trap assisted tunnelling, and hence low-frequency noise magnitude will also

decrease.
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Fig. 4.13: Experimental I-V characteristics (from Vgs =0V to -2 V, with a step
of -0.5V) of a MOCVD-grown HEMT device; before (solid line), and after
(dotted line) 1-minute voltage stress at Vps=10 V and Vs = -1.5 V. Dashed line,

represents the data measured after 20 minute baking at 100 °C.
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Fig. 4.14: Experimental Si{f) observed under above mentioned conditions.
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4.1.10 Evidence of Percolation Mechanism

To investigate the mechanism responsible for the low-frequency noise, we note that
the presence of a large quantity of positively charged centers at the AlIGaN/GaN
interface will lead to the modulation of the local surface potential at the hetero-
junction. This will result in a network of “valleys” in the free energy profile in the
2DEG. A similar system had been investigated by R.F. Voss who studied” Na*
doped MOSFETs. It was shown that Na" ions incorporated at the Si-SiO; interface
had led to similar random variations in the surface potential at the Si-SiO, interface
resulting in the formation of various percolation paths at the interface. It was shown
that when a strategically located Na® is neutralized through the capture of an electron
or being displaced from its original position, the percolation path may be
substantially altered leading to large changes in S){f). It is conceivable in our case
that the positive charge centers generated at the AlGaN/GaN interface may also give
rise to 1/f fluctuations due to the percolation of carriers.

To confirm this, we first note that the percolation path of an electron is a strong
function of the electron energy. Thus, the percolation model stipulates a strong
dependence of Si{f) on Vgs that reflects the characteristic energy distribution of the
ions. In Fig. 4.15, we present the experimental results on Sy{(f=173Hz) as a function
of Vs, measured at 79 K with ¥pg =50 mV. Lines 1 and 2 represent experimental
data measured immediately one after the other on the same device without applying
any voltage stress between the two measurements. Both sets of data illustrate

similar Vs dependence with peaks at around 350 mV and 550 mV as well as a

valley at 450 mV.
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Fig. 4.15: Experimental variations of Si{f) vs. Vs for f= 173 Hz measured at 79
K. Lines A and B are data measured consecutively, line C was measured after
10 minutes voltage stress at low-temperature and line D was measured after
temperature cycling followed by voltage stress at room temperature. All the

noise data were recorded at Vps =50 mV.

It is noted that the data are repeatable as long as the device is kept at low-
temperature, and no voltage stress applied to the device. However, if the
temperature of the device is raised, or when a voltage stress is applied to the device,
a totally different set of peaks and valleys are observed. Line 3 represents the data
obtained after subjecting the device to voltage stress at Vps = 10 V for 10 minutes,

keeping the device temperature unchanged. Experimental data represented by lines
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1,2, and 3 were obtained under continuous experimentation within a time span of no
more than 16 hours. Line 4 represents noise data obtained after the device had been
allowed to come to room temperature, stressed at ¥ps = 10 V and then brought back
~ t0 79 K for the noise measurements. The results clearly show that the peaks and
valleys are the signature of the device reflecting the detailed position/networks of the
positive ions. When subjected to voltage stress or temperature cycling, the
arrangement of the ions will be changed resulting in the variations in the Vgg
dependence of the noise. The experimental results provide strong evidence for
percolation as the underlying mechanism for the observed noise.

The percolation mechanism can also be utilized to account for the observed peaks
in S{f) for ts < 50 hours. With the application of a large Vps across the device, the
positive ions are caused to drift in the direction of the electric field towards the
source region. This process will result in the random fluctuations in the magnitudes
of S{f). The physical origin of the positive ions induced at the AlGaN/GaN
interface is not clear. It is tempting to identify them as H" for the following reasons:

1) large quantity of hydrogen is naturally incorporated during the MOCVD
growth of the I1I-nitride layers®® [20-23];

2) structure of the hydrogen network in semiconductor material can be easily
rearranged using a relatively low annealing temperature as is often observed in

hydrogenated amorphous hydrogen thin films and other semiconductor materials'®"

12
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Fig. 4.16: Experimental Si(f) of a MBE-grown HEMT device before (squares)
and after (circles) 1-minute voltage stress at ¥ps = 10 V and Vgg = -1.5 V.
Experimental I-V characteristics, before (solid line) and after (solid circles)

stress are shown in the inset.

Furthermore, it was found that MBE-grown AlGaN/GaN HEMTs do not show
any significant change in either I-¥, or noise characteristics, when the devices were
subjected to voltage stress for a short g = 1 minute. The results are shown in Fig.
4.16. Although, there will still be some hydrogen incorporated in the MBE-grown
devices due to the use of NH;, its amount will be substantially less than in their
MOCVD-grown counterparts. Work by Van de Walle and Neugebauer shows® that

H" is the stable species in n-GaN for E;- Ey> 2.5 eV. It is not clear whether H* can

137



be formed in our case or not. So, based on low-frequency noise studies alone, it is

not possible to specifically identify the physical nature of the positively charged

ions, however, available details does point to H" as a possible candidate responsible

for the observed effects. In summary, experimental findings of this work can be

listed as follows:

Creating Recess by RIE drastically influences noise and dc properties,
Deeper the recess noisier the device,

Gate-recessed devices have much shorter life times,

Deeper the recess smaller the life times,

Mobile positively charged ions are responsible for the noise behavior

observed in the early phase of bias stress effects in MOCVD HEMTs,

Noise is shown to be used as a non destructive reliability evaluation tool in

GaN technology.

In this part, HEMTs incorporating single heterostructures were studied. Stress

induced degradation in recessed and unrecessed devices were investigated. In the

next part, study on HEMTs incorporating double-heterostructure is presented.
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Part II - Noise Properties of AlGaN/GaN/AlGaN/GaN Dual

Heterostructure HEMTs

In a transistor, dual channel structure facilitates enhancement of drain current
density and allows additional freedom of modulating gain linearity'>. Hence, there
had been lot of efforts to develop dual channel structures with GaAs'* and InP"
based materials. However, there is a common issue with these materials for dual
channel application. HEMT fabrication with these materials usually requires
intentional doping in the channel or in the barrier layer in order to form conduction
channel. This leads to low electron mobility and large buffer leakage. This issue can
be addressed if 2DEG channels are used. In an AlGaN/GaN heterostructures, high
density and high mobility 2DEG channel can be formed at the interface due to
polarization induced charges, without any requirement for additional doping. This
enables the design of dual and multi channel HEMT structures without sacrificing
channel mobility and with hard pinch off properties. It becomes interesting to study
the noise properties of dual channel HEMTs to determine if such HEMT structure
offers similar or better noise properties in addition to their merits in electrical
properties. If both, dc and noise characteristics are favorable, dual or multi-channel
AlGaN/GaN HEMTs can be a good candidate for high-power low phase noise

applications.

In this chapter, dc and noise characterization results, performed on dual

channel HEMT devices are presented. Before introducing the chapter objectives,
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methodology, and experimental setup it would be better to first introduce the key

information regarding epi-layer design and device structure.

4.2.1 Epi-layer Scheme of Dual Channel HEMT Devices

The epi-layer for the devices consists of an AlGaN/GaN double heterostructure,
grown in an Aixtron 2000 HT metal-organic chemical vapor deposition reactor, on
the sapphire substrate. The schematic cross-section of the material structure is shown

in Fig. 4.17.

undoped AlGaN (3nm)

Si doped AlGaN (18nm)

undoped AlGaN (3nm)

undoped GaN (14nm)

AlGaN (21nm)

GaN (2.5 pum)

Sapphire substrate

Fig. 4.17: Schematic diagram of the epitaxial layer structure used for the

fabrication of dual channel HEMT devices.

The structure consists of a 2.5 pm thick undoped GaN buffer layer, a 21 nm thick
AlGa;xN bottom barrier layer with the Al composition (x), graded from 3% at the
lower interface to 6% at the upper interface, a 14 nm thick GaN upper channel layer,

and a 21 nm thick Alg3GagsN top barrier layer, with a 3nm spacer layer. The top

140



heterostructure is modulation-doped with Si at a concentration of 210" em™. This
is to enhance the channel electron density and to facilitate good ohmic contacts.
There are two conduction channels formed in this structure. One at the upper
AlGaN/GaN interface (top channel) and the other at the lower AlGaN/GaN interface
(bottom channel). Thus, upper and lower channels are formed at 24 nm and 59 nm
below the top surface, respectively. An optical microscope image of a dual channel
HEMT on chip is shown in Fig. 4. 18. The devices have a typical gate length of |

um and a width of 100 pm.

Fig. 4. 18: Optical-microscope image of a HEMT transistor.

4.2.2 Investigation Objectives and Methodology

Main investigation objective of this investigation is to present the details of the noise
characteristics. The characteristics can reflect on the quality and merits of using a

double heterostructure for HEMTs. In the framework of this investigation, first dc
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characterization was performed. which suggested appropriate biasing conditions for
the low-frequency noise investigation.

In Fig. 4.19, a pictorial illustration of current conduction in device for
different gate voltage regimes is shown. In the illustration, it is shown that a double
channel HEMT device has two conduction channels and those are controlled
(switched on/off) by the gate. Part A illustrates the normally on operation condition
when Vg = OV. Both channels are on and current conduction takes place through
two parallel paths along the two (upper and lower) channels. In part B, When the
gate-source bias reaches a significantly negative value (¥4, ~ -4.2V) upper channel
gets depleted in carrier and current conduction takes place through the lower channel.
Later, when even larger negative gate bias (-4.2V < Vgs < Vj» = -8V) is applied, the
lower channel also starts depleting. Finally at Vs = Vi, = -8V, second channel also
completely depletes in carrier and the device is pinched off, as illustrated in part C.
Any current observed in this condition is merely due to the leakage paths. Such

behavior is clearly reflected in the transfer characteristics, as described later.
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Undoped GaN |
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AlGaN

Undoped GaN

AlGaN
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/
b GaN
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GaN

Fig. 4.19: An Illustration of current conduction through two channels
controlled by the gate in different regimes of operation. A illustrates a normally
on transistor and both channels are conducting. B illustrates the case when first
threshold is reached and upper channel is cut off. Current conduction now
takes place through the lower channel only. C illustrates the case when the gate

voltage reaches a threshold value and second channel is also cut off.
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As there are parallel conduction paths through the two channels, it is very difficult to
make any conclusion regarding noise contribution from a specific channel. Though,
collecting and analyzing noise data when the device is subjected to different biasing
conditions might provide a basis to achieve useful information. It turns out that noise
characteristics should be investigated at different gate biases. One of those should
belong to the bias range in which both the channels are in operation while, the other
should belong to the bias range in which lower channel is in operation and upper
channel is off. So we choose two such gate voltages as Vs = 0 V (both channels on)
and Vgs = -5 V (lower channel is on).

After deciding the applied gate bias, next an appropriate drain-source bias is
to be decided. This is important as a large Vs will cause the device to operate at a
large current and hence the temperature may rise during measurements. This is
particularly important for GaN-based HEMTs fabricated on sapphire substrates
which have low thermal conductivity. If a very small drain bias is chosen, the
background noise may affect the measurements. A moderate value of Vps will ensure
that the measurement data reflect real contribution from the device being in thermal
equilibrium. Hence a low drain bias of Vps = 0.5 V is chosen for the noise

measurements.

4.2.3 TLM measurements

In order to derive contact resistance and sheet resistivity TLM measurements were
performed with the linear TLM pattern, as shown in Fig. 4.20, having contact pad

dimensions of 100 pm x100 pm, and pad separations of 2, 4, 8, 16, and 32 um.
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Fig. 4.20: SEM image of a linear TLM pattern on a double heterostructure film.
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Fig. 4.21: Resistance vs. consecutive pad-separation observed from a TLM

pattern.

From the results shown in Fig. 4.21, sheet contact resistance (1.1 Q-mm), and sheet

resistivity (336 /o) were derived.
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4.2.4 Hall Measurements

To obtain the Hall-mobility of heterostructure films, Hall measurements were
performed on a bar type specimen, as shown in Fig. 4.22. From the measurements,
room temperature Hall-mobility and sheet carrier concentration were derived to be

1060 cm*/V-s and 1.6 x10" cm™ respectively.

l('JprT WD 5.7mm

Fig. 4.22: SEM image of a Hall bar.

4.2.5 C-V Measurements

One of the direct ways to probe the thin film electrical properties is C-V
measurement. Particularly in the material structure under study, it plays a vital role.

This is because the two conduction channels are created at two different positions in
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the device. Hence, in order to be able to get a clear idea of such possibilities and also
to precisely determine the charge density in a particular 2DEG layer, C-V
measurement is necessary. Optical microscope image of a large area Schottky

contact lying on the chip with other HEMT devices is shown in Fig. 4.23.

Fig. 4.23: Optical microscope image of a large area Schottky contact on the chip.

A large dimension Schottky contact forms a large area capacitor which is
necessary for an error free capacitance measurement. Once the C-V profile of a
material structure under Schottky contact is known, the associated charge can be
calculated by integrating the curve with respect to the applied voltage bias. The
measured profile of one such structure scaled to its area with an internal diameter
200 pm is shown in Fig. 4.24. The measurements were performed with HP 4279 C-V

meter at a frequency of 100 kHz with 50 mV ac signal.

147



400

300

C (nF/em™)
N
(—]
(—

100

Fig. 4.24: C-V profile of a Schottky contact having a diameter of 200 pm.

From the above figure, steps like profile are observed. This suggests that there are
two high density charge carrying layers in the material and they are separated by a
finite distance as suggested by the sharp decrease of capacitance around V' = 3.5V. A
flat profile in the OV to -4V range corresponds to the upper 2DEG layer while the
lower one is reflected by the second flat profile. Threshold voltage of ~ -9V of an
adjacent transistor can also be estimated from the figure. Though, about 1V variation
is possible, as the capacitance magnitude measured near the threshold would be of
the order of instrument resolution, resulting in possible error in measurements.

Variation may also arise as the material structure under a particular device may vary
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within a same chip area. Charge density and hence the charge concentration per unit
area was derived from the above plot and the total sheet charge density is found to
be 1.26 x10" cm™. This value is a little smaller than the one obtained from Hall
measurements and reflects a slightly depleted layer under the Schottky contact. An
estimation of the charge density in an individual channel can be made by
approximating the area of the C-V curve in their characteristic gate voltage range.
When this area is subtracted from the total area under the curve, resulting area will
reflect the charge density in the other channel. Following this argument, a charge
density of 0.93 x10" cm? in the upper channel and 0.33 x10" cm™ in the lower
channel was estimated. Values are quiet close to the one obtained by Poisson'®

simulations of this material structure.

4.2.6 HEMT dc Characterization

4.2.6.1 I-V Characteristics

I-V characteristics of a 100 um wide dual channel HEMT with a gate length of
1 um are shown in Fig. 4.25. Efficient access to the lower channel is evident in the
almost kink free /-V curves for all the gate bias values. The device showed a
maximum drain current density of ~825 mA/mm at Vgs = 0 V. Negligible negative
differential resistance was observed in the saturation region that arises from self-

heating and poor thermal conductivity of the substrate.
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Fig. 4.25: I-V characteristics of a dual channel device.

4.2.6.2 Transfer Characteristics

V is shown in Fig. 4.26. The peak transconductance of the device at ¥ps= 5 V, and
Vas= - 6.3 V was observed to be ~140 mS/mm. A hard pinch-off characteristic is
clearly seen in the figure which reflects good control over the gate so that both
channels are effectively turned off below the threshold voltage. The transfer
characteristics indicates fairly linear variation of drain current with gate bias above

the threshold voltage (¥Vr,), which was found to be ~ -8 V. This was obtained by
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extrapolating a tangent to this curve on the gate voltage axis. It would be appropriate
to mention that these double channel devices generally show a clear change in the
gradient of the Ips-Vgs curves at a gate voltage larger than the threshold and
correspondingly a double hump structure in the G~Vgs curve is observed. For the
device under study, the Gy~Vgs curve shows two transconductance peaks at Vs~ -

6.3 V and -2.6 V respectively at Vps=0.5 V.

G, (mS/mm)

10 8 6 -4 2 0
Vo (Volts)

Fig. 4.26: Transfer characteristics of a dual channel device in saturation at Vs

=0S5V.

17.18 which shows the

The double hump structure has also been reported earlier
unique feature signifying two parallel charge carrier conduction layers within the
device. The presence of a second (lower) channel causes the change in the threshold

voltage from Vg5~ -4 V to ~ -7 V in the dual channel device. As the lower channel

is at a larger distance from the gate, a much larger negative gate voltage would be
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needed to deplete the carriers in the buried channel. The transconductance peak at a
lower gate voltage (i.e. larger negative value) is the characteristics of the lower
channel and the one observed at higher gate bias (i.e. smaller negative value) is the
characteristics of the upper channel. As can be seen in Fig. 4.26, the peak
transconductance value corresponding to the upper channel is a little smaller in
comparison to the lower channel. This can be explained by different values of
mobility in the two channels, as it is determined by heterointerface properties of the
two individual channels. In the studied devices, the top heterostructure is
modulation-doped with Si at a concentration of 2x10'® cm?3, while the buried
heterostructure is undoped. This will result in a higher scattering rate for the carriers
in the upper channel. In addition, electrons in the top channel will see the AlGaN
both on top and below them, which also will account for the comparably larger
scattering rate in the top channel. Consequently, carriers in the lower channel will

have a relatively higher mobility resulting in a larger peak transconductance.

4.2.7 Experimental Setup for Noise Characterization

The details of the low-frequency noise experimental setup are described in Chapter-
3. Biasing conditions are detailed here. Devices were current biased at Vps= 0.5 V
in a common source configuration using an all-passivé current source. Two different
gate voltages, Ves = 0 V and -5 V, were used for the noise measurements for the
reasons stated above. Open circuit voltage fluctuations measured across the drain-
source terminals were amplified using a PAR 113 low-noise preamplifier and were

recorded by an HP 3561 A dynamic signal analyzer in the frequency range of 1 Hz to
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10 kHz. Low-temperature noise experiments were performed by placing the device
in an exchange gas cryostat over a temperature range of 80 K to 300 K. The
temperature of the device was monitored using a Lakeshore 91C temperature
controller with a silicon diode temperature sensor. The device is allowed to stabilize
for at least 1 minute at the set temperature before the commencement of data
acquisition. Bias voltages and the drain current were measured using a Keithley-
2000 multi-meter. Transistor characteristics of the devices were measured using a

Keithley model-251 measurement system.

4.2.8 Room Temperature Noise Properties

In order to characterize the room temperature noise properties of the dual channel
HEMT devices, bias dependence of the noise power at different drain and gate bias
voltages was recorded. Noise spectra were recorded in the frequency range of 30
Hz-3 kHz, by first fixing the gate bias to a constant value and changing the drain
bias voltage from a small value in linear regime to larger values in saturation regime.
Then, gate bias was shifted to a larger negative bias voltage and the sequence was
repeated. In this manner, noise spectra were acquired for a number of points
following the I-V characteristics of the device for the bias range Vg5 =0V to -7 V in
stepsof 1 Vand Vps=0.25 Vto 1 Vinsteps of 0.25 Vand Vps=1 V to 5 V in steps
of 1 V. Additional noise spectra were recorded for intermediate bias points in some
cases. Noise spectra for Vgs = 0, -2, -5, and -7 V are shown in . Spectra were

averaged 1000 times in order to acquire a fair line shape and are evidently clean and
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free from 50 Hz spikes and its harmonics induced by the power transmission lines.

All the spectra essentially follow the 1/f' power law with y ~ 1.
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4.2.8.1 Gate Bias Dependence of 8

Noise model for an ohmic channel predicts V4. dependence of Sy at a fixed

observation frequency where in ideal case f = 2. For small drain bias, mostly this
has been observed to be true with 8 ~ 2. For two chosen gate bias voltages, Vgs =0

V and Vgs = -4 V, drain bias dependence at small Vg is shown in Fig. 4.28.
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-0.6 -0.4 -0.2 0.0 0.2
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Fig. 4.28: Bias dependence of S)(f) at small Vg, as observed at Vs =0 V (solid

squares) and at Vs = -4 V (solid triangles). Solid lines represent linear fit to the

experimental data.

As can be seen from the figure, Si{f) has almost quadratic dependence (#~2) over

Vps for Vs = 0 V, and for Vs = -4 V. Even though, data taken at other gate bias
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voltages present a different scenario. When f is plotted against Vs, as shown in Fig.
4.29, it is observed that S seem to follow the transconductance curve shown in Fig.
4.26. The variation in 8 is ~ + 0.2, however, the fact that B seem to follow the
transconductance curve, gives a hint that charge modulation by gate does play a vital

role in dictating electrical as well as noise properties of the studied devices.

2.4 ——
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Bias Dependance Slope (5)
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Fig. 4.29: Variation of bias dependence slope (f) with the gate bias voltage.
(Data points are shown in solid squares. A dotted line is shown to help

appreciate the double hump profile as also seen in the transfer characteristics.
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4.2.8.2 Bias Dependence in Linear and Saturation Region

It is important to look into the details of bias voltage dependence behavior of
the drain-source voltage fluctuations. Consequently, a set of noise spectrum were
taken at different Vps and Vs values following the I-V curves from linear to
saturation regime. In order to look into the details of the drain bias dependence of
noise, normalized noise power data acquired at a fixed frequency of f= 60 Hz is

plotted against Vps in Fig. 4.30.
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Fig. 4.30: Normalized noise power plotted against Vpg for Vgs=0V, and Vgs = -

4V.

From this figure, following points can be noted:

1. For Vps < 1 V, normalized noise power shows f~2 dependence on Vpg for
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any Vgs, however; complete data set for any gate bias shows average f~3. In
fact, even >4 are observed for a subset of data points at large Vpg.
2. The transition from f~2 to f>2 starts to occur when the drain current
approaches near-saturation values in /-¥ characteristics.
It is found that S,/¥,’ is constant for the data corresponding to ¥ps < 1 V, as evident
in a flat line profile for Vps < 1 V. This is a normally expected behavior for which
Hooge relation holds. As a general trend in the figure, after ¥ps > 1 V and up to
about Vps=3 V, S/ V02 is not a constant and shows almost linear dependence over
Vps for both curves with different slopes. These observations indicate that Hooge
parameter is a constant only for small drain bias values when the channel is ohmic.

Near and after saturation, it has large variation.

4.2.9 Noise Properties at Cryogenic Temperatures

Low-temperature noise experiments were performed in the temperature range
from 81 K to 300 K. Si{f) spectra for Vps = 0.5 V at the lowest (81 K) and highest
(300K) temperature as acquired at Vg5 =0 V and Vgs= -5 V are shown in F ig. 4.31.
It is clear that the spectra are essentially 1/f at these temperatures. The value of y
derived from the linear fit to the original data corresponding to Vgs= 0 V is 0.99,
and 1.00 at 81 K and 300 K respectively. While, for Vs = -5 V, y values are 0.98
(81K), and 1.09 (300K). This implies significant variation in y with temperature and

hence is discussed in the next section.
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Fig. 4.31: Sy (f) spectra at 81 K and 300K, acquired at V5= 0 V (top) and V=

-5 V (bottom).
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4.2.9.1 Temperature Dependence of ‘y’

It is found that, most of the spectra are strictly 1/f over the observed temperature
range. This is true for both gate biases. However, some of the spectra acquired at
intermediate temperatures are distorted 1/f type with Lorentzians superimposed.
Such distorted 1/f spectra worth separate attention and are discussed in the next
section. A considerable variation in y is seen when plotted against temperature, as

shown in Fig. 4.32.
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Fig. 4.32: Temperature dependent variation of gamma at Vgs=0 V.
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A systematic variation in y with temperature is evident. The variation is widely
spread within the range 0.9 <y < 1.15. The variation can not be explained by the
tunnelling mechanism based models. The main difference between the tunneling
mechanism and the thermal activation mechanism lies in the temperature
dependence of the noise. In contrast to the tunneling model, thermal activation
model suggests that traps at different energy levels are activated as the device
temperature is varied. This implies that there is a possibility of strong temperature
dependence for y if Nr(E) varies with energy E. Also, the tunneling model, with a

fluctuation time constant given by 7 =z, exp(1z, ), stipulates that as the temperature

is varied essentially the same group of traps is responsible for the observed noise.
This is because the WKB parameter is basically independent of the device
temperature. Hence, if the noise is correctly described by the tunneling model then
one would expect little change in the value of y with temperature. Hence, the
presented results clearly show that a thermally activated trapping and detrapping

process underlies the flicker noise in the devices under study.
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4.2.9.2 Temperature Dependence of Noise Power Spectra

Temperature dependence of Si{f) at Vgs= 0 and -5 V and at /= 60 Hz is shown in
Fig. 4.33. A pronounced maxima in the temperature range 150 K to 250 K is obvious
from the figure. Such behaviour stipulates high concentration of defect states at the

corresponding energy level.
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Fig. 4.33: Temperature dependence of Si(f) at Vgs= 0 V (data points shown

in square), and at Vgg= -5 V (data points shown in triangle) as observed at f=

60 Hz.
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Fig. 4.34: Shift of the Sy -T peaks at different observation frequencies.

Temperature dependence of Sy observed at different frequencies is plotted in Fig.
4.34. 1t is found that the peak tends to shift towards higher temperature at a larger
frequency. Such dependencies are typical for the noise originating from the local
levels'®?. In order to gather more information on the nature of the traps, further

analysis of the data is presented in the following section.
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4.2.10 Signatures of g-r Process

The low-temperature Sy(f) spectra exhibit g-r bumps superimposed over the 1/f
background at different temperatures. These bumps tend to shift towards higher
frequency side at a higher temperature. The presence of these bumps and the
behaviour of the shift indicate that these are the characteristic Lorentzians
originating from the local traps. As the temperature is increased, the Lorentzian
corner frequency tends to move at a higher value causing a shift in the location of
the bump. The observation becomes clearer when f*Si(f) is plotted against . In such
plots, a perfectly 1/f spectrum will appear as a flat line, and any deviation from 1/
spectra will be clearly visual. Hence, a hardly distinguishable Lorentzian in power
spectra can be easily identified as large bumps in f*S)(f) spectra.

In two temperature ranges, such corner frequency shifts were noticed. In
temperature range 177 K - 190 K, peak shifts were observed at both gate biases,
however in 196 K - 216 K range, frequency shift was observed only at V5s=0 V.
Corresponding power spectra and f*Si{f) spectra at a selected temperature points are
shown in Fig. 4.35, Fig. 4.36, and Fig. 4.37. With the help of these plots, associated
corner frequencies are known at different temperatures and trap activation energy is

derived, as discussed in the next section.
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Fig. 4.35: Selected Sy (top) and f*Sy (bottom) spectra at Vgs = 0 V, in the

temperature range 177-190 K.
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Fig. 4.36: Selected Sy (top) and f*Sy (bottom) spectra at Vs = -5 V, in the

temperature range 181-190 K.
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Fig. 4.37: Selected Sy (top) and f*S, (bottom) spectra at Vgs = 0 V, in the

temperature range 196-216 K.
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4.2.11 Traps and their Activation Energy

The fluctuation time constant, tr, associated with the g-r processes can be extracted
from the cryogenic noise data. The activation energies of the traps are obtained from

the Arrhenuis plots shown in Fig. 4.38.
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Fig. 4.38: Arrhenuis plots for the traps observed in the temperature range 81 K

-300 K.

From the noise data at Vgs = 0 V, two g-r levels are identified, having
activation energies of £,=188 meV and E;=140 meV as shown by lines (a) and (b) in
Fig. 4.38 respectively. The noise data taken at Vg5 = -5 V indicates only one g-r
level with the activation energy of £.=201 meV as shown by line (c) of Fig. 4.38. At

this gate bias, the upper channel is depleted while the lower channel is still
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conducting. Hence, the observed g-r noise at Vgs=-5 V is likely to have originated

from the lower channel. As can be noted, the activation energy for E, (201 meV) is
very close to the activation energy for £, (188 meV). These values are estimated

from the Arrhenuis plots obtained by applying the least square linear fit to the data
points. A standard error is associated with each fit, shown as an error in the
estimation of the activation energy. Also, when the gate voltage is biased to a more
negative value, the energy level of the trap will shift up leading to a slight increase
in the measured activation energy. This may account for the observed difference in
the activation energies between E, and E.. Hence, it seems possible that the observed
g-r levels E, (188 + 6 meV) and E; (201 £ 6 meV) are actually single physical
species that exists either in the lower channel only or in both channels. Er implanted
GaN has been reported®' to have one of the levels with activation energy 0.188 eV.
However, as the studied structure is not known to have intentional Er doping, this
possibility is ruled out. Thin epitaxial GaN layers are also reported to have a trap
with activation energy 0.18 eV. MOCVD grown GaN films, a level with activation
energy 0.14 eV is also reported®. It has been suggested® that the 0.14 eV level may
be related to carbon or hydrogen atoms that may be incorporated from the methyl
radicals during growth of n type GaN by MOCVD. Native defect level V5, , and

ionization energy of Mg (shallow acceptor) are also reported®* to have 0.14 eV.
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Fig. 4.39: Trap density derived from the noise data taken at Vgs=0V.

Estimation of the trap density is helpful to examine the merits of the material
and the device. Trap density was calculated with help of the formula

E,=—kT In(wr,) and the results are shown in Fig. 4.39. The estimated value

appears reasonable and is in agreement with the reported typical values of 10%-10'

em.
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4.2.12 Contribution of Contact Noise

Recalling the physical concept of TLM based contact resistance estimation, as
described in Chapter 3, we observe that if the noise magnitude between two contact
pads is proportional to the inverse square of the separation between them, then
contribution of the ohmic contact is dominant. In case when the noise is dominantly
contributed by the conduction medium i.e. the semiconductor channel between them,
the noise magnitude will be proportional to the inverse of the separation length®.
Noise spectra were taken at different bias voltage between 10 mV — 250 mV, and for
different separation lengths between 3 pm — 32 pum. Results are plotted in Fig. 4.40.
We find that the data points for all L,, fit linearly with the ¥, which is an expected
result for any ohmic channel in which conductance fluctuation is the dominant noise
mechanism. Distinction of the result appears when the voltage normalized noise
power i.e. Sy/V? is plotted with the separation length, as shown in Fig. 4.41. A
distinguished inverse L, dependence is seen in the figure for the entire set of data

points, confirming that contact noise is not a dominant mechanism in the presented

devices.
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Fig. 4.40: Noise from TLM structure at different gate bias voltages.
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Fig. 4.41: Normalized noise power observed across the TLM pads with

separation L,, for different bias voltages.
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4.2.13 Estimation of Hooge parameter

Hooge parameter, o, , has been used as a measure of the quality of the
conducting films and devices®. It provides a suitable mean to compare the noise
properties of the semiconductor devices fabricated by different technologies.
Recalling Hooge’s equation,

S »
VDS

@y
There are following considerations regarding estimation of & P

1. Measured total noise of the device is the resultant noise of all possible
contributions from different noise sources. Hence characteristic Hooge
parameter for each source of origin shall be different. When it is not possible
to resolve contribution of each kind of source, at least the contribution of
dominant noise source should be identified.

2. It is important to estimate N carefully. Number of electrons under the gate
can be calculated from C-V measurements. Similarly, number of electrons in
the source and drain regions can be calculated using the sheet resistivity
obtained from TLM measurements and the known dimensions of the device.

3. The parameter is sensitive to the applied bias. Usually, for noise

measurements in GaN-based FETs, a small value of ¥, are chosen to avoid

ohmic heating. However, as the voltage drop across the source and drain
ohmic contacts can be significant in the presented devices, an effective bias

voltage should be considered for estimation.
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Using the TLM results, and /-V characteristics, estimated voltage drop across the
contact resistance was found to be 0.19 V. As the resistivity of the channel under the
gate and in the source/drain regions is comparable at zero gate bias, the noise
contribution of the complete channel was considered for calculation of N. It is very
hard to experimentally estimate the carrier density or mobility in the individual
channels of a double heterostructure. A possible remedy to avoid estimation errors is
to use the computational techniques like self-consistent Poisson-Schrodinger
simulation of the structure. It allows determining the carrier concentration within the
individual channels, which can directly be used to estimate N. However, that does
not completely eliminate the problem, as the simulated values may vary largely from
the actual values. This is because, during a material deposition process, typically the
thickness of the individual layers may vary by as much as 20% from one run to
another. In addition, it is also very difficult to accurately control the doping
concentration in the AlGaN layer. This makes it difficult to conclude anything
precisely about the contribution from the individual channels. To experimentally
obtain a reliable carrier concentration in the gate area, C-V measurements was used.
A total charge concentration of 1.26 x10'" ¢cm? (obtained by calculating the area
under the C-V curve) was estimated. This accounts for a total of 1.26 x107 carrier
under the gated area of 100 pm?. Similarly, the number of carriers in the source and
drain regions were estimated to be 3.18 x1 0. Finally, following the earlier discussed
considerations, Hooge parameter was estimated to be 1.64 x 10, This is comparable
to the reported values®” "*° of Hooge parameter (102-10*) for baseline HEMTs. In

summary, following are the outcomes of the noise studies in dual channel devices:
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*  Dual Channel HEMT offer good dc properties as evidenced by a high
current density and a double hump in transconductance curve that can be
controlled by appropriate design of the epitaxial layers to provide more
control over gain linearity,

*  Dual channel HEMTs offer comparable noise properties to base line HEMTs,

* Defect levels have strong contribution to device noise at low temperatures,

* At least two defect levels are present in the studied structures,

» Contact noise is not dominant in the studied HEMTs,

Noise characterization can be exploited as a good tool to probe individual material

layers in a complex device structure.
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Part III -  Application of AlGaN/GaN

heterostructures in Biosensors

From the study presented in the previous parts, it is inferred that the state-of-the-art
HEMTs are suitable for certain application beyond electronics. It is clear that typical
life time of an unrecessed HEMT device is more than 200 hours even when
operating in stressed conditions. Also, the noise properties of GaN HEMTs are at an
acceptable level though there is still room for improvements. Hence, applications
such as biosensors which do not require continuous operation at elevated current
levels and require a large signal to noise ratio, can be a potential field of applications
of the state-of-the-art GaN HEMTs beyond conventional electronics.

Also, it is customary to look for a wide variety of applications of any
evolving technology so that market support can be attracted to fund its development.
There could be manifold interests while looking for new prospective applications.
Biosensors represent a rapidly expanding field, with a high annual growth rate that is
backed by the health care industry. Research and development in this field is wide
and multidisciplinary, spanning biochemistry, bioreactor science, physical chemistry,
electrochemistry, electronics and software engineering. Clearly, a great deal of
contribution is possible from a device engineer that could be drawn by academic or
commercial interests while working for biosensor research. In this part, feasibility of

using GaN-based heterostructures for biosensors is investigated as an initiative.
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4.3.1 Investigation Objectives

When initiating the work in such multidisciplinary area, it is good to focus first on
the feasibility study. Following are the primary questions that reflect the objectives
of the feasibility investigation of using AlGaN/GaN-based heterostructures for
biosensor application.

¢ Is it possible to have a bio friendly cell-device interface?

* What possible way a heterostructure can be used for this investigation?

4.3.2 Technical Background

Electron density in a heterostructure can be modulated by the action of charge over
its surface. This will result in current modulation; hence the changes at the interface
can be recorded as change in current through the conduction channel. So the
physical entity which can interact with the heterostructure to produce detectable
signals is the charge over the heterostructure surface or a potential applied on the
heterostructure surface. Existence of electrical potential and charge in a biological
species are well known phenomena. A common example is the ‘nerve cells’ that
receive and send signal through a network of neurons which communicate through
action potential’'. The action potential is of the order of a few tens of millivolts.
Electrical action in the biological species is a common phenomenon that has been
extensively explored in biosensor technology. Biosensor technology is the driving
force in the development of biochips for the detection of toxins®?, environmental,
biological and chemical pollutants®. Extracellular potential measurement from the

cell membrane is considered to be a reliable indicator for the determination of the
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presence of a specific agent in the cell’s local environment®. In the present study,
effect of Trypsin on saos-2 human osteoblast-like cells, cultured in high density on
transparent AlGaN/GaN-based large area HEMT like structures, is demonstrated by

means of recording the change in the device current when subjected to Trypsin.

4.3.3 Significance of Using GaN-based heterostructures

Extracellular potential measurement from the cell membrane is considered a
reliable indicator for the determination of the presence of a specific agent in the
cell’s local environment. For extracellular signal recording from electrogenic cells
in vitro, the use of microfabricated microelectrode arrays (MEAs) is one of the
promising techniques although a large metal electrode must be used to obtain
sufficient signals. Ability to create bio-semiconductor hybrid devices has gained
much interest for cell activity analysis®’. Electronic excitation of cells, cellular
respiration and acidification, and ion channel activity®® in cell adhesion has been
achieved on the basis of Si ion sensitive field effect transistor (ISFET). There have
been recent reports of the measurement of pH and oxygen partial pressure from
cellular respiration and acidification with ISFET-based sensors®’. Properties of Si
ISFET, such as chemical instability and degradation of silicon oxide gate insulator in
aqueous solutions as well as low signal to noise ratios, are insufficient to detect
small changes of cell viability with large impedance. Recent progresses® using
AlGaN/GaN heterostructure based HEMTs is attractive to the biosensor applications
due to the distinguished merits that include:

e Chemically inert surface (and hence bio-friendly),
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¢ High chemical stability*®,

e Large signal to noise ratio*’,

® Transparent structure, allowing simultaneous optical and electrical

monitoring of cell activity*!.

All of the above mentioned points serve as motivation behind exploring the
AlGaN/GaN heterostructure for biosensing application. A major motivation also
comes from the fact that a large transconductance is offered by HEMT based
device structures. A large transconductance is favorable because it allows larger
control over the device current. A large transconductance will result in a larger
change in the measured drain current of a device when a fixed gate bias is
applied. As every cell under investigation contain an extra cellular potential, a
large number of such cells accumulated over a surface will result in buildup of
an effective voltage in their close vicinity. In case, when these cells are
accumulated over the gate area of a FET, it will serve as an applied bias over the
gate area. Now, considering this voltage buildup as a fixed gate bias, a device
offering large transconductance will offer larger change in drain current, when
its gate area is exposed to accumulation of the cells. This in turn implies that a
larger signal (drain current) will be detected for a fixed density of cells (gate
voltage) if the transconductance is larger. Further, Transconductance*? of a FET
based device is proportional to electronic parameters of the device: (i) charge
concentration and (ii) charge mobility. In addition, transconductance depends on
the parameters which are externally controllable (i.e. drain and gate bias) and

also on the device design parameters such as gate width and gate to drain spacing.
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It is understood that a heterostructure based FET devices offer a very high carrier
density together with high charge density. Hence, HEMTs can offer a large
transconductance in comparison to other FET based devices when a similar set
of bias voltages and device geometry is considered for comparison. This is
important when very small changes in the electrical response are to be detected
such as in biosensing applications. Therefore, application of heterostructure

based devices is favorable for biosensors.

4.3.4 Detection Mechanism of the Proposed Devices

The fundamentals of the detection mechanism are rather simple for both biologists
and device engineers. In the proposed AlGaN/GaN heterostructure based large area
gateless HEMT structures; living cells are directly cultured on the bare gate area.
Cell membrane and AlGaN surfaces are separated by a thin film of electrolyte that
plays the role of a gate for the HEMT. The ion at the adherent cell membrane
changes the extracellular voltage between cell and chip, which in turn modulates the

drain-source current. Modulation of current is then recorded by a current meter.

4.3.5 Investigation Plan

The complete investigation process involved three major steps: 1) to develop good
polarization doped heterostructures that are then used to fabricate devices; 2) to
investigate the feasibility of cell-heterostructure interface; and 3) to achieve a high
density cell-monolayer over the device surface and record the effect of the drug.

Accordingly, the work is described further in following sections.
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4.3.6 Heterostructure Growth and Characterization

4.3.6.1 Growth of AIGaN/GaN heterostructures

The material system consist of a 5 nm GaN cap layer, a 30 nm AlGaN barrier, and a
2 um thick GaN layer grown on sapphire substrates. Heterostructures were
epitaxially grown by MBE. GaN cap layer was grown at the top of the AlIGaN/GaN
heterostructure to provide a stable and chemically inert surface. A cross-sectional

diagram of the epilayer scheme is shown in Fig. 4.42.

Undoped GaN (5 am)
Undoped AlGaN (25 am)
GaN (~2 um)

Sapphire substrate

Fig. 4.42: Epitaxial layer scheme of the AIGaN/GaN heterostructures used for

bio-sensing application.

Cross-sectional SEM image of such a heterostructure is shown in Fig. 4.43. GaN
thickness (~2 pm) is properly estimated from this image. SEM image of the top
surface of this heterostructure is shown in Fig. 4.44. Reasonable smoothness of the

top layers can be observed.
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Fig. 4.43: Cross-sectional SEM micrograph of a heterostructure sample.

MAG = 5000 K X Detector = SE1

EHT = 20.00 kV Date 14 Sep 2006

Fig. 4.44: SEM image of the top surface of a heterostructure showing

reasonably smooth surfaces.
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4.3.6.2 AFM Results

To further investigate the surface quality of the grown multilayers, AFM image was
acquired, as shown in Fig. 4.45. The grown heterostructures posses a mean surface
roughness of 80 nm and a rms roughness of 16 nm, as observed for a 3.5 pm x 3.5

jm scan area.

1680 1568 2888 2588 36688

Fig. 4.45: 2D AFM image of the top surface of a MBE grown AlGaN/GaN

heterostructure.



4.3.6.3 HRXRD Results

To estimate the Al content in the grown heterostructures, §-20 HRXRD scan was
performed on a test heterostructure with a thick AlGaN layer, that was also used to
estimate the growth rate of the AlGaN layer. The 8-26 profile is shown in Fig. 4.46.
From the XRD data, Aluminum content (x) of the Al,Ga;yN layers in the

heterostructures was estimated to be x ~ 27 %.
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Fig. 4.46: 0-20 HRXRD scan of [0002] reflections from an AlGaN/GaN

heterostructure.
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4.3.6.4 Mobility Measurements

Hall measurements on a heterostructure sample of 6 mm x 6 mm dimension, in the
van-der-pau configuration, were performed in the temperature range of 107 K to 300
K. From this experimental data, mobility vs. temperature profile is plotted in Fig.
4.47. A room temperature Hall mobility of 540 cm?/Vs was recorded. It was found
that the mobility increases with the inverse of temperature showing a highest
achievable value of 1050 cm%Vs at 107 K, in the observed temperature range.
Carrier concentrations at 300 K and 107 K were found to be 8.13 x10'? cm? and
6.84 x10'2 cm™ respectively. A high concentration and large mobility will allow a

large current density in the channel, resulting in an increased sensitivity of the

detector.
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Fig. 4.47: Dependence of Hall mobility on temperature as observed for an

AlGaN/GaN heterostructure sample.
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4.3.7 Fabrication of Device structures

Heterostructure were used for fabricating large area (3mm x 5 mm) HEMT like
structures without any gate metal deposition. Two ohmic contacts were formed using
electron beam deposition of Ti (20 nm) followed by Al (60 nm). The separation
between the ohmic contacts represents length of the channel which was 3 mm.
Deposition was followed by rapid thermal annealing (RTA) at 800 °C for 20 seconds.
Such individual devices were placed on ceramic packages and were then wire
bonded with an ultrasonic aluminum wire bonder. After wire bonding the device, all
area except the active device area was covered with SU-8 photoresist to provide
biocompatible electrical insulation when the device is exposed to the cells or

solutions. A schematic diagram of the device is shown in Fig. 4.48.

bonded Al wire SU-8 photo resist
“ Exposed gate area l K—

undoped AlGaN Sl
'[_Tmiopedsa_‘\' SRS NS ENSEEEEESNSENEENENEN :D,E_Gchmel

Fig. 4.48: Schematic diagram of a bare gate HEMT like detector device.
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Fig. 4.49: I-V characteristics of a freshly fabricated device.
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Fig. 4.50: Low frequency noise spectra of a virgin device at '=0.2 V.
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4.3.8 Electrical Characterization of Virgin Devices

A virgin test device was subjected to -V and noise characterization after completing
the fabrication and packaging steps. I-V characteristic of a device is shown in Fig.
4.49, and a noise spectrum is shown in Fig. 4.50. The device shows a reasonable dc
resistance of the order of a few k(), allowing a channel current of the order of few
milli amperes through the device. The noise spectrum indicates a low magnitude of
intrinsic device noise. It allows a very small magnitude of change in voltage and
hence current across the device to be easily sensed. For example, at bias voltage of
0.2 V and at operation frequency of 100 Hz, the recorded voltage fluctuation across
the device terminals is of the order of ~ 50 nV. When measured at 4 V bias,
fluctuation becomes ~ 20 uV. As the magnitude of change in voltage induced by the
experiments are orders of magnitude larger than this value, an excellent signal to
noise ratio is offered by the presented devices.

After completing the fabrication and initial characterization of the packaged
sensor devices, they were subjected to cell culture following the standard procedures

that are discussed in the next section.
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4.3.9 Cell on Chip: from Survival to High Density

Once the initial goal of fabricating a complete device structure is completed, next
comes the crucial part of achieving a successful cell-semiconductor junction. For

this, a series of experiments were necessary and are described in this section.

4.3.9.1 Cell Culture Protocol

The following cell culture protocol was used for the investigations. Experiments
were performed on human osteoblast-like cells from Saos-2 cell line (ATCC, USA).
Cells were cultured in McCoy’s SA Medium Modified filtered by 0.22m filter paper
supplemented with 2.2g/ml sodium bicarbonate, 50U/ml penicillin, 50g/ml
streptomycin and 10% fetal bovine serum (FBS) (Invitrogen Corporation). Cells
were cultured on gate area with Sml medium and maintained in a humidified 95% air,
5% CO, atmosphere at 37°C. The density and morphology of cells on substrate

surface were investigated with a phase contrast microscope (Nikon, TE 2000).

4.3.9.2 Survival of cells on the GaN surface

The basic requirement for cell-based FET biosensor is the survival of living cells on
the GaN HEMT surface. Saos-2 cells on GaN surface at the density of 4 x 10°/ml
were deposited. An optical micrograph of the cells cultured on GaN surface after 24
h is shown in Fig. 4.51. The cells show good shapes and spreading after 24h culture

indicating the good viability.
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Fig. 4.51: Adherent cells on an untreated heterostructure surface.

4.3.9.3 Surface Functionalization

To increase the sensitivity of cell-based FET, one possible way is to increase the cell
adhesion which will put the target cells as close as to the HEMT gate. Here, we
examined the cell adhesion on two types of GaN: one was a GaN surface modified
by fibronectin (FN), and the other was a non-treated surface. A small amount of FN
was added to cover the whole GaN surface for the modification case. Optical images
of saos-2 cells on both bare and modified GaN surfaces after one-day culture is

shown in Fig. 4.52 and Fig. 4.53, respectively.
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Fig. 4.53: Cells cultured on FN modified GaN surface in 24 h.

It is clear that the cells adhere very well to the FN modified AlGaN surface. The cell

density was 2.6 x 10" cells/cm® on the non-treated surface, whereas it was 5.4x 10
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cells/cm” on the FN-modified surface. The result shows that the surface modification
by FN improves the cell adhesion to AlGaN surface. This suggests the possibility of
functionalizing the device surface for better performance as biosensors, which could

increase the cell adhesion to the gate surface.

4.3.10 Effect of Trypsin on Cultured Cells

Trypsin is a proteolytic enzyme which can be used to detach adherent cells from
the surface of a cell culture vessel. The procedure is called trypsinization and
performed whenever the cells need to be harvested or to be subcultured. Protein
kinase inhibitor, 1-(5-iso-quinolinylsulfonyl)-2-methylpiperazine (H-7), was
obtained from Sigma Chemical Co. (St Louis, MO). H-7 was added to the growth
medium to achieve a concentration equal to 120 mM. H-7 treatment reduces the
abundance of large fibers in the cell cytoskeletal organization. To reverse the effects
of H-7, the medium containing H-7 was replaced with fresh medium lacking H-7.

Effect of trypsin on the cell-semiconductor adhesion is shown in Fig. 4.54. Fig.
4.57 (top) shows five adherent living cells well attached to the underlying GaN
surface; and the Fig. 4.57 (bottom) shows that the cells are detached and have

become round. The microscope focus is shifted a little above the GaN surface to be

able to view them.
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Fig. 4.54: Cultured cells as observed on a GaN surface, before (top) and after

(bottom) introducing trypsin in the medium.
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4.3.11 Effect of Drug H-7 on Cultured Cells

The cell response to the drug H-7, a protein kinase inhibitor. was first studied in
culture dishes by optical observations. To visualize stress fibers of the cytoskeletal
structure, the cells were fixed and labeled, and the stained cells were visualized
using epifluorescence microscopy. In the absence of H-7, typical cell spreading and
cytoskeletal organization were observed, shown in Fig. 4.55 (left). H-7 treatment
reduced the abundance of large fibers (bright lines in the image) over the course of
an hour, as shown in Fig. 4.55 (right). The loss of the fibers resulted in less cell-

substrate contacts without dramatic change of cell morphology. Effect of trypsin is

also shown in Fig. 4.56, as observed by epifluorescence microscopy

Fig. 4.55: Epifluorescence microscopy images of cultured cells as observed on a
GaN surface, before (left) and after an hour of introducing H7 (right) in the

medium.
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Fig. 4.56: Epifluorescence microscopy images of cultured cells as observed on a

GaN surface, 5 minutes after introducing trypsin in the medium.

4.3.12 Estimation of Cell Density and Growth Rate

It was extremely difficult to optically observe the semiconductor attached cell
density; hence the following method was used for estimation of the cell density at a
particular time of growth. Though, cultured cells are not directly visible when
attached to the surface, they can be efficiently observed as spherical objects seen in
abundance after introducing trypsin. To determine the growth rate with time, Cell
growth in a batch was performed on a number of samples. Then at different time
intervals, a particular sample was taken out and exposed to trypsin. Due to the
effects of trypsin, now the detached cells can easily be observed under the

microscope. A fixed volume of 100 pl was used to count the detached cells, and
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was averaged for three different arbitrary regions chosen over the entire surface
Based on this data, rate of cell culture growth was determined, as shown in Fig. 4.57.
The results suggest that a high density of cells can be achieved in a reasonable time

to obtain a confluent monolayer of cells over the gate area.
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Fig. 4.57: Growth profile of cell density with cell culture duration.

4.3.13 Estimation of Detection Time

It is necessary to understand the time evaluation of trypsin induced cell detachment
effects. This is because; the electrical detection experiment will be carried out on the
same time scale. A series of five graphs is presented here, which reflect the device

density observed before introducing trypsin, and then every minute after that.
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Fig. 4.58: Cell density as observed before (up) and 1 minute after (down)

introducing trypsin.
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Fig. 4.59 : Cell density as observed after 2 minute (up); and after 3 minute

(down) of introducing trypsin.
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Fig. 4.60: Cell density as observed after 4 minute of introducing trypsin.

We find that gradually the number of dark spherical dots increase, reflecting the
increasing number of detached cells from the device surface. After four minutes, not
much observable change was seen, implying the saturation of the process that ends
up with almost all the cells detached from the surface. A hint from this visual
experiment was taken to decide the time span of electrical measurements and the
frequency of a measurement during the detachment process of ~ 4 minute duration.

Hence, at least six to eight minutes of electrical monitoring was inferred.
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4.3.14 Electrical Detection of the Influence of Trypsin

In the final stage of the work, electrical monitoring was used for the desired
electrical detection of the influence of trypsin. For this, /-¥ measurements were
performed at different steps, to evaluate the cell response to trypsin. In the
experiment, cells were cultured on the gate area for 24 hours to reach an essentially
confluent monolayer. Two hours later, the H-7 was added into the medium to attain
a final concentration of 120 mM. Then cells were cultured in the medium with H-7
for one more hour. Later, H-7 was removed by replacing the medium and the host
device was subjected to I-V measurements. Device current, I, was measured at a bias

voltage, Vps, and at a time, 7.

T r T T T Y T Y T

cells in . .
1.5} the medium cells in trypsin ]

g 1.0 7
.’
Py
05} 7
.0 . 1 . 1 . I . 1 . L
0 0 2 4 6 8 10 12

t (min)

Fig. 4.61: Influence of trypsin on the device current observed at Vps=4V,

200



Experimental results are plotted as / vs. t plot for a fixed bias voltage of Vg = 4
V, as shown in Fig. 4.61. The plot clearly indicates increase of device current when
subjected to trypsin. Presence of cells, lying in the cell medium and attached to the
detector surface, results in an initial device current of 0.37 mA. When trypsin is
introduced, the device current starts increasing with time and reaches a saturation
value of ~ 1.1 mA in four to five minutes. After reaching saturation, no significant
change in the device current is observed until the cells are removed from the device
surface. Observed variation in device current can be explained as follows. Initially,
cells lie on the device surface in the culture medium. As explained in section 4.3.2,
presence of abundance of cells attached over the gate area of the device has an
electrical influence that is similar to applying a negative gate bias to the device.
When trypsin is introduced in the medium at ¢ = 3 min., the process of detachment of
cells, from the gate area, starts. As every gate-attached cell contributes a finite
negative potential to the gate potential of the device, detachment of any cell from the
gate area will result in a finite decrease of the negative gate bias. At a constant drain-
to-source voltage, a finite decrease in negative gate bias will result in a finite
increase in the drain current (the magnitude of decrease will be transconductance
multiplied by change in the gate potential). Hence, introduction of trypsin causes an
increment in recorded drain current with time, which is observed in the data range
corresponding to ¢ = 3 to ¢ = 7 minutes. In this range cells continue to detach from
the gate area until all the cells are detached at ¢ ~ 7 minute. As there are no more
cells available to detach from the gate surface after ¢ = 7 min., no further increment

in the drain current is observed for ¢ > 7 min., and a current saturation in observed.
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The time scale over which the current decreased after exposure to trypsin (about four
minutes) is consistent with the time scale that trypsin was optically observed to alter
the abundance of cells, as shown in the previous section. A similar event scale
observed from the optical inspection and the electrical detection confirms the
validity of proposed sensing mechanism. This preliminary success also indicates the
feasibility of more serious biosensing applications which can be further developed
utilizing the potential of the presented AlIGaN/GaN HEMT based sensor structure. A
summary of the outcomes of this feasibility study is listed as follows:

« Itis feasible to immobilize osteoblast-like saos-2 cells on as grown GaN

surface,

Surface modification can further improve the cell adhesion and likely, a
variety of other cells can also be immobilized over the GaN surface,

Optical inspection of cell adhesion or detachment is easily accomplished

using epifluorescence microscopy,

« Electrical detection of cell detachment is well demonstrated.
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CHAPTER 5

CONCLUSIONS

Role and scope of semiconductor electronics is continuously increasing.
Conventional Si based technologies are incapable of addressing the emerging
technological demands arising from the consumer electronics, as well as military
applications. New materials and technologies are required for high-speed
communication, high-power applications, optoelectronics, and their integrated
application.

GaN has emerged as a key material for such applications. GaN based
heterostructures have been extensively explored to address the new technological
need. Unique properties of GaN-based heterostructures allow raising standards of
efficiency, power handling and sensitivity. There are limitations and a number of
technological problems are yet to be solved for their commercialization. Quality and
reliability concerns of the GaN heterostructure based technologies require intensive
investigations. Non-destructive characterization techniques like, LFN, is one of the
best suitable methods for characterizing a defect sensitive system, like AIGaN/GaN
heterostructure. Even though state-of-the-art GaN technology is not developed
enough for a potential electronics market; it can be applied to other applications like
in bioelectronics.

In this thesis, a few aspects of the key issues such as reliability, degradation

and device performance are investigated in reference to AlIGaN/GaN heterostructure
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based HEMT technology. In addition, potential application of the GaN
heterostructure in bioelectronics is demonstrated. AlGaN/GaN heterostructure based
devices, which incorporate (i) a gate recessed HEMT structure, (ii) a double channel
HEMT structure, and (iii) a gate-less HEMT structure have been used for the

investigations.

5.1 Summary of the Findings

Detailed experimental studies were conducted on the degradation of the low-
frequency noise in GaN-based HEMTs due to voltage stressing. LFN was
demonstrated to be successful non-destructive characterization tool for monitoring
the device quality and reliability. The experimental results suggest that the initial
degradation of the flicker noise occurs due to the generation of some positively
charged ions at the AIGaN/GaN interface. Subsequent motion of the ions may be
responsible for observed fluctuations in the low-frequency excess noise with stress
time. Upon subjecting the devices to extended stressing, the transistors experienced
irreversible degradations in the low-frequency noise. Experimental results on the
flicker noise measured over a wide range of temperatures suggest that this final stage
of degradation arises from the generation of interface states at the AlGaN/GaN
hetero-interface.

Studies on the gate-recessed devices and unrecessed devices showed similar
trends in the early stages of degradation. A two-phase degradation was observed in
case of all devices. It was observed that recessed devices show distinct degradation

behaviour that is characterised by a faster and earlier onset of second phase. Even at
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room temperature, distinct noise characteristics of recessed and unrecessed devices
are identified. Analysis show that subjecting the studied heterostructures to dry-etch
process for even shortest durations will result in significant degradation of
heterostructure quality. Thus, either an alternative recess-etch technology or
alternative device designs should be chosen for any useful applications in
conventional electronics of these heterostructures.

HEMT Devices, incorporating double-heterostructures, were extensively
characterized. The dc performance of these devices was expectedly found promising.
High current density and good transconductance are favorable for their application
in conventional electronics. Clear signature of the existence of two parallel 2DEG
layers, having high charge density, was observed both in transconductance and C-V
measurements. An efficient access to the buried channels was observed in the
almost kink free 1-V characteristics. A hard pinch off was observed in transfer
characteristics that reflects a good gate control over both of the conduction channels.
All these observations are inline with the intended design of the double-
heterostructure incorporating HEMT device and reflect their competence.

In addition to good dc characteristics, the double-heterostructure HEMT devices
also show good noise properties, as reflected by the Hooge parameter of these
devices that is comparable to those of baseline HEMTs. From the estimation
approach, it was inferred that designing such device for a high current density is
favorable. However, the design must also consider minimizing the contact
resistances. This is because; a significant voltage drop across the ohmic-contacts

occurs due to high currents. At low bias voltages, drop across the contacts is

209



significant. Also, a high contact resistance and a high current density will result in
significant power-loss across the ohmic-contacts. Noise measurements were also
performed on the TLM patterns fabricated on a similar double-heterostructure. The
results reveled that contact-resistances does not contribute significantly to the device
noise in the studied structures. Both, 1/f noise and g-r noise were observed in the
devices. At room temperature 1/f noise was dominant while g-r bumps were
observed at cryogenic temperatures. From the noise data, three trap-levels were
identified and their activation energies were obtained from the Arrhenuis-plots. Two
of the traps were found to be very close in activation energy. From the low
temperature noise data it is concluded that the sources of noise in the studied system
are thermal activated.

In addition to the study of single and double heterostructure based HEMTS,
feasibility of heterostructures for bio-sensing application was investigated. Results
of a set of experiments were positive. Good quality heterostructures with high sheet
charge density were grown and gate-less HEMT like device structures were
fabricated. In the initial phase of these experiments, Saos-2 cells were successfully
cultured over the heterostructure surface. In the second phase, a high density of the
living cells was achieved by functionalizing the heterostructure surface which
improved the cell-semiconductor interface. This success finally led to achievement
of a confluent mono-layer over the gate-less area of the devices. In third phase,
effect of drug-H7, and trypsin was visually inspected. In the final phase, influence of
trypsin on the cells adherent to the device surface was electrically monitored. The

time scales of optical and electrical observations were same and reflected the success
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of the experiments. This preliminary success clearly demonstrated the potential of

the existing state-of the-art of GaN technology for sophisticated applications in other

important disciplines, like bioelectronics.

5.2 Suggested Future Work

During the investigations, following topics were noted for the future investigations:

1.

Modeling of the bias stress induced noise degradation in a conventional
heterostructure device.

Identification of the mechanism that assists and accelerates the degradation
process and reduces the life-time significantly.

Investigation of the possible co-relation between the noise sources located in
two 2DEG-channels and separated by a thin layer.

Development of a GaN based robust biosensor for drug detection.
Identification of the electrical signatures of drug delivery to the biological

species.
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