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CHAPTER |

INTRODUCTION

In the last 50 years, technology has advanced at a rapid pace improving society through
medical breakthroughs, rapid communications, and faster, more efficient methods of doing
things. Since the development of the transistor in 1947, a reduction in size and increase in
capabilities of electronic components has been achieved [1]. This lead the transistor to become
the building block of modern electronic hardware. Transistors are essential to create integrated
circuits that are found in various household appliances such as cell phones, computers, TVs and
other electronic devices used every day. Without transistors, these devices would be slow and
bulky and/or possibly nonexistent. Today, a single computer chip can contain billions of
transistors and Moore’s law (the prediction that the number of transistors placed on a single chip
would double every 1.5 to 2 years), still holds true [2]. A variety of commonly used transistors
exist such as, bipolar-junction transistors (BJTs), metal-oxide—semiconductor field-effect
transistor (MOSFET) and metal-semiconductor field effect transistor (MESFET), with each one
consisting of different structures and material components that are best suited for their
applications.

Recently, much attention has been given to the use of transistor devices for sensing
applications in the fields of biology, chemistry and medicine for homeland security, medical and
environmental monitoring [3]. Biosensors are used as analytical instruments for the detection of

biological and chemical analytes. These biosensors are capable of detecting/recognizing



biological responses that are amplified and converted to a measurable electrical signal [3]. As
reported by (Kang et al., 2008), the global sensor market has increased significantly in the
previous decade, with an expected $61.4 billion value by 2010. The types of materials for sensor
applications are termed “smart materials” in that they are sensitive to changes in the environment
such a as temperatures, electric fields and gasses and can instantly respond to these changes in
predetermined manner. Advances in transistor technology and newer fabrication methods create
the possibility of micro sized bio sensors with advantages including: small size and weight, faster
response time, and better reliability. Additionally, low cost mass production, and integration into
wireless sensor networks for remote monitoring which in some instances can be used in in-vivo
operation for real time feedback [4] can be possible.

The Aluminum Gallium Nitride/ Gallium Nitride High Electron Mobility Transistor
(AlGaN/GaN HEMT) was selected for this research work because it is a type of transistor that
has the capabilities to be a highly suitable bio sensor. AlGaN/GaN HEMTs have high resistance
to corrosion by acids, non-toxicity to living cells, extreme sensitive detection, ability to work in
harsh environments and are chemically inert. Their unique characteristics have already shown
great potential as a future analytical instrument, where silicon based field effect transistors

(FETSs) biosensors have been ineffective [3].

1.1 Semiconductor Materials and Devices

Transistor devices would not be possible without semiconductor materials.
Semiconductors are unique materials that have the electrical conductivity between that of a metal
and insulator, and most importantly they have the capacity to be altered to be more conductive or
insulating. However, limitations exist on how much semiconductors can be altered by the

intrinsic properties of the material [5]. Thus, a transistor’s performance can be restricted or



advanced by the semiconductor material(s) it is made of. Traditionally, the primary material for
transistors has been dominated by the semiconductor material silicon (Si), due to its low cost,
reproducibility, and abundance [6]. As new applications emerge, limitations such as speed and
poor thermal capacity are being reached where current Si technology cannot keep up with
emerging market demands [7]. A material’s electrical conductivity is dependent on the atomic
arraignment of its atoms, and Si based devices are already being pushed to the capacities
exhibited by their material properties. To overcome current Si limitations, new state of the art
materials are being researched.

Group 111-V semiconductor compounds have material properties that allow the potential
for higher speed operation than silicon-based devices. By utilizing group I11-V semiconductor
compounds, devices can be smaller, more efficient and work in harsher environments [8].
Despite the benefits, these semiconductors commercial sale is limited, asthe cost is 3 to 5 times
higher than silicon [9]. Gallium Arsenide (GaAs) was one of the first group I1l1-V semiconductor
materials to be commercially used exhibiting great advantages over Si. However, the group 1l1-V
semiconductor compound Gallium nitride (GaN) has material properties superior to both Siand
GaAs. GaN’s high carrier mobility and its ability to operate at much higher temperatures and
voltages, has made it a main topic of research for next generation technologies [7][10] [11].

Advantages of GaN material properties over other semiconductor materials can be seen on Table

1.1.
Table 1.1 - Properties of (300K) select semiconductors vs GaN [12]
Attribute Si GaAs 4H-SiC GaN
Energy Gap (eV) 1.12 1.42 3.25 3.25
Breakdown E-Field (V/cm) 0.25 0.4 3.0 3.0
Electron Mobility p(cm?/\VV*s) 1350 6000 800 800
Thermal Conductivity (W/cm*K) 15 0.5 4.9 4.9
Dielectric constant € 11.8 12.8 9.7 9.7




1.1.1 Applications of GaN Devices

GaN devices were first utilized in bright Light Emitting Diodes (LEDs), optoelectronics,
high power and high frequency devices in the fields of microwave and power electronics [7]
[13]. Recently, the 2014 Nobel Prize was awarded for the invention of efficient bright blue LEDs
which are white light sources that will reduce energy fabricated using GaN [14]. The competitive
advantages and outperformance of conventional transistors of GaN has increased interest in
commercial and military applications. Current market demands for GaN electronic devices is
expected to increase by the end of this decade [13]. Furthermore, GaN chemical inertness and
piezoelectric properties make it ideal for bio sensing applications. For these reasons,
AlGaN/GaN HEMTs have emerged as powerful devices and gotten a lot of attention in bio-
sensing applications.

HEMT technology come from the family of field effect transistor (FET) devices, which
use the electric field to control the flow of current through the device [15]. Itis advantageous
since the free carrier concentration within the semiconductor layer can be increased significantly
without introduction of dopant impurities [6]. The first HEMT device was an Aluminum Gallium
Arsenide/ Gallium Arsenide (AlGaAs/GaAs) HEMT. GaAs costs less and is much easier to
fabricate. However, GaN HEMTSs have undeniable advantages for high power and high
frequency applications than GaAs HEMTSs. The high heat capacity allows operation of higher
voltages without the need for an external cooling device. Furthermore, GaN HEMTs have high
thermal conductivity, high breakdown voltage, and resistance to chemically hostile environments
[16].

The advantages of HEMT technology to achieve high direct current (DC) and high radio

frequency (RF) currents comes from the creation of a two-dimensional electron gas (2DEG). The



2DEG is created when two distinct semiconductors with different band gaps are grown on top of
one another, creating a heterojunction. The heterojunction created from AIGaN/GaN generates a
current flow with very high mobility (~1200 — 1500 cmz/ (Vs)), and allows for modulation

doping, the addition of impurity atoms to control the behavior of the HEMT [6]. However, this is
not always necessary as the heterojunction’s electron mobility is already efficient. Furthermore,
the close proximity of the heterojunction to the surface (<35nm) makes the device extremely
sensitive to the ambient changes due to the surface charges and results in greater sensitivity
detection [17].

AlGaN/GaN HEMT high sensitivity can be used to achieve simultaneous detection of a
variety of environmental and biological gasses and liquids [18]. Its high-sensitivity, label-free and
real time detection can also be utilized in DNA sequencing and targeted biological markers. It can
be an important aspect in medicine due to its ability to detect abnormalities in the body sooner
and in a less invasive way [3] [17]). Detection of targeted markers is possible by adding a liquid
sample on the gate of an AlGaN/GaN HEMT. A large change in the source-drain current can
then be observed, which can be interpreted as an electrical signal representation of the biological

solution [17].

1.1.2 Structure of AlGaN/GaN HEMTs

The typical structure of the device includes three external electrodes: source, drain and
gate, AlGaN barrier, 2DEG channel layer, and GaN layer (Figure 1). GaN HEMTs have been
grown using the substrate materials Si, sapphire and Silicon Carbide (SiC). Choosing the right
substrate is essential as the characteristics and capabilities of the substrate material can affect its
performance. Growing two different materials on top of each other requires a certain

compatibility of the property of the two materials, and it is needed in order to grow high quality



layers. The thermal conductivity and the lattice match are critical to reduce stress and to achieve
high quality crystals. For this reason, a nucleation layer is sometimes used between GaN and the
substrate material to compensate mismatch [13]. More information on the substrates used will

be given in Chapter 2.

Substrate

Figure 1.1 - Basic AlGaN/GaN schematic

1.1.3 Challenges Limiting Commercialization of GaN Devices

Compound semiconductors have not been as widely used for commercial applications as
Si, as they tend to be more fragile and are more difficult to grow [10]. Fabrication cost and the
number of defects in the crystal are higher. The growth of compound semiconductors possess
challenges not found in elemental compounds due to the atomic positioning of the molecules
called a “crystal structure” [8]. The crystal structure is an arrangement in space of atoms, ions,
and molecules found in solids. An elemental semiconductor’s atomic arrangement will consist of
only one kind of atom in its crystal structure. Compound semiconductors are comprised of
several elements [5]. These crystal structures are formed due to the arrangement of atoms of
different groups. The term “crystal lattice” is given to a 3-dimentional array of points in space

pertaining to the position of where the atom lies within the crystal structure [10]. When growing
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compound semiconductors, control of the ratio of the two elements (stoichiometry) is essential.
For instance, a gallium (Ga) atom must reside on a Ga site and not on a nitrogen (N) site, and
vice versa. This is in contrast to growing single element elemental semiconductors, because the
position of the site is not relevant, making them easier to grow [8]. All of these factors have
limited the commercial use and sale of compound semiconductors. However, because of the
superior fundamental material properties of compound semiconductors over Si, research has
pushed for a low cost and more feasible manufacturing techniques.

Although GaN devices have unquestionable advantages, they are compound
semiconductors and, as such, they have not been popularized due to fabrication issues. GaN
material does not exist purely in nature and device performance is limited by difficulties in
growing high quality GaN. Until the 1990s, the absence of reliable processing procedures,
compatible substrates, and lack of high quality GaN resulted in this semiconductor being

ignored, falling behind to other semiconductors such as silicon which is cheap and reliable [12].

1.2 Fabrication of an AlGaN/GaN HEMT

A transistor is made of various types of conductor, semiconductor and insulator thin film
layers on a watfer, also called a substrate. Deposition, Pattering, and Etching of the multiple
layers of transistors are basic requirements for fabrication (Figure 1.2). Each processing step is
complex and requires careful study. This thesis involves only the thin film deposition of GaN,
which is one of the basic materials of the desired HEMT biosensor. Thin film is a term used on
layer thicknesses in the nanometer scales, typically less than 0.5microns [19]. Deposition
techniques of thin film involve the growth of nano scale layers of a material onto a substrate. In
this process, thin film layers are created by the addition of each individual atom, until a desired

thickness is achieved.
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Figure 1.2 - Fabrication process
1.3 Thin Film Deposition

Thin film deposition methods can be categorized as either chemical vapor deposition
(CVD) or physical vapor deposition (PVD) (Figure 1.3). As can be understood by its name, CVD
uses chemical reactions to decompose the target material and deposit thin film. In this process,
the gas phase reactants are introduced in the main chamber at room temperature. When it comes
in contact with a heated substrate, the reactants will react and the desired solid material is
formed. The important parameter is the substrate temperature, as it will influence the reactions
taking place. As opposed to CVD, PVDs use no chemical reaction but purely physical processes.
In PVD, the solid material transitions to a gas phase and the atoms are evaporated on to the

substrate. The type of deposition used generally depends on the application [20] [21] [22].



(a) (b)
Figure 1.3 - (a) Chemical vapor deposition and (b) physical vapor deposition

Metal Organic Chemical Vapor Deposition and Plasma-Enhanced Chemical Vapor
Deposition as well as molecular beam epitaxy and sputter deposition (both PVD) have proven to
be successful for achieving single crystal GaN thin film [22]. Despite these demonstrations, these
processes still face issues and/or limitations related to cost, complexity, involve corrosive
elements, and require high temperature depositions. Furthermore, these methods leave defects due
to the impurities of the GaN material [12]. However, the sputtering method is a PVD that is
increasing in popularity due to its ease of operation of deposition systems, thickness control, and
ability to deposit at lower temperatures [23]. Advances in sputtering systems have helped
overcome previous fabrication defects. In this thesis, the research of GaN thin film deposition is
extended by experimenting with sputtering of GaN, an emerging, inexpensive, physical vapor

deposition technique that is already showing promising results.
1.4 Sputtering Deposition

The sputter deposition method is the erosion of a target solid onto a substrate. As shown

in Figure 1.4, the process involves: 1) the bombardment of ionized gas molecules against a target



material, causing the atoms of the target to dislodge and move freely 2) the sputtered atoms then
moves freely until collision with another object, typically a substrate or a wafer, and settling at

the surface creating thin film [24].
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Figure 1.4 - Sputtering Process

Advantages of the sputtering method include: ease of operation, thickness control, low
temperature deposition, and less toxicity [25]. There are several methods to grow GaN thin film,
and the sputtering deposition is one of them. In the case of GaN thin film fabrication, both

chemical (CVD) and physical (PVD) processes have been subjects of research.
1.5 Research and Outline

The purpose of this thesis is to extend the research for fabrication of AlGaN/GaN HEMT
biosensors utilizing the sputtering method. Optimized sputtering conditions of GaN thin films are
investigated experimentally for the preparation of an AlGaN/GaN heterostructure by RF

magnetron sputter technique. The effects of sputtering power, temperature, gasses and pressure
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are varied to study the effects on the structural properties of the thin films. Furthermore,
semiconductor materials such as silicon, and sapphire are used as substrate materials to

investigate the effects of substrate materials. This will then lead to the fabrication of an

AlGaN/GaN HEMT biosensor (Figure 1.5).

GaN —
Characterization er]) :
HEMT Bio Sensor
AlGaN -
Characterization

Thiol

Chemistry

Figure 1.5 — Overall research outline

Chapter 1: Introduction to GaN material and devices. This will also describe the
importance of AlGaN/GaN HEMT biosensors and introduce techniques for preparing thin films.
It will focus on describing the sputtering method to familiarize the readers with the method.
Finally, an outline of the overall research is presented.

Chapter 2: Semiconductor fundaments, crystallography and material properties will be
described. The GaN material properties will be given as well as a brief reference to the AlGaN
material for preparation of the AIGaN/GaN heterostructure. The substrate materials of Si, and
Sapphire will also be described. Growth methods for GaN thin films are discussed as well as the

importance of the chosen sputtering parameters.
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Chapter 3: Methodology, the experimental procedures are described in chapter 3. Target
and substrate preparation techniques as well as the characterization techniques are described. The
experiment parameters are listed in the tables.

Chapter 4: Experimental Results for the preliminary depositions are described. This
chapter focuses on preliminary results found using the sputtering machine, the experience gained
and the verification of the functionality of the system.

Chapter 5: Experimental Results for the GaN depositions are given in the chapter. The
results are explained through the different parameters used in sputtering from 0% nitrogen gas
(using only argon gas) to using a mixed argon/nitrogen gas with increasing concentrations of
nitrogen and finally using pure nitrogen depositions.

Chapter 6: Conclusion and Future Works, this chapter gives a brief summary of the
findings of this thesis. Challenges are also discussed. Finally, recommendations are given for

continuation of the research objective.
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Temperature Dependence on GaN
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Figure 5.22 - XPS data of Ga 3d binding energy

5.6 Confirmation of the Impurities with XPS

Oxygen and carbon impurities had been revealed by EDS on all of the GaN deposited
films. These impurities had first been assumed to be coming from exposure to atmospheric
impurities due to not having a clean room environment. Analyzing the films using XPS indicated
the impurities of carbon are only found at the surface of the films, as no carbon is detected after
etching 0.12nm. As can be seen by Figure 5.23 of selected thin films analyzed by XPS, the
oxygen concentration is always higher than gallium, when using a nitrogen/argon gas mix. Only
when the depositions are done using pure Ar gas is the gallium atomic concentration higher than
oxygen. This is attributed to the argon gas promoting higher Kinetic energies of the Ga and N
atoms, causing a deflection of oxygen atoms. In Figure 5.24, a reduction in oxygen is seen with
increasing temperatures. If impurity atoms of oxygen were observed, the oxygen atoms will
replace nitrogen vacancies [53]. When oxygen occupies an N site, it is known as a substitutional

impurity and causes point defects. It also presents carbon impurities as being able to replace
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nitrogen vacancies, as an amphoteric impurity however the carbon atoms in these films are only

at the surface, as is discussed in section 5.1.

Depositions Without Temperature
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Figure 5.23 - Oxygen impurities at various parameters without temperature
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Figure 5.24 - Depositions done using temperature to reduce oxygen concentration

72



5.7 Target poisoning

Sputtering with an argon flow rate greater than N had an effect on the gallium nitride
target. The greatest effect was observed in the pure Argon gas depositions, where the target had a
completely black surface. Additionally, at 50W RF power, the effect was greater than at 40W RF
power. This can be attributed to the intense bombardment of argon ions causing a resputtering at
the surface of the target and leaving the surface nitrogen deficient. This phenomenon is observed
when sputtering in pure argon gas in [44]. There is no mention of target poisoning. It is assumed
that was occurring both at the target surface as well as the substrate in this Thesis. This was
indicated by samples grown at pure argon gas having high gallium content and really low
nitrogen. Nitrogen gas is introduced and becomes 60% higher than argon gas, the films become
closer to stoichiometric as well as the reduction in target poisoning. The visual inspection at the
target surface is shown by Figure 5.25. In Figure 5.25 (a), the black surface layer is seen after the
depositions done with pure argon gas. As nitrogen gas is introduced, the effect begins to be
suppressed. Sputtering at a 33% N2 with high pressure, even with 50W RF power, the target
surface begins to clear (b). Sputtering at low pressures of 4mT or 5mT (c), target poisoning is
still observed, and again is greater at 50W RF power (d). Once the sputtering gas is 60% N2 and
a higher pressure (10mT or above), Figure (e), this effect begins to be reduced. At 15mT with
60% or higher N2 the target is almost clear of the black material, Figure (f). This was the same
results obtained when sputtering below 40W RF power, for the depositions done at 15W RF
power. Figure (g) shows the surface of the target with small black specs, this is due to sputtering
at a low pressure of 5mT with 40W. At these parameters, the effect is suppressed enough to not
cause damage to the sputtered film. The target is found to be the cleanest at RF powers of 40W

or below, and pressures of 10mT and above, with 60% N2 flow rate.

73



Figure 5.25 - Surface of GaN target, at various parameters: (a) pure Argon gas, (b) 33%
N2 40W, (c) 33% N2 high pressures, (d)33% N2 50W low pressures, (e) 40% N2 40W
10mT, (f) 60% N2 and pure N2 40W 15mT, (g) 70% N2 40w 5mT
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CHAPTER VI

CONCLUSION AND FUTURE WORKS

6.1 Summary

GaN thin films have been grown by sputtering a GaN target. The sputtering parameters of
RF power and pressure are varied to study the effects on the structural properties of the films.
Additionally, the sputtering gasses used are argon gas, argon/nitrogen gas mix, and pure nitrogen
gas to test the gas dependence on the structural properties of the thin film. To achieve
stoichiometric GaN films, low RF power (40W) and high pressure (15mT) are recommended
using pure Nitrogen gas. However impurities of oxygen are still incorporated in the films during
the depositions. Substrate temperature of 700°C is needed to reduce the oxygen impurities. By
using temperature, the reduction in oxygen impurities also allows low pressure deposition of
5mT to create polycrystalline GaN thin film.

Target poisoning has been a major issue throughout the depositions. The initial
experiments ran at 50W RF power and low pressures left the surface of the target with a black
material. Analysis of the black material by EDS revealed really high atomic percentage of Ga. A
resputtering at the target due to the Argon gas is assumed, leaving the surface of the target
nitrogen deficient. This is an important phenomenon as the stoichiometry of the films are greatly
affected by the “cleanliness™ of the target surface. If target poisoning is observed, target cleaning

procedures must be done, otherwise the thin films will come out with higher percentages of
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gallium. To suppress target poisoning, low powers, high pressures and the use of 60% nitrogen
gas or higher are needed.

6.2 Challenges

One of the main challenges in this research is attributed to the characterization
techniques. The imaging tools available for analyzing the thin films are typical equipment’s
used. However, separate attachments/set ups are not available which allow really thin films, less
than 500nm thick, to be properly characterized. The XRD technique typically used is grazing
incidence XRD in order to suppress the peaks from the substrate and detect the thin film grown
above. Grazing incidence is not available, only XRD is available at this university. This made it
very time consuming for detection of the GaN peaks. Many tests had to be done to find the right
orientation the film grows on the wafer, as well as lowering the power intensity to read at the
surface and not penetrate that far in to the substrate. For surface imaging, the samples had to be
prepared to be more conductive in order to take clear pictures. This lead to thinking the films are
amorphous early in the research since there was no detection of grains. Grain formations are
found once the samples are made more conductive. Use of the XPS machine for chemical
analysis was not available until the end of this research. The inability to check for
crystallography or chemical composition left analysis to be made solely on EDS elemental
composition and visual inspection of the color of the thin films. EDS results are useful for
detection of the N/Ga ratio, however it cannot analyze if the gallium nitride has formed. (It only
reads atomic elements, it cannot detect chemical compositions).

Another challenge is the impurities within the sputtering chamber. Impurities of
unwanted elements have a major effect on the quality of the thin films. Thin films are normally

grown in clean room enclosures to reduce impurities. There is no clean room enclosure for the
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sputtering system, meaning impurities cannot be completely removed. The characterization tools
are also not under clean room enclosures which can have another effect on the films. The
sputtering gasses are industrial type gasses and not high purity gasses, which could also
contribute to impurities.

The last challenge is poor knowledge of the sputtering system. As this system is new,
understanding of proper sputtering parameters and knowing the equipment was learned as the
research was done. A poor sputtering process led to target breaking and burning, Figure 6.1.
None or poor ramping of the target is what caused the target damage. The damage was also
found in the sputter gun’s magnetic array and copper mesh (Figures 6.2 and 6.3). In addition,
there was also a problem with the adaptive pressure controller. The valve sometimes struggled to
keep the pressure setting position, and adaptive pressure controller reader indicated the position

fluctuated.

Figure 6.1 - Broken TiO target
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Other factors such as post annealing treatments can be done on the film to reduce oxygen atoms.
The processing gas used is currently an industrial type gas. High purity nitrogen gas can be used
to reduce impurities from the gasses. A negative bias voltage has also been found to be
successful in reducing oxygen impurities [54].

To accomplish the overall research for building an AlGaN/GaN HEMT biosensor, the
substrate SiC can be used as the substrate and improve the quality of the HEMT. Optimized
sputtering conditions of AlGaN still need to be done and characterized. The heterostructure can
then be verified, making sure the HEMT works correctly. The use of the HEMT as a biosensor

can then be tested (Figure 6.4).
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Figure 6.4 — Overall research outline
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APPENDIX A

GLOSSARY

Band gap — energy difference between the top of the valance gap and the bottom of the
conduction band that an electron has to “jump” and break free to become a charge carrier [27]

Conduction _band — lowest energy band where electrons reside that have been excited to that
state and are “free electrons” [10]

Covalent bond — a chemical bond that occurs when two atoms share an electron pair [27]

Crystal structure — the periodic arrangement of atoms in space found in crystalline materials
[10]

Point defects — defects around a single lattice point that involve a few extra or missing atoms. It
can introduce internal strain which is either compressive or tensile depending on the size of the
impurity atom [53]

Substitutional impurity —a point defect, where an impurity atom will replace the site of a bulk
atom [53]

Target max power — maximum power applied to the target which is dependent on the target’s
thermal conductivity, thermal coefficient of expansion [49]

Valance band —the highest electron energy band containing valance electrons [10]

Vacancy — An unoccupied regular crystal site is called a vacancy [53]
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