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Abstract

A STUDY ON THE NATURE OF ANOMALOUS CURRENT CONDUCTION IN
GALLIUM NITRIDE

Joshua Spradlin, B.S. Electrical Engineering and Physics, Virginia Commonwealth
University 2001

A thesis submitted in partial fulfillment of the requirements for the degree of Master’s of
Electrical Engineering at Virginia Commonwealth University.

Virginia Commonwealth University 2005

Hadis Morkog, Founders Professor of Electrical Engineering and Physics, Electrical
Engineering

Current leakage in GaN thin films limits reliable device fabrication. A variety of
Ga and N rich MBE GaN thin films grown by Rf, NH3, and Rf + NH3, are examined with
electrical measurements on Ni/Au Schottky diodes and CAFM. Current-voltage (IV)

mechanisms will identify conduction mechanisms on diodes, and CAFM measurements



will investigate the microstructure of conduction in GaN thin films. With CAFM,
enhanced conduction has been shown to decorate some extended defects and surface
features, while CAFM spectroscopy on a MODFET structure indicates a correlation
between extended defects and field conduction behavior at room temperature. A remedy
for poor conduction characteristics is presented in molten KOH etching, as evidenced by
CAFM measurements, Schottky diodes, and MODFET’s. The aim of this study is to
identify anomalous conduction mechanisms, the likely cause of anomalous conduction,

and a method for improving the conduction characteristics.

Keywords: IlI-Nitride, III-V, Gallium Nitride, GaN, Electrical Properties, Conduction,
Conductivity, Mobility, Hall Measurements, Resistivity, Schottky Diode, Modulation
Doped Field Effect Transistor (MODFET), Conductive Atomic Force Microscopy
(AFM), Defects, Molten Potassium Hydroxide (KOH) etching, Silvaco, Atlas, and
Illumination.



1 Introduction and Background

Providing devices with extended operating conditions, and advances in
performance in magnetic, optical, and electrical properties, wide band gap
semiconductors have been gaining popularity in recent years. Light emitting diodes
(LED’s), lasing diodes (LD’s), ultra violet (UV) optical detectors / switches, high
frequency / power field effect transistors, and other novel devices have already been
demonstrated using III-Nitrides." Gallium Nitride is currently one of the most widely
studied of the III-Nitrides, gaining initial interest from commercial demonstration of the
first blue light emitting diode (LED). A major technical barrier that hinders III-Nitride
compounds is large concentrations of native defects that significantly distort the optical
and electronic properties, rendering devices mostly inoperable.  The III-Nitride
semiconductors are difficult to grow, and fabricate devices on, due to chemical inertness
and lack of ideal substrates.'

When native substrates are not available, the substrate can be several materials for
any given semiconductor but it is a large factor in major crystal defects. Growth quality is

best achieved when the substrate and deposited film have closely matched thermal
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expansion and lattice constants. Poor substrates, growth conditions, or device fabrication

can compromise the electrical characteristics of any device. While investigating novel
characteristics of the materials, commercial demand has fueled an exhaustive search into
the III-Nitride and other wide band gap semiconductors to find better methods for
producing materials that meet demands in power, optical, and Rf electronics. A hurdle to
bipolar devices has been overcome in successful fabrication of p-type Gallium Nitride.
Another class of exotic devices includes heterojunction bipolar devices, which utilize p-
type Silicon Carbide as substrates with an n-type GaN overgrowth. Complex device
structures incorporating heterojunctions demand demonstration of excellent interface
control.

Some labs have overcome the difficulties associated with high background n-type
carrier concentrations from native defects in III-N growth. While literature to date lacks
a sure recipe for high quality n-type and p-type GaN, the general boundaries for high
quality Ga-polar n-type GaN is achieved in ammonia MBE reactors near Ga-rich
conditions with a substrate temperature just below the Ga desorption point (~900 °C). In
nitrogen plasma MBE grown GaN, the film quality is a strong function of balancing the
nitrogen plasma flux and substrate temperature. Ultimately avoiding the incorporation of
point defects, while minimizing the density of macroscopic structural defects, will ensure
good device quality material. Good Schottky device reports for GaN grown by MBE?
and MOCVD? were published as early as 1998. A rather recent publication presents Au
Schottky contacts on n-type GaN grown by a new deposition technique coined reactive

hot wall vapor deposition.*
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Another front of research has concentrated on understanding the properties of
confinement, i.e. surface area to bulk volume ratio, in small-scale structures coined
nanofeatures (exhibiting some structural aspect less than a micron in width, generally less
than 100’s of nm). The best representative sample of this class of solid materials would
be a porous matrix of a given semiconductor, or metal. In a porous material the surface
area increases as the bulk volume coﬁnecting the material decreases in a cross sectional
diameter. As seen with colloids and clusters, novel properties emerge, most notably
optical and electrical, as the density of nanofeatures is increased and / or the confined
dimension of the nanofeatures is changed. A large emphasis has been placed on
decreasing the size of devices to achieve increased performance and device density.
Single electron devices and molecular transistors are alternative computing technologies,
however these devices will unlikely meet the power capabilities and switching abilities of
bulk solid-state devices. The transport of charged carriers in thin films with high defect

densities mediates the devices that will be able to be fabricated.

1.1 Semiconductor Materials

Semiconductors are a class of materials that to a first extent fall between metals
insulators, though as understanding of material properties, production, and fabrication
increases materials once thought to be insulators are becoming candidates for
semiconductor electronic devices. Metals have an excess of free charge, semiconductors
have a slight deficiency in free carriers, and insulators have no free carriers. All

materials have an electronic structure that is determined by the chemical constituents and
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bonding characteristics, locally and globally. In a crystalline semiconductor the energetic
separation of occupied valence states and the conduction states of excited electrons,
endows novel conduction properties that are utilized in electronic device design.

In order to describe complex crystal structures like the wurzitic and zincblende
configurations a convention had to be established for the crystal orientation. This
problem was solved with the assignment of Brillouin zones, which are specific for a
given crystal structure.” The Brillouin zone for a wurzite crystal is the right hexagonal

prism, provided as Figure 1 - Brillouin Zone Figure courtesy of ref. 1.
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Figure 1 - Brillouin Zone Figure

Figure from ref. 1 without permission.
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A wurzitic crystal is commonly viewed from the I' point, which corresponds to the
[0001] direction, or z-axis of the unit cell. With a defined crystal orientation, a diagram
can be constructed that defines the necessary energy a carrier needs to transition from the
valance bands to the conduction bands as a function of 3-D rotation about the unit cell.
The energy band diagram represents the three-dimensional energy structure of the crystal
in terms of momentum states and corresponding energies, more information can be found
in “Survey of Semiconductor Physics”6, or preferably in ref. 1. In the simplest model, the
E-k diagram represents the conduction and valance bands as a parabola at the gamma
point.” Gallium Nitride’s conduction bands can be approximated by parabola due to the
low non-parabolicity of the gamma transition point.” The curvature of energy bands are
proportional to carriers’ effective mass occupying that band. The number of bands in the
E-k diagram depends on the crystal type, every band shown represents both spin states,

see B.R. Nag for more details.
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Figure 2 - E-k Diagram

Figure from ref. 1 without permission.

The absence of an electron from the valence shell of an atom is defined as a hole in that
atom’s local electronic structure. In the presence of an applied bias, holes will move in
the opposite direction of electrons and contribute to the observed forward current flow.
Holes represent a larger absence of energy as they occupy lower valence bands, while

electrons are at lower energies in lower conduction bands.
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Intrinsic semiconductor materials are devoid of impurities and highly resistive,

therefore doping is necessary to fabricate electronic devices. A dopant can be any
element that will donate (donor) or accept (acceptor) an electron when substituted into
the semiconductor lattice for one of the constituent elements. As long as phase
precipitations are negligible, selecting an element with a difference in valance charge can
yield a suitable dopant. Native defects can also act as unintentional dopants by
periodically perturbing the crystalline structure. Dopants are usually added in

concentrations less than 107 ¢cm>.

Ultimately the device structure dictates the doping
requirements. Utilizing dopants and extremely precise growth techniques for thin films, a
wide range of substrates for devices can be produced, but contacts are still needed.

For an electron to move inside a pure ideal semiconductor they must interact with
free energy and respond to applied biases while residing in the conduction band of the
semiconductor. At zero degrees Kelvin there are no electrons in the conduction band,
regardless of doping, since the conduction bands are some energy greater than the
equilibrium energy of the valance bands, or the bonding energies of the donor / defects
states. As the temperature increases above zero degrees Kelvin thermal excitation of
carriers follows a Gausian distribution defined by the Fermi function. The occupancy of

states in the conduction band by electrons, or conversely the absence of electrons (holes)

in the valence band, is given by the Fermi function,

Equation 1 - Conduction Band Fermi Function



10
1

1+ exp[E ;fp j

In the above expression, F(E) is the Fermi occupancy as a function of energy, E is a

F(E)=

respective energy, Ep is the Fermi Energy, k is the Boltzmann constant, and T is the
temperature. The Fermi energy describes the availability of carriers based on the thermal
equilibrium potential of the material’s energy structure. The free electron concentration
can be determined by integrating the product of the Fermi function and the density of
states for the conduction band, see any introductory text on semiconductors. Performing

the above yields an expression for the free electron concentration, n, as follows:®

Equation 2 - Free Electron Concentration

n=N,. exp(E;fcj

The parameter N¢ is the conduction band density of states, for more information see
section 2.2.3 Capacitance-Voltage Measurements. When there is a significant density of
surface states, or point defects in the near surface region, the Fermi level is no longer
solely a function of the donor concentration, temperature, and bandgap, but also of fixed
and mobile charge in the semiconductor film, and at the interfaces.

An electron’s motion is intimately coupled to the free energy in the lattice. The
electrons are described as plane wave Bloch functions, which are defined by the
constraints of the periodic interactions with the semiconductor lattice. In any material the

bonds and free electrons will move with random thermal motion, however, if the material



11
has an applied electric field then, as in free space, the electrons are forced to move

through a semiconductor’s crystal lattice in the direction of an applied electric field. The
rate at which the carriers move is mediated by the possibilities that any given electron
will encounter the effects of another carrier, the lattice, or a lattice perturbation, creating
a form of dampening or friction not present in free space. The interactive forces between
the carrier and the lattice prevent the electron from achieving the free space velocity. The

reduced velocity in a solid is called the drift velocity, given by the following expression,

Equation 3 - Drift Velocity - Applied Field Relationship

Upup = HE
where vprin is the drift velocity, p is the mobility, and E is the applied field. The mobility
relates the electric field vector to the velocity vector, which in a non-cubic lattice causes
the mobility to be inherently directional.’” The semiconductor’s transport properties are

the primary part of the system defined by an electronic device, with contacts and external

components secondary considerations.

1.2 GaN Growth

Growth of gallium nitride through non-equilibrium methods has posed problems
from the outset. Early investigations enumerated film properties by various growth
methods, establishing high quality film benchmarks for devices demonstrating
heterostructure designs. Strain is a limiting factor in any thin film deposition technique
and complicates production of strain-enhanced devices. During deposition, strain results

from thermal expansion, thermal capacity, thermal conductivity, and lattice spacing
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mismatches between the deposited film and substrate. Strain introduces threading

dislocations, and other defects, with unique spatial and energetic distributions depending
on the localized phenomena during the growth. Matching lattice structural and thermal
properties can minimize the deposition related strain, resultantly improving the electrical
properties. Novel growth techniques can also reduce the strain, see section 1.2.2
Substrates, and density of extended defects, see section 1.4 Defects. The aspects of III-
Nitride growth will be cursorily reviewed, with an emphasis on reports enumerating
techniques for device quality properties. The facilities at MMDL are capable of both

ammonia and nitrogen plasma source MBE, MOCVD, and HVPE.

1.2.1 Growth Techniques

Metal Organic Chemical Vapor Deposition (MOCVD), Hydride Vapor Phase
Epitaxy (HVPE), and Molecular Beam Epitaxy (MBE) are the primary growth techniques
for III-Nitride, and other wide band gap semiconductors. In MOCVD and HVPE
growth, high temperatures are used to condense reactive gases onto a substrate, while
MBE uses reactive plasma and thermally excited metallic species to deposited thin films.
The high deposition rate deposition techniques are MOCVD, typically in the range of
micrometers per hour, and HVPE, '10’s of um per hour. MOCVD produces higher
quality films than HVPE of comparable thickness, but HVPE can achieve higher quality
films through sheer thickness. MBE is limited to hundreds of nanometers per hour, with

film quality dictating the deposition rate. A complex relationship exists between the
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substrate temperature, deposition rates, and associated deposition parameters. The

growth technique employed is generally determined by the film’s structure.

1.2.1.1 Hydride Vapor Phase Epitaxy (HVPE)

HVPE films of GaN are characterized by smooth surfaces with low density of
dislocations, predominantly of the screw type. HVPE reactors produce superior electrical
characteristics over MOCVD or MBE films, mainly as a result of thicker films.
Dislocation densities of HVPE films are generally in the range of 10° cm™. HVPE has
two distinct advantages, high growth rates and uniformity over a large substrate area.
The particular dynamics of HVPE deposition cannot produce heterostructures. Despite
the shortcomings, HVPE films provide a high quality standard énd make excellent

templates for the growth of heterostructure films by other techniques.

1.2.1.2 Metalorganic Chemical Vapor Deposition (MOCVD)

Metal organic chemical vapor deposition relies on reactive gases at variable
pressures to force a gas condensation reaction that deposits material onto a substrate.
Process pressures can range from sub atmosphere to positive pressures depending on the
vessel and application. The background carrier concentration can be minimized in
MOCYVD depositions, just as HVPE, yielding carrier concentrations as low as ~ 2x10'®
em>'" Larger substrates can also be accommodated in MOCVD reactors with high

uniformity and quality.!' Substrate temperatures range around 1050 °C for GaN, but is

highly dependent on the application. Special care must be taken with MOCVD systems,
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as many of the process gases, such as trimethylgallium (TMGa), trimethylaluminum

(TMALI), and ammonia (NH3), are caustic or unstable in atmosphere.

1.2.1.3 Molecular Beam Epitaxy (MBE)

Out of the growth techniques the most selective is MBE, coined a 2-D growth
technique. In MBE deposition, solid sources are supplied to the process chamber via
effusion cells. Nitrogen is supplied to the chamber as either gaseous ammonia or
activated nitrogen from a plasma source. Chamber background pressures during
deposition are ideally less than 10 Torr, but more commonly are ~ 10 Torr. The
lowest chamber base pressure is desirable, as it will minimize the impurity incorporation
in the III-Nitride film from the background partial pressures of gaseous species.
Substrate temperatures vary but must be maintained below the thermal desorption point
of the III-Nitride. One can roughly approximate the growth stoichiometry by calculating
the ion fluxes, examining RHEED patterns, or though ex-situ surface microscopy.
Heterostructure device structures would be increasingly difficult to deposit without the

use of MBE.

1.2.2 Substrates

The most critical factor in growth of III-Nitrides is the substrate type and
preparation. In selecting a substrate, the lattice spacing and thermal expansion
coefficients need to be matched as closely as possible. The IlI-Nitride family has a match
with a number of other materials, providing for a large variety of candidates for

heteroepitaxy. Sapphire (Al,O;) is the most popular choice for heteroepitaxy in III-
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Nitride growth, though other candidates are zinc oxide (ZnQO), silicon carbide (SiC),

spinel, gallium arsnide, and silicon, see reference 1 for in-depth treatment of various wide
band gap materials’ growth related issues.

In the ideal case of homoepitaxy, threading dislocations and native point defects
mediate the electrical quality of the deposited GaN. Heteroepitaxial overgrowths are
more susceptible to substrate preparation and the resulting overgrown film quality is
generally poorer than in the case of homoepitaxy. On sapphire AIN buffers are utilized to
improve the GaN film quality. Incorporation of super lattices in the overgrowth has been
shown to be effective in improving the electrical properties of the bulk material by
reducing the propagation of threading dislocations, see section 3.1.2 SVT 750.

Substrate selection may be complicated by polarization charges exhibited by the
ITI-Nitride family. A study of two dimensional electron gas (2-DEG) heterostructures
composed of 25 nm thick barriers of Aly5Gag7sN on GaN determined the 2-DEG
properties were a strong function of substrate and preparation.”> The heterostructures
were deposited on Zn compensated HVPE films with a room temperature resistivity of
10® Q-cm or greater. The results found that the 2-DEG characteristics are compromised
by the presence of a volume of charge at the MBE / HVPE interface (~ 2x10" cm?).
Obtaining a higher purity source for the HVPE processes alleviated the extraneous
interface charge and yielded state of the art transistor characteristics reiterating the
stringent requirements of the IIl-nitride materials.

Many of the films at MMDL were MBE GaN heteroepitaxial overgrowths on

sapphire. The sapphire substrates were degreased three times for 5 minutes in
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trichloroethane at 300 °C, followed by a 3 minute deionized water rinse. Degreasing was

followed by a 300 °C 3:1 H;SO4:H3;PO4 etch to remove surface damage from the
substrate. Then the sapphire substrate was annealed outside and inside the vacuum
chamber before deposition. Annealing in the vacuum chamber was performed around
950 °C and was followed by conditioning with Rf nitrogen or NH; flux, termed substrate
nitridation. The nitridation reconstructed the sapphire substrate’s surface into a thin AIN
layer, verified by reflective high-energy electron diffraction (RHEED). The use of AIN
bbuffers is essential in achieving high quality films of heteroepitxial MBE GaN on
sapphire. The prohibitive cost of substrates and the intricacies of substrate preparation

have lead many to investigate alternatives to traditional substrates.

1.2.2.1 Nanoporous and Nanotemplate Substrates

Progressive alternative techniques incorporated lateral epitaxial overgrowth with
nanoporous or nanotemplate substrates. Lateral epitaxial overgrowth (LEO) utilizes
orientation dependent growth rates and conditions to cause the growth of the film to
proceed out-of-plane until a critical thickness is reached, then in-plane growth is initiated.
Dislocation densities in the low 10® cm™ can be achieved in the highest quality region of
a LEO overgrowth. Through optimizing surface geometries, density, and island size of
the nanotemplates, maximum relief of strain and highest film quality can be achieved.
Surface tension, growth kinetics, and crystal symmetry define the islands’ characteristics.
Similarly, templates and nanoporous materials can also drastically reduce the number of
dislocations in overgrown thin-films. Nanoporous titanium nitride (TiN), SiC, or GaN

offer a novel mechanism for relaxing the strain of the initiating growth by selectively
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nucleating on the exposed reduced area surface. Patterning materials, such as AIN, in
stripes, columns, rings, and islands offers other possibilities of reducing epitaxial strain.

A novel method investigated at MMDL during these studies for homoepitaxial
GaN nanotemplate growth involved etching a GaN thin film in molten potassium
hydroxide to reveal its defect structure, while simultaneously defining a growth template.
The substrate’s defect structure becomes the template for initiating the subsequent thin
film’s growth, ideally decreasing the strain induced in the film and consequently the
threading dislocations, see section 3.1.4 SVT 1026 and SVT 1460.

Analysis of anistropic etches and nanotemplate regrowth studies will provide
critical information on achieving lower dislocation densities in GaN growth. Dislocation
densities in the low 10® cm™ range for MBE III-Nitride films on sapphire are a realistic
goal, as compared to dislocation densities in the mid 10° — 10'' commonly achieved
utilizing AIN buffers on sapphire. Nanopatterning and nanotemplating offer a low cost

alternative that will advance state of the art devices for all materials.

1.3 Material Properties

Pure elements and elemental compounds have parameters that describe their bulk
properties. When examining various samples of a particular compound there will be a
distribution in material properties due to the microscopic variations in the samples. The
following subsections categorize material properties into five basic categories:
mechanical, alloy, electrical, optical, and chemical properties. In a separate class of

materials, polycrystalline and porous substances have significantly different properties
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than a pure crystalline specimen. Contributions of grain interactions and surface versus
volume effects distort the pure elemental properties in a given specimen of a material.
Accompanying, are brief comments through the various sections on the novel properties

of poly- and nanomaterials.

1.3.1 Mechanical Properties

‘A crystal’s symmetry and periodicity not only defines the energy structure for
electron energy transitions; it also defines the energy spectrum for the mechanical
coupling of neighboring atoms in the bulk of the material. Gallium nitride has an in-
plane lattice spacing, a, of 0.3188 nm and an out of plane lattice spacing, c, of 0.5185
nm."” Bulk mechanical properties are defined as hardness, thermal conductivity, Raman
spectra, and elastic constants. The hardness of GaN is reported by two techniques,
nanoindentation and the Knoop method, as 15.5 + 9 and 10.8 GPa, respectfully.'® From a
microscopic point of view the unit cell type, and corresponding bonding angles and
energies, define the macroscopic mechanical properties. Defects and strain will serve to
reduce the values of most of the macroscopic parameters, as a result the cumulative
effects of the unique microscopic configurations.

A material’s response to deformation is characterized by the elastic constants for
the given material. There are 36 numbers required from theory to describe mechanical
deformation, though the actual number of elastic constants that are necessary to describe
a given material’s bulk properties are determined by symmetry."* In a wurzitic crystal,

there are five elastic constants, while in a cubic crystal there are only three. Equation 4 -
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Cubic Crystal Elastic Constants, describes the symmetry relationships for the three elastic

constants for a cubic crystal as follows:

Equation 4 - Cubic Crystal Elastic Constants

c12 = cxxyy = c)yzz = szxx’
c44 = cxyxy = cyzyz = czrzr’

The elastic modulii result from the relationship of the strain tensor to the conservation of
potential energy in a harmonic crystal system. '* The modulus of elasticity for GaN was
reported as 210 + 23 GPa.'* The elastic modulii are used in a number of higher-level
calculations, such as scattering mechanisms and strain induced polarization charge to
account for the effects of strain on the lattice and carriers.

Defects play an important role in the mechanical properties, there are a number of
physically imposed perturbations in mechanical properties due to defects, just as there are
in electrical properties. The interplay of macroscopic properties and microscopic defects
is evidenced in decreased sheer strength as a direct result of numerous threading
dislocations, stacking faults, or nanopipes. Local perturbations have unique bonding
angles, energies, and can have unique symmetry groups depending on the chemical
species involved. The environmental history of the material is a critical factor in
determining defects’ effects on mechanical properties, as well as on the optical, electrical,
and chemical properties.

Perturbations to the lattice structure will manifest a peak in X-ray and Raman

spectroscopy if the density of defects is comparable to the bulk signal. The new phonon
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modes could be equally damaging to the electrical characteristics, as the acoustic

phonons could assist in forms of defect conduction, possibly Hopping Conductivity. A
result of non-ideal growth conditions, stacking faults, grain boundaries, high residual film
stress, and / or a high density of threading dislocations compromise the shear strength,
heat capacitance and conductance, structural properties, and elastic modulus of a

semiconductor film.

1.3.2 Alloys’ Properties

Increasingly, devices and materials are comprised of alloys. Alloys present a
challenge in that there is an enormous amount of sample parameter space that must be
explored to establish fundamental relationships with elemental composition. In the
simple case, alloys’ properties could be assumed to be a linear interpolation between the
two binary compounds' properties. However, if one of the constituent elements has a
dominating effect, a bowing parameter more correctly describes the transition of a
material’s property with alloy content, such is the case in the I[II-Nitrides. An additional
effect when dealing with alloys that must be considered is some non-uniform distribution
of the alloy constituents, or phase precipitations. If the alloy concentration fluctuates due
to dislocation mitigated stress, or some other phenomena, the above expressions would
only be a wild guess at the real nature of the polarization effects about the
heterointerface. Many of the properties in the material will be a function of the alloy
concentration and the following list presents the immediate parameters of concern. The
dielectric constant, which measures the polarizability of the material, assumes the

following form
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Equation 5 - Alloy Dielectric Constant

€ yoan (%)= 0.03x+10.28
Encay(¥) = 4.33x+10.28
€y (X) = —4.3x +14.61

where x is the alloy concentration of the first cation. The bandgap of the alloy material,

Equation 6 - Alloy Bandgap Relationship,"

Equation 6 - Alloy Bandgap Relationship

E oo (x)=6.13x+3.42(1-x)-1.0x(1-x) {eV}
Eoox® (6)=1.95x+3.42(1-x)-2.5x(1-x) {eV'}
E yy® ()= 6.13x +1.95(1 - x) - 5.4x(1-x) {eV'}

and band offsets, Equation 7 - Alloy Band Offset Relationship, will vary as

Equation 7 - Alloy Band Offset Relationship

MBS, (x)= 0.63(E%,, ()~ 2, 0))
where again x is the mole fraction of the first cation in the III-Nitride alloy. The last
concern with alloy composition and material parameters involves the Schottky barrier at
the surface of the alloy in the case of a III-Nitride MODFET. The following expression,
Equation 8 - Alloy Schottky Barrier Height Relationship, relates the mole fraction, x, to

the Schottky barrier height, ¢.

Equation 8 - Alloy Schottky Barrier Height Relationship

@y () =13x+0.84 eV}
e@an (¥)=—-0.36x+0.84 {eV}
ed i (¥) =1.66x+0.48 {eV}
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The variance in material parameters with alloy composition is a crucial engineering
aspect for the III-Nitride MODFET’s. Through utilization of the alloy composition and
thickness, devices can be tailored to specific applications.

Polarization charge, resulting from the ionic nature of the III-Nitride
semiconductors, is an additional effect that must be considered at interfaces. Polarization
manifest in two forms, spontaneous and piezoelectric. Spontaneous polarization is a
fixed charge that results from the ionic displacement along the c-axis in the unit cell.
Piezoelectric charge on the other hand is determined from the degree of strain in the film.
In MODFET’s this charge can be utilized to increase the 2-DEG concentration at the
heterointerface. The total polarization in a film is given by the following expressions,
Equation 9 - Alloy Interface Polarization Charge Relationship, for a heterostructure and

surface, where it is assumed that the film is on a GaN buffer.

Equation 9 - Alloy Interface Polarization Charge Relationship

. _ _ pSP pz
Heterostructure asy = Papy = Pipy + Py

Surface "asviGav = Foav = Pasy
= (B3, + P2 )- (P, + PI)
The variables Papn™’ and Papn’ are the total spontaneous and piezoelectric contributions
to the polarization charge and P;;aNSP and Pg.n" represent the spontaneous and
piezoelectric of the GaN buffer. A MODFET’s peak current capacity and switching
times can be improved by tailoring a heterostructure design to balance the density of
strain induced polarization charge and the mobility of the carriers confined at the

interface.
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1.3.2.1 Spontaneous Polarization

Spontaneous polarization can be characterized by a linear interpolation, though
Ambacher et al. propose a quadratic term for more accurate description of the
spontaneous polarization charge magnitude in the ITI-Nitrides."” The general form of
Vegard’s Law and the expressions for spontaneous polarization in AlGaN, InGaN, and
AlInN are as follows in Equation 10 - Alloy Spontaneous Polarization, noting the bowing

parameter b=0 would be the equivalent of a linear interpolation.

Equation 10 - Alloy Spontaneous Polarization

P (x)= P x+ P (1-x)+bx(1-x)

Piroy () ==0.09x - 0.034(1 - x)+ 0.021x(1 - x)
P () =—0.042x - 0.034(1 - x)+0.037x(1 - x)
Py (x)=-0.09x +0.042(1- x)+0.07x(1 - x)

The coefficients PANSP and Ppy are determined from characteristics of the unit
cell, values for the III-Nitrides can be found in reference 15, or from Equation 10 - Alloy
Spontaneous Polarization. It is important to remember that in the III-Nitrides the total

polarization charge is a function of the spontaneous and piezoelectric polarization.

1.3.2.2 Piezoelectric Polarization

Polarization charge not only results from the affective charge disblacement of the
unit cells, but also originates in the form of piezoelectric polarization from strain on the
unit cells due to lattice or thermal mismatches between materials. An overview, and a
brief derivation, of the parameters involved in calculating piezoelectric polarization

charge effects follows, for a more in-depth treatment please refer to reference 15.
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A gauge of in-plane to out-of-plane stress is represented by Poisson’s ratio, given

by the following expression for hexagonal symmetry.

Equation 11 - Poisson’s Ratio

v(0001)= 28

33
In the above expression, v is the out of plane strain and Cxx is the elastic constant for the
respective directions. The stress in a given direction can be related to internal or external

forces using Hooke’s law as defined by

Equation 12 - Hooke's Law

Oy = Z Cuitu

where € is the crystal deformation and Cjjq represents the elastic constants, defined

following.

Equation 13 - Elastic Constant Definition

Gy Cp G5 O 0 0

Cp, Gy G5 0 0 0

Cs C3 Cy O 0 0
S%=lo o0 o0 cC, 0 0

0 0 0 0 C, 0

0 0 0 0 0 %(c”—cn)

Knowing the stress, or strain, in the film is the critical aspect to calculation of the
piezoelectric polarization, in the simplified form of the strain, €, in the out-of-plane

direction is defined as
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Equation 14 - Simplified Out-of-Plane Strain

— abuﬂer - a(x)

(%)

where a respectfully represents the lattice parameters of the materials under investigation.

&

The following expression relates the film stress, o, and piezoelastic modulii, d;;, to the

piezoelectric polarization, P#*.

Equation 15 - Piezoelectric Polarization

PP =Yd,o, =123 I=1...6

In this most general form, symmetry for the wurzitic crystal structure has not been
accounted for; therefore, simplifications can be made using the following symmetry

relations:

Equation 16 - Piezoelastic Modulii Relationships for Hexagonal Symmetry

dy = ds,
d3 =0,
di5 = dys, and
all other d; = 0.

The piezoelectric polarization charge then reduces to,

Equation 17 - Piezoelectric Polarization with Symmetry Imposed
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where the symmetry must be considered for the directionality of stress in the film. In the
case of interest, biaxial stress is isotropic, equal in the x and y directions, yielding ¢; =
o3, while the out of plane stress, 63, and the sheer stresses, 64 and o5, are zero. Making
these assumptions allows for further simplification of the piezoelectric polarization in the

film, resulting only in an in-growth plane piezoelectric polarization charge given by,

Equation 18 - Simplified Out-of-Plane Piezoelectric Polarization

. C/.
PF* =2d, 0 =2d3181(C“+C12 - C_B]

33

utilizing the following simplified expression for the stress.

Equation 19 - Simplified Stress Relationship

C 2
o, =5‘1[C“+Cl2 -2 CB }

33

The final simplified form of the piezoelectric stress follows as:

Equation 20 - Piezoelectric Polarization

pr_
P" =g, +&,e;, + &35

=2£,6, + &85

C
= 251(631 —€3 —BJ
Cy
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Given the above expression a set of expressions representing the piezoelectric

polarization for some of the III-Nitride alloys is presented from ref. 15.

Equation 21 - Alloy Piezoelectric Expressions

Pz o (x)=[-0.113(1-x)-0.0276x(1 - x)] Cm™
PZ o (£)=[0.148x+0.0424x(1-x)] Cm™
P= o (x)=[0.182x+0.0.026(1 - x)+ 0.0456x(1-x)] Cm™

Pz () =[-0.28x+0.104x(1-x)] Cm™
PZ oo () =[-0.0525x+0.148(1 - x)+0.0938x(1—x)] Cm™
Pz o (x)=]0.182(1- x)+0.092x(1-x)] Cm™

P (X)) =[0.28x-0.113(1- x)+0.042x(1-x)] Cm™
PZ v oan () =[-0.0525x+0.0282x(1-x)] Cm™
P (1) =[0.026(1—x)+0.0248x(1-x)] Cm™

Piezoelectric polarization is characterized in units of current density and all of the above
expressions have taken into account the non-linear bowing parameter encompassing

Vegard’s Law.

1.3.3 Electronic Properties

The crystal purity, both structurally and compositional, doping, and the system
created by contacts to the semiconductor determine the conduction due to an applied
potential. Topics of interest in electrical device applications are the semiconductor’s
quality defined by doping profile, mobility characteristics, conductivity / resistivity, and

dielectric quality. Neglecting defects until section 1.4 Defects and contacts until section
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2.2 Electrical Measurements; the current density in a doped semiconductor due to an

applied electric field is given by the following relationship,

Equation 22 - Current Density — Conductivity — Electric Field Relationship

J prp = OE
where Jpyig is the drift current density, units A / cmz, o is the conductivity, and E is the
applied electric field. The conductivity and resistivity expressions form a macroscopic
basis for understanding the behavior of carriers in the presence of an applied field. In an
ideal doped semiconductor, the material has a finite number of thermally excitable states
near the conduction band edge, providing a doping dependent conductivity, , and

resistivity, p, given by the following equation:
Equation 23 - Conductivity — Resistivity Doping Relationship
1
o= ; = (I(#nn““/lpp)

In the above equation, q represents the fundamental charge constant, p, and p, are
the electron and hole mobilitites, and n and p are the electron and hole concentrations.
The take away is: a semiconductor’s conductivity is related to the mobility and density of
carriers. Inaccurately assuming a static carrier concentration, carrier mobility. limits the
conduction. If ionization of dopants is 100% then doping concentration, Np, is equal to
the free electron concentration, n, noting n is a function of temperature. If only a
percentage of the dopant states are thermally activated at room temperature then, carrier

concentration models become more complex. For instance, during operation as a device
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experiences self-heating the conductivity will change because of increased carriers and
decreased mobility.

The mobility is a macroscopic characteristic of a material that is composed from a
collection of expressions based in quantum mechanics: scattering mechanisms.
Conduction should ideally be limited by a specific scattering mechanism, or
corresponding mobility, in a given device structure. The microscopic formulation of
scattering mechanisms is developed from the Boltzmann Transport Equation and
collision integrals, in which a one-¢lectron picture of a scattering mechanism is applied to
the large number of electrons in a solid state device. The relaxation time approximation
assigns a time constant to given scattering event, which characterizes the average time it
takes a carrier to return to random motion. In reality, a proportion of the electrons will be
in a given state as a result of the various scattering mechanisms acting in parallel, with a
dominant effect limiting the mobility. The measured mobility will be dominated by the
lowest mobility, or longest relaxation time, as shown by the following expression,

referred to as Matheson’s rule.’

Equation 24 - Matheson’s Rule

1 1 | 1

=t —

Hutaheson ~ Ha  Hop K,
Where [Matheson, 1S the measured mobility, and ,, p, and p, represent the various
mobilities associated with a given scattering mechanism.
Any semiconductor’s electronic structure and conduction can be described on a

first order with the above expressions and relationships. In practice, only semiconductor
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resistors can be understood with the proceeding framework. Other devices, such as p-n
junctions, LED’s, and field effect transistors (FET’s), need further development of
conduction concepts involving contacts. Additionally, in highly defective material the
above relations will not hold, as the appropriate expression ‘is a function of the type of
defect, and may become spatially and / or temporally dependent. In all devices, the
leakage microstructure is of immediate importance. Consequences of alternate
conduction paths are effective shorting of the device, a reduction in the current density, or
perturbations in the dynamics of carriers. As a result, it is essential to correlate GaN
material properties with the factors involved in producing reliable quality contacts for

electronic devices.

In switching, or optoelectronic devices, the charge separation characteristics of
the material are of interest. The dielectric of the semiconductor determines electrical
properties, such as the capacitance. In MODFET’s the gate capacitance, a function of the
space charge depletion region created by the gate Schottky contact, determines transient
characteristics. Maxwell’s equations relate the electric flux density, D, to the electric

field intensity, E, through the relative permativity, €, or dielectric constant.

Equation 25 - Electric Flux-Density Correlation
D=¢E

The permativity of a material, s, is defined as:

Equation 26 - Material Specific Dielectric

£y =€,8,

r
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where ¢, is the permativity constant of a material and g is the relative permativity
constant, 8.85x10"'* F/em™. The permativity of a material is a tensor in certain cases of
symmetry, and is a function of applied field intensity close to break down fields. The
Clausis-Mossotti relation describes the relationship between the permativity and the
atomic polarizability of the material. There are two sources of polarizability: atomic and
displacement. Atomic polarizability is a function of charge localization around the
individual elemental species of a material, while displacement is a function of the
interactions of neighboring elemental species in a material. The index of refraction is

related to the square root of the relative permativity.

1.3.4 Optical Properties

The bandgaps of AIN, GaN, and InN are 6.2, 3.4, and 0.9 eV. Using the above
expressions, a bandgap from 0.8 to 6.2 eV could be possible by varying the mole fraction

of the alloys."

Native defects limit the quality of optical devices by all growth
techniques. Novel dopants have produced unique optical spectra and electrical
characteristics. For example, Erbium doping of GaN can effect the optical properties,
green electroluminescence peaks at 537 nm dominant over 300 K and 558 nm dominant
under 240 K.'® Additionally, Erbium doping introduces peaks in the IR spectrum centered
around 1550 nm and is cited as causing a defect related Frenkel-Poole conduction
mechanism. ITO contacts have propelled UV-detectors into new benchmark regions,
providing transparent contacts with increased efficiencies and superb contact properties.'’

In the case of optical / electromagnetic detectors or emitters the semiconductor’s bandgap

will determine the electromagnetic coupling. Heterostructures can also be used to tailor
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optical properties, taking advantage of quantum well states. However, poor quality

material cannot adequately confine carriers in heterostructures, rendering the optical

properties distorted at best.

1.3.5 Chemical and Thermal Properties

Operating conditions for high quality GaN, devices have higher operating
temperatures and improved resistance to corrosion over current microelectronic
counterparts. The thermal conductivity of GaN is 2.1 W/cm K, and the heat capacity is
35.3 J/mol K. The melting point of GaN is reported as 2573 GPa at 60 Kbar.* GaN is
virtually unaffected in concentrated room temperature acids, bases, and alkali.! Elevated
temperatures of these chemicals can successfully attack defective regions, as can
electrochemical etching. Chemical etches are described more in the fabrication section
2.5 Sample Preparation. Thermo-chemical stability of the III-Nitrides provides the

possibilities of other novel applications, such as: gas,'® pH,'® and pressure sensors.”

1.4 Defects

Semiconductors are reliant not only on their physical structure, but more
importantly on their energy structure when concerned * with electronic device
characteristics. Uniformly perturbing the energy structure allows engineers to create an
array of devices from a base material. Defects alter the intentional perturbations,
distorting distributions and properties of the electronic devices. For GaN, native defects
act as shallow donor defects, and other unintentional defects limit the conduction due to

scattering, trapping, or nonlinear field responses. In reality, the surface, grain boundaries,
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stacking faults, interstitial impurities, substitutional impurities, vacancies, and any other

physical non-idealitieé in sufficient quantity, or confinement, will introduce a
perturbation in the periodic crystalline structure. Defects with states inside the bandgap
of the material, that create scattering centers, or that form a lower parallel resistance are
of immediate concern for electron devices. Corrections must be made to the processes
involved in producing the device or material. Groups have employed numerous tactics to
passivate GaN films and minimize the consequences of poor material. Approaches for

passivation will be covered in section 2.5 Sample Preparation.

1.4.1 Point Defects

Point defects are the nemesis of electrical devices, they consume power, introduce
time-delay effects, memory, anomalous conduction, and irreproducible results. Due to the
difficulties in growing GaN, point defect concentrations can be considerable. Vacancies,
substitutions, or interstitial point defects introduced into the lattice structure cause bond
lengths to be elongated or compressed, in addition to possibly causing a distortion of the
bonding angles. Theoretical studies use molecular dynamics to model the structural and
energetic shifts associated with point / extended defects. Theoretical explications for
native defects are an essential basis that must be established to interpret results for
spectroscopy of deep levels. The fine structure of point defects can be resolved with an
electrical technique known as deep level transient spectroscopy (DLTS). Results from
various groups on the point defect structure of n and p-type GaN resolved using DLTS
are presented in section 2.2.4 Deep Level Transient Spectroscopy (DLTS). Point defects,

the primary affecter of electrical activity in semiconductors, can be single or multiple
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charge traps, with a neutral charge in the filled or empty states. Donor type native point

defects are the nitrogen vacancy and the triply charged Ga interstitial state.
The states of the N vacancy are a direct result of high-energy Ga dangling bonds,
causing a Coulomb potential about the vacancy that creates a binding effective mass

21
state.

The N-vacancy, with formation energy of 3.2 eV, is identified as having an
energy 0.8 eV, and a splitting level at 0.5 eV, above the conduction band. Conversely,
the Ga vacancy has an associated formation energy of 8.1 eV and defect energy level 0.3
eV, band splitting level at 0.1 eV, above the valence band. Dangling N-bonds populate
the Ga vacancy with three electrons in a neutral state.

The Ga antisite elongates the bond lengths by 11.3% and 15%, introducing strain
and defect levels at 1.4 and 2.1 eV above valance band edge. The neutral state of the Ga-
antisite traps four electrons. The N antisite contracts the type-1 neighbor bond length by
29% and elongates the type-2 neighbor bond length by 11%. Two energy levels are
introduced, 0.4 eV above the valance band and 0.2 ¢V below conduction band by the shift
introduced by the nearest neighbor shift. The conduction band state cannot be populated
due to electron-electron interactions, a repulsion energy ~ 0.95 eV.

Interstitial Ga has two possible manifestations. The first interstitial, labeled T
type, causes a neutral complex in which two Ga®* ions exchange charge leaving one in a
3+ state and the other in a 1+ state. The Ga T-type interstitial has an associated defect
levgl of 1.8 eV below and resonance at | eV above the conduction band edge. The

conduction band resonance state for the (+/3+) state cannot be occupied, while the

midgap state is doubly occupied. The N vacancy is isomorphic for both the T or O type
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interstitial. A triply occupied state is formed 1 eV above the valance band, with 0.1 eV

band splitting.

Other elemental impurities can manifest as interstitials or substitutions in the
lattice. In the worst case there is a precipitate or phase segregation due to the impurity
incorporation, which could have detrimental effects on the electronic, optical, thermo-
chemical, and mechanical properties. Films also have the ability to absorb certain gases,
such as H,, which may significantly change the electrical characteristics of the film and
defect structure. Impurities, and more generally defects, can significantly alter the stress
and strain in a film on local and global scales. Just as electronic bands shift in the

presence of stress or strain, point defect energies will also shift.

1.4.2 Extended

Reverse leakage current has been ascribed to extended defects, such as screw”

23

and others.” Groups have refined the structural, chemical, and energetic aspects of

extended defects and relevant theoretical explications of excess current leakage. **
Threading edge dislocations, Burger’s vector (b = (a/3)[1-210]), and open core screw
dislocations are reported by local density orbital (LDO) calculations to relax by forming a
[10-10] similar surface normal to the.c-plane at the core of the respective dislocations. In
the [10-10] surface the atoms arrange in a three fold symmetry, while a [10-10] similar
surface shows the same type of sp” (p’) hybridization with less regular arrangement.
Edge dislocations demonstrate a three fold symmetry rearrangement in the core, reducing

the energetics of the dislocation, permitting only shallow states, and leading to

compressive (~ 9%) and tensile strain (~13%) in the surrounding areas. The full core
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screw dislocation has strong distortions in bond lengths, ~ 0.4 A, along the core, leading

to high line energies and midgap states ranging in energy from E, + 0.9 eV to E, + 1.6
eV. Open core simulations show the maximum diameter of open core screw dislocations
to be ~ 7.2 A, with a 0.2 A elongation of the bond length and states outside of the
bandgap. Edge dislocation line energies are reported to be 2.19 eV A’l, with less than
15% Ga vacancies, while full and open core screw dislocation line energies are 4.88 eV
A™'. Although the line energies of the threading edge and open core screw dislocations
are large, they cannot account alone for the leakage current measured in some films. The
V/II ratio has been reported to be the primary affecter for screw dislocation electrical
activity in MBE GaN thin films. >

Near surface Ga vacancies, and oxygen related point defects, are considered likely
candidates for current leakage and yellow luminescence band in n-type material, though
their relationship with structural threading dislocations has not been experimentally
established. Another possibility is point defect concentrations are influenced by the
presence of extended defects, providing a large distribution of midgap energies necessary
to account for leakage current and yellow luminescence. The strain introduced by the
crystallographic perturbation of the extended defect during growth causes a source or
attractor for point defects. Disloc‘ations, point defects, or inversion domains may
decorate the interface between stacking faults and grain boundaries drastically

complicating the defect conduction structure.
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1.4.3 Inversion Domains

GaN films also suffer from high concentrations of Inversion Domain Boundaries
(IDB’s), ~10"" ¢m™, depending on the growth conditions. Inversion domain boundaries
are electrically inactive in most cases, though theoretical célculations detail Holt-type
IDB’s as potentially electrically active.’® Dimitrakopulos et al. provide experimental
evidence with HREM and XTEM, detailing the Holt transformation occurrence when
stacking faults interact with normal inversion domains. When stacking faults associated
with a step along the [10-10] direction of the inversion domain boundary are not
conserved, the inversion domain boundary compensates by altering the stacking
sequence, denoting a transition to a Holtz-type inversion domain boundary. If there are
stacking faults adjacent fo both sides of the inversion domain boundary, the inversion
domain boundary will not undergo a transition to the Holtz-type as the stacking faults are
conserved and do not create a domain separation. Inversion domain boundaries are also
reported to have the ability to undergo successive transitions from Holtz-type to inversion

domain boundaries, and vice versa.

1.4.4 Nanopipes

Nanopipes have also been accredited with electrical activity.> Shiojimia ez al.
used an AFM with a conductive tip to determine the I-V and C-V characteristics of
submicron Schottky diodes. After electrical characterization using IV and CV
measurements, the contacts were removed with aqua regia. Subsequent AFM imaging

determined where dislocations and nanopipes were located under the Schottky contacts.
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The results of this study determined that edge and mixed dislocations did not contribute

to current conduction fallacies, though nanopipes were a source of leakage and non-ideal
transport. It would be reasonable to conclude that the core of nanopipes assumes a sp’
(p3) hybridization, in the same way open core screw dislocations relax, and the cores of

the nanopipes may be more susceptible to gas adsorption.



2 Material and Device Characterization

Semiconductor characterization encompasses many techniques. The thrusts of
material characterization focus on structural, chemical, mechanical, optical, magnetic,
thermal, or electrical properties. To understand the complex nature of materials many
techniques are used in conjunction to determine correlations between properties. If too
few material, or process, parameters are, examined then erroneous conclusions may be
reached. Three main types of characterization are determined to sufficiently describe
semiconductor materials for device fabrication: structural, chemical, and electrical.
Structural characterization is inevitably capable of limited characterization of the
chemical composition. For bulk material, chemical analysis is generally a means of
failure analysis because the composition can be inferred from other measurements (such
as X-ray measurements). Studying charged carrier behavior could reveal a wealth of
information about the bulk semiconductor material and metal-semiconductor interfaces.
Advances in microscopy have lead’ to the development of numerous techniques that
combine another form of analysis with surface imaging. Following, the techniques for
which data is presented in this study, and other relevant techniques, will be reviewed with

an emphasis on electrical measurements.

39



40

2.1 Structural and Chemical Measurements

The primary means of gauging the structural and chemical properties of the
samples at MMDL relied on X-ray diffraction and photoluminescence measurements.
Occasionally, direct measurements of the elemental composition are necessary, and
include, but are not limited to, selective ion mass spectroscopy (SIM’s), X-ray
photoemission spectroscopy (XPS), and Auger spectroscopy. None of these
measurements were taken on the samples in this study, though Phillips X-ray
diffractometer and photoluminescence results are provided where available, courtesy Dr.
Feng Yun and Dr. Michael Reshishikov respectfully. Transmission electron microscopy
(TEM) reveals structural information on the most detailed level, provided where

available.

2.1.1 X-ray Diffractometery

X-ray diffraction is used to characterize the lattice spacing in highly order
materials. An X-ray apparatus is set up with an X-ray source incidence with the thin
film’s surface at a fixed angle. By scanning an X-ray detector across the path of reflected
X-ray trajectories, the peaks in x-ray intensity can identify substances based on the
relationship to lattice parameters. | The spacing between chemical species, lattice
parameters, and coordination of their bonds is determined by minimization of the
Columbic potential of the unit cell during the deposition of the material and any post
environmental aging or processing. Numerous structural defects that affect the

orientation of the crystal can be identified with X-ray diffraction techniques, such as
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grain boundaries or extended defects. X-ray diffraction is also capable of identifying the

strain in a film, as bonding distances are compressed or elongated. Peak positions will
be presented for the extended defect associated [0001] and [11-12] peaks, where
available. In a vacuum system, electrons can also be used for diffraction techniques to
investigate the surface, in-situ (RHEED) or in post deposition characterization (LHEED).
Applicability of diffraction techniques to deposition processes is highly dependent on the

physics of the process and chamber.

2.1.2 Photoluminescence (PL)

The most direct measurement of the quality of a material is photoluminescence
measurements. The unique coupling between the semiconductor’s electronic structure
and electromagnetic radiation is directly probed with PL measurements by using high-
energy ultra-violet light to excite an electron — hole pair. An ensemble of physical
processes, each having a characteristic PL signature, occurs during the instance of
illumination with above bandgap energy. The electron — hole pair last for some time
depending on microscopic conditions, eventually recombining to create a photon.
Depending on film thickness, surface roughness, and index of refraction, the collection of
photons is emitted at some angle and intensity. This optical flux is measured in a
spectrometer and transferred to a computer software package. Due to the large density of
defects in GaN, there is a broad yellow peak in the spectra. The source of this band is
believed to be a native defect, though the exact source is in debate. The bandgap of GaN

is identified in a PL spectra as the sharp peak at 3.4~3.5 eV. If the film is under
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compressive or tensile strain, there will be a red or blue shift in the bandgap peak,

verifying the coupling of strain to effective mass states.

2.2 Electrical Measurements

Contact metallizations are specific to the material system and device structure
under investigation. There are two main aspects of a device, the substrate and the
contacts. The substrate determines in most cases the device quality, while contacts
manipulate potentials and current flow through the device. If a material yields current
responses of a non-ideal nature, then additional effort is needed to refine the
semiconductor thin film production and device fabrication processes involved.

All devices, whether p-n junctions, heterostructure field effect devices, or
optoelectronics require Ohmic and / or Schottky contacts. The work function of the
metal determines its rectifying ability for a given semiconductor. Ohmic contacts
provide a linear response of current with an applied potential following Ohm’s law.
Assuming the semiconductor’s resistivity is limiting the conduction, the expressions
presented in section 1.3.3 Electronic Properties can be used to quantify the conductivity.
Only Ohmic contacts are necessary when the bulk material is mediating the current
responses, as in the case of a p-n junction or in a heterostructure detector. Schottky
contacts are necessary for field effect devices, and are utilized as diodes due to the unique
rectifying behavior. The Schottky contact is rectifying, conducts exponentially with
positive applied biases and does not conduct under applied negative biases. Schottky

contacts ideally demonstrate a single current response, however, defective material
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produces a range of current responses. A further study of contacts and electrical
measurements will follow.

Many sources of error can arise in techniques measuring conduction. Most
notably is induced charge from either power supply fluctuations or electromagnetic
interference as outside sources of error. Improving the quality of energy to the power
source can control power supply fluctuations. In the worst cases, the power supply is the
source of the noise. Testing with an oscilloscope in a low noise resistive network can
help trouble shoot this problem, noting a oscilloscope should never be directly connected
to any form of a power source unless care has been taken in determining input and output
impedances and the power rating of the oscilloscope’s input. External electromagnetic
interference can be eliminated in several ways depending on the source of the extraneous
radiation. Cabling can act as an antenna if improperly shielded or it is worn. Although
coax cables have low LRC characteristics, at distances greater than two feet coupling
becomes a problem. If the source of electromagnetic radiation is pervasive enough to
generate current in the device under test, then more aggressive measures involving
electromagnetic shielding needs to be considered. Effective EM shielding is composed
of three layers of material with differing permeabilities. If possible, the source of the
radiation should be eliminated through shielding; otherwise shielding the test apparatus is
necessary.

Systematic errors, such as ground loop noise or integration errors are easier to
correct than intrinsic noise sources, though identifying these sources can be problematic.

Ground loop noise is generated when two independent structures that do not share an
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electrical ground are coupled electrically. Much as sympathetic vibrations cause phonon
coupling in musical instruments, oscillations in the ground connection of a test
instrument can cause a reflection in a test apparatus. To eliminate ground loop noise,
with a low impedance cable connect the ground on the measurement apparatus to the
ground of the test apparatus. To illustrate the effects of ground loop noise Figure 3 -
Ground Loop Noise shows the same device, SVT 750, measured with and with out the

ground loop connection to the Kiethley 4200 SCS.
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Varying pressures of the electrical probes because of acoustic noise can also cause

extraneous current measurements. Isolating the test apparatus from any hard surface will
eliminate acoustic noise. Most measurement apparatus have some form of integration
built into the system to improve measurement reliability. Integration error will occur if
charging or device contact is a problem. In measuring the current response of defective
material sweeping can cause discharging of defects from a previous measurement
increasing the measured current for the current voltage point though it is actually
conduction from a previously applied potential. The only solution is to wait longer
periods before taking the next voltage measurement. Each electrical measurement setup
is unique and must be verified.

Hall and four point probe measurements provide information about the resistivity
of the material. Mobility characteristics are also determined from variable temperature
Hall measurements. Hall measurements were performed on a Lake Shore system,
capable of measurements down to 10 K. Various members of the lab contributed to the
collection of Hall data, though Dr. Yun must be commended for his diligence in
maintaining the system’s operation.

Current voltage measurements analyze carrier transport in a semiconductor
structure called a Schottky contact. Schottky contacts are a semiconductor interface with
a metal having a work function energy greater than the sum of the semiconductor’s Fermi
energy and work function. A metal with a lower energy would create an Ohmic contact,
as there is no impedance of electrons from occupied conduction band states of the

semiconductor to unfilled states in the metal. Facilities exist to carry out IVT and CVT
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measurements from 10 K to 400K, providing a first order analysis of defects and non-
idealities in films at large, and DLTS measurements which reveal the deep level defect
structure in high quality films. The IVT and CVT data presented was collected and
analyzed by the author on the Kiethley 4200 SCS. There was no DLTS data collected for
the samples in this study as either the devices had too small of a contact area or the
semiconductor was too defective. Facilities are also present for high frequency and a

variety of other electrical measurements, though their utilization had yet to be realized.

2.2.1 Hall Measurements

Hall Effect measurements are critical to semiconductor 'investigation, allowing
quantification of carrier concentrations, dominant carrier type, and carrier mobility.
Though the mobility can be measured from several experiments, the preferable method is
the Hall experiment due to the ability to probe the temperature dependency of the
mobility and carrier concentration. Analytical expressions exist that characterize the
mobility as a function of temperature, with certain scattering mechanisms dominating the
mobility at characteristic temperature regimes. Using theoretical expressions for
scattering mechanisms, modeling the mobility can provide insight into the film’s bulk
properties.

A Hall sample has four evenly spaced Ohmic contacts, where the distance
between the contacts is much greater than the thickness of the sample, and the contacts
are in a lateral geometry. The sample is placed in a magnetic field, B, perpendicular to
the sample normal, a voltage is applied to two opposing contacts, C; & Cs, while the Hall

voltage is measured across the remaining opposing contacts, C, & Cs. Then magnetic
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field direction is reversed, -B, and the process is repeated, followed by rotating the

contact points, i.e. apply voltage between C, & C4 while measuring the Hall voltage
across C; & Cs.

Applying a voltage generates carrier flow between the two contacts in a
randomized motion with a majority component in the direction of the applied bias
according to expressions presented in section 1.3.3 Electronic Properties, J=qnv. Th¢
applied magnetic field drives the carriers in cycloidal paths causing a crowding to one
side of the sample, courtesy of the Lorentz force. In uncompensated samples, negligible
minority carrier concentration,”’ the Hall voltage’s polarity indicates carrier type, while
the carrier concentration and mobility can be calculated from the magnitude. The spatial
steady-state distribution of charge builds the measured Hall voltage as a function of the
carriers’ deflection due to magnetic field induced cycloidal paths. Expressions for the
resistivity tensor can be derived using a force balance about the center of mass of the

carriers, defined by the following expression:®

Equation 27 - Hall Effect Carrier Equation of Motion

qE+q(viB)—m'K=0
T

In the proceeding expression E is the electric field experienced by the carrier, vc is the
carrier’s cyclotron velocity, B is the applied magnetic field, m* is the carrier effective
mass, v is the carrier’s velocity, and t is the relaxation time. The relaxation time
describes momentum conservation for a scattering mechanism affecting the carrier.

Scattering mechanisms characterize the interactions between the lattice and the carriers
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that contribute to a reduced drift velocity. The carrier’s velocity is determined by the

electric field, the magnetic field, and localized scattering in the semiconductor. The

velocity tensor’s are deriv<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>