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Abstract
Due to recent advancements in growth techniques and the understanding of its
electronic band structure, the group III-N semiconductor InN is poised to become a
material of choice for many future electronic device applications. Before this is possible,
the interaction of InN with thin metal films must be better understood in order to design
electrical contacts with desirable behaviors.
In this study, the thermal stability of various metal contacts on InN has been
predicted using calculated ternary phase diagrams. Thermodynamic data from the
literature was used to make phase-stability calculations between InN and the following
metals: Ta, Mo, Re, Ni, Pd, Pt, and Au. Periodic trends were observed in the predicted
contact behavior based on the phase diagrams. Late transition metals were predicted to
react with InN at room temperature or after annealing at 400°C to form stable metal-In
phases. Middle transition metals were predicted to be stable with InN even after hightemperature annealing. Early transition metals were predicted to react at room
temperature under N2 gas to form stable metal-N phases. While these thermodynamic
predictions will allow future researchers to know what contact behavior to expect for
certain metals, experiments must be performed to observe the effects of reaction kinetics
and other variable factors that may greatly affect the expected behavior in practice.
One of the most important of these factors that must be considered for designing
contacts to InN is the effect of III-N wurtzite polarity on contact phase formation. Due to
the lack of availability of InN samples and the identical wurtzite crystal structure of GaN,
samples of N- and Ga-polar GaN were used to experimentally determine the effect of
different polarity on Ni contact formation at different annealing temperatures. The (0001)
i

Ga-polar samples were shown by X-ray diffraction to react with an 80 nm sputtered Ni
film at annealing temperatures above 800°C to produce Ni3Ga, consuming the Ni layer in
the process. The (000 1 ) N-polar samples also reacted with an identically deposited Ni
film at annealing temperatures above 800°C, this time forming Ni5Ga3. An oxide, Ga2O3,
is also thought to have been produced in the reaction on the N-polar sample. These results
indicate that a reaction occurs in both cases above 800°C and is more extensive on the Npolar face.
The calculated results obtained in this thesis outline the expected reaction of
various contact metals on InN. These guidelines will allow researchers to minimize the
experiments necessary to find a suitable contact metal for a given application. The
experimental results with GaN indicate that reactions will likely proceed faster on the Npolar surface of InN compared to the In-polar surface. This preliminary study may act as
a guideline for future work with group III-N contact metallurgy focused on the
importance of crystal polarity in predicting phase formation.
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Chapter One

Background
Introduction
Group III-N semiconductors such as GaN and AlN have led to remarkable
technological advancements in laser diodes, LEDs (light emitting diodes), HEMTS (high
electron mobility transistors), and solar cells. A much less studied member of the III-N
family is InN, which is a narrow bandgap semiconductor that has been used for many
years to alloy with GaN and AlN.
The III-N compound InN has received much attention over the past decade due to
new research into the accepted value of its bandgap. Preliminary studies into the
compound semiconductor had revealed a bandgap of roughly 1.9 eV, which was obtained
using absorption measurements of sputtered polycrystalline InN films [1]. Experiments
over three decades confirmed this approximate value of the bandgap [2-6]. Few
researchers rejected this fairly high value because it was consistent with research
performed on chemically similar semiconductors that are known to be wide bandgap
semiconductors.
However, a study performed twenty years ago involving the alloying of indium in
GaN raised questions about the accepted width of the InN bandgap [7]. More recently,
with the development of higher quality InN films in the past ten years, new studies have
been performed that suggest a narrow bandgap for InN around 0.7 eV. This is now the
most accepted value [8,9].
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The primary application of InN in research and industry has been as an alloy with
wide bandgap semiconductors GaN and AlN in various power and optoelectronic
applications because of its narrower bandgap. This newly realized lower bandgap for InN
only furthers the alloying potential of InN in GaN by increasing the attainable range of
bandgaps. Additionally, the currently accepted value of 0.7 eV translates very closely to
the optical communication wavelength of 1.55 µm, opening new and exciting research
opportunities for InN [10].
These potential applications, coupled with the greatly enhanced film quality in
recent years, have inspired much interest into the growth and properties of InN films. One
major hurdle for the development of InN applications has been the difficulty of growing
p-type InN, making p-n junction creation and testing near-impossible. As methods for
growing p-type InN are further developed and refined, the prospect for building InNbased devices grows closer.
With InN device possibilities growing closer, potential contact materials to InN
must be investigated before a mature device technology can emerge. Metal contacts are
required in virtually all applications to transfer current to and from the device. However,
very little research has been done regarding the metallurgy of contacts to InN.
The first goal of this thesis is to calculate ternary phase diagrams for the transition
metal-In-N systems (Ta, Mo, Re, Ni, Pd, Pt, and Au) where sufficient thermodynamic
information is available. Predictions are made regarding their contact stability with InN
and any trends in the contact behavior across the periodic table are observed. These
calculations will allow future researchers to better select specific metals as contacts on
InN for desired applications.
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Another factor that must be considered for making metal contacts to future InN
devices is the polarity of the wurtzite crystal structure that has been observed to affect
material properties in the similar semiconductors GaN and AlN. The second goal of this
thesis is to experimentally determine how crystal polarity in GaN affects contact phase
formation with a specific transition metal. It should be clarified that crystal polarity, in
the sense used throughout this thesis, refers to the orientation of the crystal structure
rather than the chemical polarity of the constituent atoms of the crystal. Many studies
have been performed that demonstrate the unique chemical behavior of GaN with
opposite polarities, but little work has focused on this variation in behavior for metal
contact formation. The hope is that these results will be a strong indication as to how
varying crystal polarity of InN will affect contact behavior.
By having a framework for how certain metals are expected to react with InN
under different conditions and an indication of how crystal polarity will effect contact
formation in InN, researchers will be able to select appropriate metals and crystal polarity
for certain applications. Electrical characterization can then determine how well the
contacts perform for the device that is being developed. Along with other developments
in growth and impurity doping, this work on metallic contacts will position InN to have a
significant impact on the technology industry in the coming years.
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Literature Review
Group III-nitride (III-N) semiconductors have been responsible for the rapid
advancement of many technologies including short-wavelength LEDs, high efficiency
solar cells, and the laser diodes responsible for Blu-ray capabilities [6]. In particular, the
III-N semiconductor gallium nitride (GaN) has proven to be among the most important
compound semiconductors in these industries. A less notable III-N semiconductor, InN,
has been used primarily as an alloy with GaN in LEDs and solar cells. It has also been
alloyed with AlN, another III-N semiconductor, to form high electron mobility transistors
(HEMTs).
These three most studied III-N compounds all share a variety of properties that
allow for easy alloying and the formation of heterojunctions. Each has a direct band gap
which allows for very efficient performance in optoelectronic applications. The crystal
structure of III-N compounds is most commonly wurtzite, although it can be found to be
zinc-blende depending on the substrate and growth conditions. The lattice parameters (in
Ǻ) are similar between the semiconductors, ranging from a = 3.112 and c =4.982 for AlN,
to a = 3.189 and c = 5.186 for GaN, to a = 3.533 Ǻ and c = 5.693 for InN [11]. This small
lattice mismatch and identical crystal structure makes alloying easily-achievable with
minimal added strain and very few defects.
The motivation for alloying the III-N semiconductors comes from their great
variation in band gap energy: 6.2 eV for AlN, 3.39 eV for GaN, and 0.7 eV for InN [11].
These values translate to optical wavelengths that span from the ultraviolet to the nearinfrared sections of the electromagnetic spectrum. Therefore, using the appropriate ratio
of the three III-N semiconductors, a material can be created with a band gap energy
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predicted by Vegard’s Law that produces light at any desired wavelength in the visible
spectrum. This broad wavelength control is a powerful feature of these materials for
lighting and multi-junction solar cell applications.
While it does have incredible alloying abilities, InN is not useful solely to alloy
with GaN and AlN. InN has been shown to have extremely high electron mobility [12].
Additionally, the newly accepted bandgap of InN [13] provides opportunities for III-N
applications in the previously untapped optical waveguide industry [14]. InN also has
potential applications in solar cells. The narrow bandgap of InN expands the bandgap
range of possible III-N alloys and, in turn, the wavelength of light that can be absorbed in
a solar cell composed of one of these alloys. By stacking these alloys with different
compositions and bandgaps, a multi-junction solar cell can be created with much higher
efficiency than could be achieved by any single alloy composition.
Yamamoto et al. have documented current progress on III-N multi-junction solar
cells and suggested possible future device designs [15]. Shown in Figure 1 is an example
of these future possible solar cell designs consisting of 10 InxGa1-xN junctions with
excellent lattice match. It is expected that much more work will be conducted in this area
in the coming years in an effort to continually increase the attainable efficiencies of these
devices.

5

Figure 1: 10-junction InGaN solar cell [15]

In addition to the applications in optical communication and solar cells, InN also
has promising applications in transistors, LEDs, and laser diodes. Before these
applications can become a reality, more must be studied about InN. One of the major
hurdles for InN devices is the difficulty of creating p-type material. However,
advancements have been made in Mg-doped InN and much work continues on improving
the quality of p-type InN films [16]. In anticipation of advancements in the quality of ptype InN, efforts must be made to understand how InN will react with other materials in
the device.
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Metal Contacts to InN
The next step before device development is obtaining a comprehensive
understanding of the metallurgy of contacts to InN. There are very few studies in the
literature that have examined this topic in detail with multiple metals from across the
periodic table. Past studies have examined the thermal stability of select metal contacts to
InN including Ti/Pt/Al contacts [17,18].
The majority of published studies does not focus on discovering the identity of the
phases present in the contact, but rather examine the electrical characteristics of the
contacts. In 2006, Rangel-Kuoppa et al. studied Au, Ag, Pt, Pd, Cu, Ni, Ge, Ti, Cr, and
Al contacts to InN in an effort to find Schottky contacts [19]. They found that only Al
produced a Schottky contact to InN, while Pt and Ge showed some signs of rectifying
behavior. Every other metal formed ohmic contacts with InN.
In 2007, Chuah et al. studied the contact resistance of Ni/Ag on InN for different
annealing temperatures [20]. At 400°C, the contact resistivity was shown to decrease
with increased annealing time. However, the opposite was observed to be true for higher
annealing temperatures of 500 and 600°C. These studies, while focused around analyzing
metallic contacts to InN, have failed to provide a comprehensive understanding of phase
formation for metals across the periodic table. The calculations in the next chapter will
aim to establish the foundation for this understanding.
The approach for performing calculations used later in this thesis is not unique to
the study of contacts to InN. A specific method for studying the metallurgy of these III-N
compounds has already been established by past studies of GaN contacts. S.E. Mohney
and X. Lin studied metal contacts to GaN by calculating estimated ternary phase
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diagrams using collected thermodynamic data [21]. The left side of Figure 2 shows an
example of one of these ternary diagrams which predicts the reaction products when W is
deposited on GaN. In this case, at 1 atm N2 and 600°C, W is predicted to be stable in the
presence of GaN as indicated by the tie-line in the diagram.

Figure 2: [21]
Ni-Ga-N ternary phase diagram at 600°C (left) and periodic trends for different
metals at 600°C (right)

Trends across the periodic table can be observed in the image to the right in Figure 2.
Specific characteristic tie-lines can be seen for all transition metals in certain areas of the
periodic table.
A similar study was performed by K.O. Schweitz and S.E. Mohney on metal
contacts to AlGaN, and similar periodic trends in tie-line behavior were observed [22].
This same method can also be used to determine how metals interact with InN provided
sufficient thermodynamic data is available.
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Calculating ternary phase diagrams can accurately predict what reaction products
are thermodynamically favorable to form when a metal is deposited on top of the
semiconductor. However, a variety of factors can affect whether or not this predicted
behavior will also be seen experimentally. The kinetics of the reaction is not considered
in the ternary phase diagram calculations. A reaction that is thermodynamically favored
may not actually occur under the time and conditions of the experiment or operation of
the device. In the case of the III-N semiconductors, there may even be other, more
fundamental, factors that are influencing the accordance of the analytically predicted
contact nature to that seen in experiment.
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III-N Wurtzite Crystal Polarity
One of the most notable of these factors is the polarity that exists in the wurtzite
crystal structure of these semiconductors, which causes certain properties to be dependent
on the direction in which the crystal is oriented. The wurtzite structure is most often
encountered with III-N semiconductors [23]. The wurtzite structure is known to be noncentrosymmetric, which indicates that the crystal does not exhibit inversion symmetry.
This lack of symmetry gives rise to polar directions within the crystal wherein the relative
position of atoms can be fundamentally different when you compare one direction
through the crystal to the exact opposite direction.
This polarity is responsible for the piezoelectric and pyroelectric properties of
these semiconductors which have seen many applications of their own. When a
mechanical stress is applied, the charges are no longer balanced due to the non-symmetric
structure and a net voltage is produced in the III-N crystal [24]. Likewise, applying an
electric field in the material will force the atoms to reorganize in order to balance out the
electric field which creates stress in the material. Figure 3 shows a tetrahedral structure
(which matches the coordination of the wurtzite structure) that has undergone a
mechanical stress along with the forces produced.
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Figure 3: Piezoelectric effect in wurtzite crystal [25]

Pyroelectricity describes the creation of a voltage in a material when a
temperature change occurs due to movement of the molecules in a non-centrosymmetric
material, which gives rise to unequal charge distribution. All pyroelectric materials are
also piezoelectric, but only those piezoelectric materials with an existing dipole moment
in the crystal structure (such as wurtzite) exhibit pyroelectricity [26]. Piezoelectricity and
pyroelectricity have both been used in many III-N applications including pyroelectric
sensors and piezoelectric MEMS devices [27,28].
The consequence of the non-centrosymmetric wurtzite crystal which is of primary
interest for this thesis is the resulting properties of the polar direction created along the
growth direction: the c-axis direction normal to the basal plane. This direction is shown
as the z-axis in Figure 4 for a representative GaN crystal.
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Figure 4: GaN wurtzite crystal [29]

The difference in atomic arrangement in these two opposite directions (positive and
negative z) gives rise to different properties of different crystal faces.
This polarity has been shown to lead to different properties between the two
different faces in InN, known as the In-polar and N-polar faces. The hexagonal plane
indices of these two faces are (0001) and (000 1 ), respectively. One study by
Yamamoto et al. revealed that the two different polar faces of InN exhibited different wet
etching characteristics as well as different photoluminescence (PL) spectra [30]. The
orientation of the growth was controlled by nitriding the surface and adding appropriate
buffer layers. Their surfaces look quite different under SEM, as shown in the top of
Figure 5, due to different growth conditions and different characteristics of the material.
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Figure 5: [30]
[Top] SEM images of In-polar and N-polar InN surfaces
[Bottom] InN thickness over time at 600°C under NH3 flow

The bottom of Figure 5 shows the change in sample thickness of In- and N-polar
InN samples under the same NH3 flow environment. The N-polar sample is shown to etch
significantly faster than the In-polar sample. This study shows that the properties of InN
samples are in fact affected by the crystal polarity. This factor could potentially influence
13

contact behavior on InN as well, although no work has yet been done to investigate this
effect.
While little work has been done thus far to study the wurtzite crystal polarity of
InN, more has been done regarding differences in the behavior of GaN crystals with
different growth directions. The two different growth directions along the c-axis in
wurtzite GaN create two different surfaces analogous to those formed in InN: Ga-polar
and N-polar faces. The difference between these two forms of GaN can be seen in Figure
6 below.

Figure 6: Ga- (left) and N- Polar (right) GaN [31]

Ga-polar GaN has been shown to have a lower density of inversion domains and
to be more resilient to wet etchants, while other studies have shown N-polar GaN to have
a rougher surface and a higher PL efficiency [32]. The crystal growth process can, in fact,
be controlled to produce either of the polarities for a desired application of GaN. Methods
14

of polarity control during growth include the addition of specific buffer layers, suitable
surface treatments, and varied annealing times [33]. Wet etchants can be used to
determine if an unknown GaN surface is Ga- or N-polar. Figure 7 shows the different
surface effects of a KOH/NaOH bath on the two polar faces [34]. It is clear from the
image that the Ga-polar surface is resilient to the wet etch while the N-polar surface is
etched into a repeating pattern with hexagonal features. This effect is similar to that seen
above with InN where the N-polar surface is more vulnerable to wet etchants.

Figure 7: SEM images of KOH/NaOH etch to determine GaN polarity [34]

After identifying two samples of GaN with opposite polarity, parallel experiments
can be performed to determine what effect this polarity has, if any, on contact phase
formation and performance. Many studies have been performed which analyze contacts
to Ga-polar GaN or N-polar GaN in isolation. However, the literature is lacking in a sideby-side experiment in the same lab which examines the contact formation of a single
15

metal on both Ga-polar and N-polar GaN. Due to the similarities in crystal structure and
electronic properties, it is assumed that the results obtained from a side-by-side study
using GaN polar faces will fairly accurately predict whether or not there will be a
difference in contact behavior between different InN polar faces.
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Chapter Two

Ternary Phase Analysis
Overview
Following the model of past studies with GaN and AlN, the nature of metal
contacts to InN has been estimated here by calculating ternary phase diagrams. These
diagrams provide insight into the phases that will be favored to form for specific contacts
as well as their thermal stability. These calculations are based on thermodynamic data
and do not necessarily predict what will happen experimentally when kinetics and
additional factors are taken into consideration. Regardless, these phase diagrams will
allow researchers to greatly reduce the number of experiments needed to perform to
determine the optimal contact material selection for an application. Furthermore, the
trends observed in contact behavior will allow researchers to predict how metals not
studied here due to lack of thermodynamic data might behave on InN.
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TerQuat Method
The ternary Metal-In-N phase diagrams in this thesis were estimated using a
process similar to the TerQuat Method developed by Klingbeil and Schmid-Fetzer [34].
First, all possible binary and ternary phases are collected for the Metal-In-N system that
are stable at the temperature and pressure of the calculation. Thermodynamic data must
then be gathered for each of these phases to produce a table of the Gibbs free energy of
formation for each phase at the appropriate temperature. Once this data is obtained, the
ternary diagram can be drawn with all phases in their appropriate positions on the
diagram. Each phase is then connected by a line passing through the diagram that
represents a possible tie line indicating stability of the two phases with each other.
In a ternary phase diagram, no two tie lines can cross. To determine which tie
lines should appear on the phase diagram and which should be deleted, all of the crossing
tie lines are then written as chemical reactions. The two phases connected by a tie line
appear together as either the reactants or products in the reaction. The Gibbs energies of
formation of the individual phases are used to find the Gibbs energy of reaction for each
tie line crossing. A matrix is then used to compare the Gibbs energy of reaction values to
those of competing tie lines and to determine which tie lines are stable. Those tie lines
which, when written as reactants, yield positive Gibbs energy of reaction values with all
competing tie-lines are considered stable. Those stable tie lines determined by this
method are compiled to form the ternary phase diagrams.
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The TerQuat method for producing a ternary phase diagram is summarized in the
following procedure:

1. Identify all binary and ternary phases in the system
2. Compile ΔGf° values for all phases at temperature of interest
3. Sketch the ternary phase diagram with the elements at the corners and all
phases at their appropriate stoichiometric positions
4. Draw lines between every combination of two phases that crosses over the
middle area of the triangle
5. At every point where the two tie lines cross, write a chemical reaction with
the two phases from one connecting line as the reactants and the two
phases from the other line as the products
6. Using the individual ΔGf° values compiled for each phase, calculate ΔGrxn
for each crossing tie line pair
7. Construct a matrix that lists all tie lines vertically (reactants) and
horizontally (products)
8. Fill in the matrix by indicating the sign of ΔGrxn for the corresponding tie
line crossing (either ‘+’, ‘-’, or leave it blank if the tie lines do not cross)
9. Identify the stable tie lines which have a row with only blank boxes and
positive ΔGrxn values (no ‘-’ signs)
10. Erase all tie lines with the exception of those tie lines identified in step 9
11. Use the remaining stable tie lines to predict phase contact behavior
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Phase Selection
The first step in the TerQuat method is to identify the appropriate binary and
ternary phases for each metal (M) and InN system. In order to simplify the calculations in
this thesis, some assumptions and restrictions had to be implemented. First, the selection
of M-In and M-N binary phases was simplified by considering only stoichiometric phases
that are stable under the conditions of this study. A reference state of N2 gas at a pressure
of 1 atm was used for the calculations unless stated otherwise. Each diagram is calculated
at the isotherm indicated. In order to simplify calculations and due to very limited
thermodynamic data, the M-In-N systems with known or suspected ternary phases were
not considered in this study (with the exception of Ni, which was later discovered to have
a possible ternary phase). The only phase in the binary In-N phase diagram is InN, which
helps to simplify the phase diagrams. The binary M-In and M-N phases identified for
each metal considered in this thesis are shown in Table 1 and were compiled from
references in the literature [36-38].
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Table 1: Binary phases considered for M-In-N systems
Metal

M-In Phases

M-N Phases

Ta

-

TaN, Ta N

Re

-

-

Mo

-

Mo N

Ni

Ni In, Ni In, Ni In , NiIn, Ni In ,
3

2

2

2

13

9

Ni In
28

Pd

3

2

5

2

3

2

3

2

13

Pt In , Pt In
2

3

3

9

6

17

3

7

2

Au In , AuIn, AuIn
7

3

5

-

7

Au In, Au In , Au In , Au In,
9

-

7

Pt In, Pt In, Pt In , Pt In , Pt In ,
3

-

72

3

3

Au

3

Pd In, Pd In, Pd In , PdIn, Pd In ,
Pd In

Pt

2

3

-

2

A periodic trend can already be observed from the stable phases identified from the
literature in Table 1. The early-to-mid transition metals tend to have a low number of
binary M-N phases and no M-In phases, while the late transition metals each have no MN phases but many more M-In phases. The next step is to collect reliable thermodynamic
data for each of these binary phases.
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Thermodynamic Data
The most important thermodynamic data that must be obtained is that for InN as it
is repeatedly used in each and every calculation and can significantly affect the predicted
behaviors. Many studies have been done over the past few decades regarding the
thermodynamic properties of group III-nitrides. While the thermodynamic properties of
AlN and GaN are well established, past studies show inconsistent values for the Gibbs
free energy of formation of InN. The relationship used in this study was that obtained by
Zieborak-Tomaszkiewicz and Gierycz [39]. The temperature-dependent equation they
obtained was based on experimental work coupled with calculations based on
modifications of thermodynamic equations from various other studies. The equation
derived in this study is shown below (in kJ/mol) for temperature in Kelvin:

The equation is slightly altered (the 6th term of the equation above was multiplied
by 10-2) from its original published version as prescribed by the authors via private
correspondence due to an error in the original publication. When evaluated at room
temperature (298 K), a value of ΔGf InN = -72.1790 kJ/mol is obtained. This equation,
along with thermodynamic data obtained for the Metal-In and Metal-N phases, is used to
develop the matrices which reveal the stable tie-lines making up the ternary phase
diagrams.
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Data for the ΔGf° values of the M-In and M-N phases were obtained from the literature
and are compiled in Table 2.

Table 2: Thermodynamic data for binary phases
Metal

Phase

ΔGf° at 298K (kJ/mol*atom)

Reference

Ta

TaN
Ta2N

-111.928
-80.4445

[36]

Re

-

-

-

Mo

Mo2N

-17.2586

[37]

Ni

Ni3In

-11.87

Ni2In

-15.8

Ni13In9

-18.7

NiIn
Ni2In3

-22
-22

Ni28In72

-18.02

Pd

Pt

Au

Pd3In

-47.3

Pd2In

-54.84

Pd5In3

-56.1

PdIn
Pd2In3

-57.6
-51.03

Pd3In7

-40

Pt3In

-39.79

Pt2In

-43.83

Pt3In2

-46.18

Pt13In9

-46.5

Pt6In5

-47.62

Pt2In3

-49.98

Pt3In7

-42.66

Au9In

-5.76

Au17In3

-8.64

Au7In2

-12.78

Au3In

-14.29

Au7In3

-16.77

AuIn
AuIn2

-21.39
-22.34

[38]

[38]

[38]

[38]
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Calculation Matrix
Once all of the data has been assembled for each phase, the tie lines must be
sketched and then evaluated for their stability. The details of each calculation for all of
the metals have been reserved for hand-written scanned pages in Appendix A. As an
example, the major steps in the calculation are shown here for the Pd-In-N system at a
temperature of 298 K.

Figure 8: Possible Pd-In-N tie-lines
NOTE: The black lines are the stable tie lines determined by the calculations and the
remaining lines were determined to be not stable and not part of the final diagram

As seen in Figure 8, the primary set of crossing tie lines are those reactions where
a Pd-In phase and N2 crosses with the Pd-InN tie line (pictured in red). Therefore, the
first step is to write out all of the reactions that cross this Pd-InN line to determine if it is
stable. If this tie line is stable, then the other tie line crosses (between a Pd-In phase +
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InN and a different Pd-In phase + N2) will not need to be tested since the latter tie lines
cross the Ni-InN line.

The first set of reactions is as follows:
1.
2.
3.
4.
5.
6.

Using the data from Table 2 along with the equation for ΔGf InN, the ΔGrxn values can
be calculated for each of the six reactions. These values along with the reaction matrix
are shown in Table 3.
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Reaction #

ΔGrxn (kJ/mol*atom)

1

-2.242

2

-4.6876

3

4.743

4

-7.1702

5

7.1548

6

12.507

[Left] Calculated Gibbs free energy
values for each reaction
[Bottom] Reaction matrix to determine tie line
stability

*

-

+

*

+

Table 3:

-

-

-

-

-

*

+
+
+

*
*
*

+

*

In this case, it is determined that the Pd-InN tie line is not stable since the reaction
matrix shows all negative values for the ΔGrxn in that row. This situation indicates that a
reaction is thermodynamically favored in each case. As seen in Figure 8, this result
classifies the red tie line as being unstable. Next, the crossing tie lines between Pd-In
phase + N2 and Pd-In phase + InN must be considered.
Another 15 reactions can be written that describe these crossing tie lines. After
calculating each of the Gibb’s free energy of reaction values, Table 4 is produced.
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Table 4: Reaction matrix for Pd-In-N at 298 K

*

-

*

+

-

+

+

+

-

+

+

-

+

+

+

+

*

*

*

+

+

*

-

-

*

+

+

+

-

-

-

-

-

-

-

-

*

*

-

*

Looking at Table 4 shows tie lines which are determined by the thermodynamic
calculations to be stable: including PdIn + N2, Pd2In + N2, Pd2In3 + InN, and PdIn- InN.
These calculated stable tie lines provide enough information to infer the remaining tie
lines and produce a ternary phase diagram as shown in Figure 9 for the Pd-In-N system at
room temperature.
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Figure 9: Pd-In-N Ternary Phase Diagram 298 K

This ternary phase diagram indicates that a reaction is thermodynamically favored
to occur at room temperature when Pd is put into contact with InN. Pd-In phases are
expected to form along with N2 gas while Pd and InN are consumed. This reaction is
expected to occur under the constraint that the N2 pressure is maintained in the system at
1 atm as indicated in the diagram. Calculations completed at elevated temperatures will
also predict the formation of Pd-In phases at temperatures typically used in device
processing.
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Interpretation of Phase Diagrams
The information from the matrices can be put into pictorial form through a phase
diagram as shown in Figure 9. The ternary diagrams in this study have the pure elements
(In, N2, and metal) at its three corners. The binary phases appear at the appropriate
stoichiometric ratio on the line between the two constituent elements. A tie line between
two compounds indicates that they are stable in the presence of each other. The lack of a
tie line between two compounds indicates that they may react chemically in the presence
of each other in order to reach thermodynamic equilibrium. In this way, phase diagrams
can be used to predict which metals may form stable contacts with InN and which metals
may form products with desirable properties, which can be verified and identified
experimentally. Experimental work is ultimately needed in these cases because the phase
diagrams do not provide any information regarding the kinetics of the reactions occurring
or the intermediate products produced in the process. The phase diagram solely indicates
the favored products once thermodynamic equilibrium has been reached at the selected
temperature.
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Representative Metals
The metals for which ternary phase diagrams were calculated (Ta, Mo, Re, Ni, Pd,
Pt, Au) were selected because they have the most complete thermodynamic data available
in the literature (Table 2). These metals can be used to represent metals with similar
chemical properties as indicated by their grouping in the periodic table. This method of
using representative systems has proven to be very useful in similar semiconductor
systems such as GaN and AlN. The metals of interest have been separated into three
groups: the late, middle, and early transition metals. For each group, the results of the
representative systems are outlined. For completeness, justification is given for why other
possible contact metals within each group were not estimated. Table 5 summarizes the
reasons for exclusion of these metals from the calculations.
In these calculations, the enthalpy and entropy of formation of the relevant phases
was assumed to not be temperature dependent and the standard value at 298 K was used
for all temperatures. It should also be noted that when metals were calculated at elevated
temperature, the heat capacity terms in the Gibbs free energy equation were neglected for
these calculations. More details about specific calculations can be found in Appendix A.
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Table 5: Justification for exclusion of certain metals
Metals

Ag
Co
Cu

Insufficient M-Nitride

Insufficient M-Indide

Thermodynamic Data

Thermodynamic Data






Rh



Ir
Cr
W
Fe
Os







Mn
Tc



V
Cr
Nb
Ti
Zr




Ru
Hf

Known Ternary Phases
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Late Transition Metals
The late transition metal-In-N systems are characterized by M-In binary phases
and no M-N phases. Some late transition metal systems (Ag, Co, Cu) do have observed
metal-N phases. However, the (Ag, Co, C)-In-N systems were not calculated due to
insufficient thermodynamic data for their nitrides. The Rh-In-N and Ir-In-N systems,
which only have M-In binary phases, were not considered due to lack of absolute entropy
values for the M-In phases needed to determine Gibbs free energy of formation values
needed for the calculation.
Phase diagrams have been estimated for the late transition metal (Ni, Pd, Pt, Au)In-N systems. The resulting phase diagrams are shown in Figure 10 at 298K. The Ni and
Au diagrams reveal a tie line between InN and the metallic element, revealing that the
two are stable and no reaction is predicted at room temperature. Conversely, the Pd and
Pt diagrams show no stable tie line InN and the metallic element, indicating that reaction
products (M-In) are expected to be formed.
Although no reaction is expected at 298K for Ni and InN, the calculations can be
performed again at an elevated annealing temperature. The calculated ternary phase
diagram for Ni-In-N at 673K is shown in Figure 11.
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Figure 10: Phase Diagrams at 298 K
[Top Left] Ni-In-N, [Top Right] Pd-In-N
[Bottom Left] Pt-In-N, [Bottom Right] Au-In-N

After annealing, a reaction is now expected between Ni and InN forming Ni-In
binary products. It should be noted that there is some evidence of a possible ternary phase
in the Ni-In-N system [40]. If this phase were to exist under these conditions, the phase
diagram could be drastically different. Unfortunately, there is not enough information
known about the phase at this time to include it in the phase diagram calculations.
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Figure 11: Ni-In-N 673 K

Based on the results of the representative metals, the late transition metals are
likely to form reaction products after being deposited or after annealing at 673K and
above.

Middle Transition Metals
The middle transition metals are characterized by very few binary phases. The
(Cr, W, Fe, Os)-In-N systems could not be calculated due to insufficient thermodynamic
data about their nitrides to perform the necessary calculations to predict phase diagrams.
The Mn-In-N system was not considered due to a known ternary phase. No
thermodynamic information was available for the Tc-In-N system; therefore, it was not
considered. The Ru-In-N system was not calculated due to a lack of absolute entropy
values for the Ru-In phases needed for the calculation.
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The Mo-In-N and Re-In-N phase diagrams have been estimated for the middle
transition metals. There are no known binary phases for Re-In-N (except InN) that are
expected to be stable under these conditions. Therefore, the ternary diagram predicts
stability between InN and Re at all temperatures. There is a known Mo-N phase, Mo2N,
which could be produced in a reaction between Mo and InN. However, the
thermodynamic calculations revealed that Mo was stable with InN even after annealing at
673K. The two ternary phase diagrams are shown below in Figure 12 for Re and Mo.

Mo2N

Figure 12: [Left] Re-In-N, [Right] Mo-In-N 298-673K

Due to the lack of binary compounds and predicted reactions in the middle
transition metals, it is likely that the majority of these metals are stable on InN even after
annealing at moderate temperatures.

Early Transition Metals
The early transition metals are characterized by only M-N binary phases and no
M-In phases. The Hf-In-N, V-In-N, and Cr-In-N systems were not calculated because of
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insufficient thermodynamic data about their metal nitride phases. The Nb-In-N system
was not estimated due to lack of information about its binary and ternary phases. The TiIn-N and Zr-In-N phase diagrams were not calculated due to known ternary phases.
The Ta-In-N phase diagram has been estimated to represent the early transition metals.
The calculations predict that Ta will react with InN as deposited at room temperature,
forming tantalum nitrides. The Ta-In-N ternary phase diagram is shown in Figure 13
below.

Figure 13: Ta-In-N 298 K

Therefore, it is expected that early transition metals will react to form nitrides on InN,
and that annealing may not be necessary to produce a reaction.
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Chapter Three

III-N Crystal Polarity
Overview
While the selection of a metal is an integral factor in determining the behavior of
a contact to InN, researchers must also consider the crystal polarity of the film. Two of
the distinct crystal faces of InN that are commonly studied are denoted by the names Inpolar and N-polar. It has been shown that certain properties such as etching rates can be
drastically different between the In- and N-polar faces. Very similar effects have been
seen in GaN and much research has been done to perfect the growth and etching of Gaand N-polar samples. Due to difficulty of obtaining high quality InN samples, GaN
samples are used in this thesis to predict how the In- and N-polar faces will behave when
the same contact is deposited and annealed on the samples. These preliminary findings
will provide insight into whether or not crystal polarity is a major factor for III-N
semiconductors with regard to contact behavior.
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Experimental Approach
Samples from two GaN wafers were obtained for side-by-side experiments. The
(0001) Ga-polar wafer, obtained from Sandia National Laboratories, consists of a 2.3 µm
layer of Si-doped (7x1016 cm-3) GaN on a 1.1 µm layer of unintentionally doped GaN on
a sapphire substrate. The (000 1 ) N-polar sample, obtained from the Redwing group at
Penn State, consisted of a 1.1 µm GaN layer on top of a 90 nm AlN buffer layer on a Cface 6H-SiC substrate. The two wafers were degreased and chemically etched (described
in detail in the following section) to remove any native oxide before being immediately
placed under high-vacuum in preparation for metal deposition.
For this thesis, Ni was selected as the transition metal of choice for determining
the effect of crystal polarity on contact behavior. The reason for this selection is because
of the interesting behavior predicted for Ni on InN in Chapter Two and the wealth of
knowledge in the literature regarding Ni-Ga interactions.
Venugopalan et al. observed a reaction starting between Ni and GaN to form
nickel gallides after a 600°C anneal [41]. Based on this study, the annealing temperatures
of interest for this system are above 600°C. In this thesis, annealing temperatures of
700°C, 800°C, and 900°C are of interest as well as an as-deposited sample.
Ni was deposited on Ga- and N-polar GaN samples through a DC magnetron
sputtering process in a Denton 502-A system with an Ar plasma and N2 ambient. The
material stacks of the two wafers after deposition are shown in Figure 14.

38

80 nm Ni

80 nm Ni

Ga-polar GaN

N-polar GaN
AlN

Sapphire

SiC

Figure 14: Ga-polar (left) and N-polar (right) GaN wafers after Ni deposition

After Ni deposition, the samples were cleaved and annealed at the prescribed
temperatures. Grazing incidence X-ray diffraction (GIXRD) and large-area X-ray
diffraction were used to characterize the samples and identify phases present in the
Ni/GaN contacts. Results from Ga- and N-polar GaN samples for different temperatures
were compared to identify any discrepancies in reactions that may be attributed to the
crystal polarity.
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Experimental Procedure

Sample Preparation
Degrease Samples:
1. Prepare three total beakers of acetone, isopropanol, and deionized (DI) water
2. Soak N-polar and Ga-polar GaN wafers in a beaker of acetone for 5 minutes
3. Immediately transfer samples to a beaker of isopropanol and soak for 1 minute
4. Immediately transfer samples to DI water beaker and soak for 5 minutes
5. Remove samples from water beaker and blow dry with compressed N2 gas
Etch Native Oxides:
1. Pour 30 mL of 10:1 BOE (Buffered Oxide Etch) : DI H2O solution in a beaker
2. Soak samples in BOE for 2 minutes
3. Prepare DI breaker
4. Transfer samples to DI beaker and soak for 2 minutes
5. Remove samples from water beaker and blow dry with compressed N2 gas

Metal Deposition
Sputtering:
1. After etching native oxide, immediately load both samples into sputter deposition
system (Denton sputtering system with Ar plasma) and begin pumping down the
chamber
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2. After the chamber has reached a sufficiently low pressure, generate a plasma in
the chamber and pre-sputter the target without depositing on sample to remove
any oxide on the surface
3. Sputter 80nm from a Ni target onto both GaN samples

Annealing
Rapid Thermal Anneal (RTA):
1. Cleave sputtered samples into 4 Ga-polar GaN and 4 N-polar GaN pieces
2. Degrease samples again (all 5 steps listed above under sample preparation)
3. Load two samples (one of each polarity) and allow for 10 minutes of N2 purge to
remove oxygen present
4. Run recipe to anneal at 700°C for 60 seconds in an environment of flowing
gettered N2 gas
5. Unload two samples from RTA furnace
6. Repeat steps 3-5 with two samples each for 800°C and 900°C anneals
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The resulting 8 samples of N-polar and Ga-polar GaN can be seen in the top
image of Figure 15. The bottom image shows a closer look at the surface of one of the
samples.

Figure 15: Sputtered and annealed samples of Ni on N- and Ga-polar GaN
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Characterization

Instrumentation
The goal of the analysis of these samples is to be able to identify what phases are
present in the system as accurately as possible and to allow a method of comparison
between the two different sample sets (N- and Ga-polar GaN). A very commonly used
method for phase identification in materials is X-ray diffraction (XRD). In traditional
Bragg-Brentano (powder) configuration XRD, an X-ray beam is directed at the sample
and swept through different possible angles. A detector is simultaneously swept through
the same angles on the opposite side, in essence mirroring the motion of the X-ray
source. Using this configuration, the detector will see reflected x-ray beams that meet the
following criteria: they are reflected off a plane that is parallel to the surface and the
reflected beam obeys Bragg’s Law (shown below) as determined by the interplanar
spacing.

where

= interplanar spacing,

= incident x-ray angle,

= wavelength of beam,

= positive integer

Bragg’s Law must be obeyed to create constructive interference and create a high
intensity diffracted beam. The planes in the sample being used in the reflection must all
be parallel to the surface because the source and detector are being swept through the
same angles simultaneously. Therefore, the idea is that the sample should have somewhat
random orientation so that each plane within the structure exists parallel to the surface at
a high enough frequency to produce a detectable diffraction pattern. This reason is why
this method is called powder diffraction: powders contain all of the planes in the material
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when randomly oriented. A crystalline thin film can be harder to characterize using the
Bragg-Brentano technique.
Special considerations must be made when trying to analyze crystalline thin film
samples such as the N-polar and Ga-polar GaN samples in XRD. One concern for this
study is that the area of interest is limited to the interface and immediate surrounding area
of the 80 nm of Ni on top of GaN. However, the bulk of the material in the sample is the
GaN and other substrate layers (AlN, SiC, sapphire, etc.). If Bragg-Brentano geometry is
used, wherein most of the measurement would take place at fairly high angles from the
source, it is likely that the beam would penetrate deep within the sample and the
measured patterns would be dominated by the substrate and not on the film of interest
near the surface.
In order to compensate for this discrepancy in desired signal, another
configuration can be used known as grazing incidence X-ray diffraction (GIXRD). In
GIXRD, the angle of the x-ray source is fixed through a parabolic mirror at a very low
angle while the detector is swept through all of the possible 2θ angles as shown in Figure
16.
Detector

Angle = 0.2°

Figure 16: GIXRD schematic at fixed source angle of 0.2°
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This low angle of incidence causes the source X-rays to not penetrate very far into
the material and, in turn, the resulting diffraction patterns constitute more signal from the
surface and shallow layers of the film rather than the substrate. However, GIXRD also
has its shortcomings. Because the x-ray beam position is fixed and the detector is only a
very small area, many of the possible diffraction peaks may be missed due to matters as
seemingly trivial as the way in which the samples are placed (i.e., rotating the sample on
the sample stage could affect the diffraction pattern). Therefore, analyzing GIXRD
diffraction patterns can be challenging at times if there are a limited number of peaks and
they do not always show up in each scan. Despite these complications, GIXRD is still a
superior and complementary method of characterization to the powder geometry for thin
film phase identification.
The instrument used in this thesis is the PANalytical X’Pert PRO MPD system
which uses a Cu K-α source powered at 45 kV and 40 mA. The system as well as a closeup of the source and detector in grazing incidence configuration can be seen in Figure 17.
Characterization was carried out on the as-deposited (AD), 700°C, 800°C, and
900°C annealed samples for both N-polar and Ga-polar GaN. As in Figure 16, the x-ray
source angle was fixed at 0.2° throughout all of the measurements. The detector angle
(2θ) was chosen to sweep through 20-70° because most expected peaks are in this range.
The samples were placed on a quartz zero background holder to ensure that no peaks in
the diffraction pattern were due to the holder underneath the sample.
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Source

Sample Holder

Detector

Figure 17: PANalytical X’Pert PRO MPD machine in grazing incidence configuration
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Although GIXRD was successful in providing valuable information for the Ga-polar GaN
samples, the results showed very few peaks for the N-polar GaN samples, which made
phase identification nearly impossible. Therefore, another characterization method was
used known as large-area X-ray diffraction in order to determine what phases were
present in the N-polar GaN samples and to confirm the results of GIXRD from the Gapolar GaN samples.
Large-area X-ray diffraction uses a 2-D area detector surrounding the sample to
collect X-ray reflections from the sample rather than the scanning PIXcel detector used in
GIXRD. This situation allows the area detector to pick up the full Debye cone of x-rays
scattered from the sample, which can then be integrated to produce a pattern comparable
to the intensity v. 2θ plots commonly associated with XRD.
A Rigaku DMAX/Rapid Micro-Diffractometer in reflection mode, seen in Figure
18, was used in this thesis to complete the large-area X-ray diffraction measurements. A
0.1 mm collimator was used to focus the beam produced by a Cu K-α source operating at
50 kV and 40 mA. While the beam remains fixed, the sample can be programmed to
oscillate between different omega values as shown in the figure. The phi-axis of rotation
was held fixed for all measurements. A relationship between the omega and phi axes of
rotation is shown in Figure 19. A beam stop was used to keep the high intensity incident
beam from impacting the detector so that only reflections from the thin films were
recorded. With the 2-D detector surrounding the sample, it is expected that many more
peaks can be seen using this method rather than using GIXRD. The collected data
images from the detector were analyzed and integrated using Rigaku AreaMax software
and then imported into MDI Jade 9+.
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Area Detector

Sample Holder

Source

Omega

Figure 18: A Rigaku DMAX/Rapid micro-diffractometer
NOTE: The bottom right image [42] describes the rotation of the omega angle. It should
be noted that the omega has been rotated in this image compared to the top image.
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𝛃

Base

Sample
Holder

Phi Axis of Rotation

Omega Axis of Rotation

Figure 19: Omega and Phi Axes of Rotation
NOTE: The angle, , is fixed in the instrument at an acute angle
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The first step in measurement is to determine what omega range to use for each
sample. One minute fixed-omega scans were run at every 5° in the omega range 5-40°.
The optimal omega was then determined based on the number of reflections imaged by
the detector. For the omega with the highest density of detection, a small range was taken
centered around this value. The chosen omega ranges were 18 – 22° for N-polar GaN and
33-37° for Ga-polar GaN.
A longer scan was then conducted which swept through the optimal omega ranges
for one sample of each polarity to allow enough time to collect peaks and determine if the
chosen range would produce enough peaks for phase identification. The longer scan of 10
minutes produced results with many more peaks than were seen using the GIXRD
method. Therefore, it was confirmed that large area X-ray diffraction is an effective
method in providing sufficient information to make peak identifications.
For the full analysis of the samples using large area X-ray diffraction, the omega
ranges of 15 – 25° for N-polar GaN and 30-40° for Ga-polar GaN were chosen (which
contain the optimal ranges determined above). Each sample was exposed to the X-ray
beam for 20 minutes in order to allow enough time for the detector to collect sufficient
information.
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Analysis
In order to analyze these patterns and identify peaks, the patterns were opened in
MDI Jade 9+ software. The Jade program has multiple databases including the 2011
ICDD and ICSD databases, which have compiled predicted XRD patterns for different
structures of many elemental and compound materials. These databases were used to pull
pdf cards of possible phases to determine what phases were present in the sample. The
pdf cards from these databases that were ultimately matched with the sample pattern are
included in Appendix B. While the cards were essential in identifying some peaks, the
database did not include all of the possible phases in the Ga-Ni system.
Therefore, to ensure that all possible phases were considered in the analysis, every
known Ga-Ni phase was collected from both Pearson’s Handbook of Crystallographic
Data for Intermetallic Phases [43] and from the updated Ga-Ni phase diagram by H.
Okamoto [44]. The space groups and Wyckoff positions were then used to construct a
simulation of the structures in CrystalMaker software. Intensity v. 2θ plots (identical to
what is produced in XRD) were then generated in the software for each phase based on
the atomic positions of the Ga and Ni atoms. These patterns were used to compare with
the experimentally collected results for phase identification, and the most relevant ones
are included in Appendix C as lists of 2θ peak positions with corresponding relative
intensity. A table of the phases considered along with their most prominent 2θ peak
positions from simulations and/or pdf cards is given in Table 6.
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Table 6: Ga-Ni possible phases and XRD peak positions
*bolded phases are included in the updated Ga-Ni phase diagram [44]

Phase

MDI Jade 9+
PDF Card Lines
(2θ°)

Strongest** XRD
Calculated Peaks
(2θ°)

Calculated Crystal
Data Source

N/A

44.0438
51.3121
75.5133
91.7786
97.1673
44.2401
51.5453
75.8895
92.2801
97.7188
44.0569
51.3276
75.5383
91.8118
97.2039
43.6950
50.8979
74.8464
90.8918
96.1936
43.6182
50.8068
74.7000
90.6975
95.9805
30.2666
33.7733
37.6018
48.5102
51.4268
58.2526
62.9507
63.3698
83.6433
30.2666
33.7733
37.6018
48.5102
51.4268
58.2526
62.9507
63.3698
83.6433

[46]

(Ni)
N/A

Ga2Ni23
N/A

Ga3Ni17

GaNi3

43.698
50.901
74.852
90.899
96.201
N/A

Ga3Ni7
N/A

GaNi2

Ga7Ni13

30.268
33.775
37.604
48.513
51.430
58.256
62.955
63.374
83.649

[43]

[43]

[43]

[43]

[43]

[43]
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N/A

43.3057
48.2364
48.3046
54.5784
70.6566
86.5705
86.6723
96.4952

[46]

43.308
48.239
48.308
54.582
70.661
86.577
86.679

43.3057
48.2364
48.3046
54.5784
70.6566
86.5705
86.6723
96.4952
44.8623
45.3989
59.3196
65.7341
83.5037
83.8863
93.7559

[43]

12.7985
15.7269
24.0260
36.1944
39.1733
44.0322
44.7990
45.0104
45.1142
45.1676
45.5543
45.9459
65.5820
66.3572
76.8165
83.7580
84.7842
94.3927

[46]

Ga9Ni16

Ga3Ni5

N/A

Ga2Ni3

N/A

Ga41Ni59

[45]
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Ga9Ni13

GaNi

Ga4Ni3

Ga3Ni2

Ga7Ni3

36.124
44.711
44.938
45.088
45.126
45.558
45.949
65.492
66.339
76.647

44.353
64.527
81.655
98.038
19.035
44.898
65.372

18.126
25.373
31.361
44.716
45.169
65.441
82.426
82.748
83.714
99.067
25.872
33.597
36.914
39.992
45.628
48.248
53.196
62.261
64.403
66.508
68.579
72.639
84.380
95.884

36.1221
44.7078
44.9347
45.0848
45.1227
45.5547
45.9459
65.4881
66.3344
76.6412
83.6720
84.3422
84.7845
94.2216
44.3507
64.5229
81.6497
98.0305
19.0342
44.8956
65.3680

[43]

18.1254
25.3719
31.3590
44.7132
45.1659
65.4370
82.4200
82.7424
83.7083
99.0591
N/A

[43]

[43]

[43]
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Ga4Ni

Ga5Ni

26.010
33.731
37.057
40.115
45.760
48.368
53.298
66.559
68.668
72.707
84.368
95.820
33.012
36.956
40.379
42.307
42.430
45.395
47.157
66.144
67.619
71.177
74.746
76.358
82.884
88.658
95.819

25.8674
33.5908
36.9069
39.9849
45.6196
48.2393
53.1856
66.4945
68.5654
72.6239
84.3613
95.8620
N/A

[43]

** The criteria for strength of peaks required to be shown in this table was arbitrarily
chosen as having at least 10% of the intensity of the strongest peak in the pattern.
However, all peaks were considered in the analysis.
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Ga-polar GaN
As was shown previously in Figure 14, the materials of interest for phase
identification in the Ga-polar samples are sapphire, GaN, Ni, and a possible Ga-Ni binary
phase at high annealing temperatures. Using pdf cards from MDI Jade 9+ (Appendix B)
and structures built in CrystalMaker (Appendix C) for reference, each peak in the
experimental patterns was attributed to one of the expected phases present in the sample.
The GIXRD pattern for the as-deposited (AD), 700°C, and 800°C annealed
samples can be seen in Figure 20. The peaks are labeled with the corresponding phase
that matches the 2θ position.

Figure 20: GIXRD patterns of AD, 700°C, 800°C Ga-polar GaN
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In the as-deposited pattern (bottom), only the Ni peak is seen from GIXRD. From
this pattern it is clear that the nickel film has not reacted with the GaN. After a 1 minute
anneal at 700°C (middle), the Ni peak is still present, as well as the beginning signs of the
growth of the Ni3Ga phase. It is evident, though, that the reaction has only just begun and
that a significant portion of the Ni film remains. However, after annealing for 1 minute at
800°C (top), the Ni peak is no longer present, indicating the Ni has been completely
consumed in a reaction. Two of the peaks match with Ni3Ga, which is the product of the
Ni-consuming reaction. A GaN peak also shows up in this pattern. Therefore, the GIXRD
reveals that a reaction has occurred between 700 and 800°C to form Ni3Ga on Ga-polar
GaN.
Large area X-ray diffraction was used to confirm the GIXRD results. The pattern
for the as-deposited sample can be seen in Figure 21.
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Figure 21: Large area X-ray diffraction pattern of Ga-polar as-deposited GaN

A Ni peak is identified along with additional peaks that can each be attributed to either
the sapphire substrate (Al2O3) or the GaN layer. There appears to have been no reaction
without annealing.
It should be noted that a very sharp peak of low intensity can be seen at a slightly
higher value of 2θ (roughly 45.8°) than the Ni peak. This peak appeared in every scan
done using the large area X-ray diffraction technique and could not be matched with any
materials known or thought to be present on the sample. This peak is thought to be due to
the instrumentation or sample holder, and since it appears in all scans, is not a part of the
comparison between samples of different polarity.
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The 700°C sample showed similar results to the as-deposited samples with a Ni
layer clearly remaining on top of the GaN. The pattern for the sample annealed at 800°C
is shown in Figure 22.

Figure 22: Large area X-ray diffraction pattern of Ga-polar 800°C annealed GaN

Here, the Ni3Ga peaks appear along with GaN and sapphire peaks from the
substrate. A very similar pattern to the one in Figure 22 is seen in the 900°C case. The
large area X-ray diffraction results confirm the conclusion drawn from the GIXRD
patterns for Ga-polar GaN that a reaction occurs between 700 and 800°C, which
consumes the 80 nm Ni layer and produces Ni3Ga.
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N-polar GaN

The materials of interest for phase identification of the N-polar GaN samples
include SiC, AlN, GaN, Ni, and Ga-Ni binary phases. As was previously mentioned, the
GIXRD results for N-polar GaN did not record enough peaks for phase identification.
This result is attributed to the nature of GIXRD, which is dependent on sample
positioning and orientation within the film. However, the results from large-area X-ray
diffraction did provide sufficient information to identify phases.
The pattern for the as-deposited N-polar GaN sample is shown in Figure 23.

Figure 23: Large area X-ray diffraction pattern of N-polar as-deposited GaN
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The AD pattern shows the elemental Ni peak along with peaks from the GaN and SiC
substrate layers. This result indicates, as was the case with the Ga-GaN samples, that no
reaction has occurred in the as-deposited samples. A similar pattern was seen in the
700°C sample with no reaction occurring.
The pattern after a 1 minute anneal at 800°C can be seen in Figure 24.

Figure 24: Large area X-ray diffraction pattern of N-polar 800°C annealed GaN

After annealing for 1 minute at 800°C, the Ni peak is consumed and two film peaks
appear that were identified as Ni5Ga3. An oxide, Ga2O3, was also seen to develop in the
film.

61

The Ni5Ga3 phase was seen again in the 900°C sample, this time with an additional
matching peak as seen in Figure 25 to verify the identity of the phase. Therefore, large
area X-ray diffraction has shown that Ni reacts with N-polar GaN between 700 and
800°C to form the binary Ni5Ga3 phase.

Figure 25: Large area X-ray diffraction pattern of N-polar 900°C annealed GaN
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Summary
After analyzing Ga-polar and N-polar GaN samples deposited with an 80 nm Ni
layer, it has been shown that both polar faces react with Ni between 700 and 800°C after
1 minute of annealing to form Ni3Ga and Ni5Ga3 on the Ga- and N-polar GaN,
respectively.


These two phases are shown in Figure 26, demonstrating the cubic Fm 3 m
structure of Ni3Ga and the orthorhombic Cmmm structure of Ni5Ga3 that arise from the
face-centered cubic Ni film.

Ni3Ga

Ni5Ga3

Figure 26: Reaction products seen in Ga-polar (left) and N-polar (right) GaN [47]
Images constructed in PowderCell 2.4
PowderCell 2.0

Ni3Ga was shown previously to be formed on Ga-polar GaN at high annealing
temperatures [41]. A more Ga-rich phase was seen here to be formed on the N-polar
surface, demonstrating that the reaction proceeds faster on the N-polar surface. This
difference in reaction rate is likely to be seen in InN as well.
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Chapter Four

Conclusions
Summary
The late transition metals Pd and Pt are predicted to react with InN to form metal
indide phases at room temperature (298 K). Ni and Au were calculated to be stable on
InN at room temperature, but Ni is predicted to react at 673 K. The middle transition
metals Mo and Re were calculated to be thermodynamically stable over InN even at
annealing temperatures of 673 K. The early transition metal Ta was predicted to react
with InN to form tantalum nitride at room temperature without any annealing. These
phases represent the predicted behavior of many transition metal contacts on InN.
It is important to realize, however, that many of these metals have more
complicated phase diagrams due to ternary phases and other factors which make phase
prediction very difficult using this method.
With respect to crystal polarity, a thin film of Ni was found to have reacted with
both Ga- and N-polar GaN samples after annealing for 1 minute at temperatures of 800°C
and above. The binary phase Ni3Ga was found on the Ga-polar samples and Ni5Ga3 was
found on N-polar samples, with the Ni layer being completely consumed. The two
observed phases are both present on the Ga-Ni phase diagram seen in Figure 27 as the α’
(Ni3Ga) and δ (Ni5Ga3) phases.

64

Figure 27: Ga-Ni Phase Diagram [44]

Crystals of both polarities reacted with Ni, but the reaction proceeded faster on the Npolar surface. It is expected that this would also occur on InN with the N-polar surface
reacting faster with a metal film such as Ni than the In-polar surface.
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Through both calculations and experiment, it has been demonstrated that the
nature of a reaction of a metal contact with InN depends heavily on the metal’s position
in the periodic table and that the rate of the reaction is likely dependent on the polarity of
the wurtzite crystal. The effects of the wurtzite crystal polarity on reaction rate will be
more pronounced in nanoscale and epitaxial applications. These conclusions will provide
a framework for future experimental work with contact metallurgy on InN for device
applications.
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Future Work
More analysis will be done on the Ga- and N-polar annealed samples that reacted
with the thin Ni film. Auger electron spectroscopy (AES) will be used to provide a depth
profile of elements in the materials to see any oxidation and to see the extent of the
reaction. Ga2O3 was seen only in the N-polar annealed samples and may be responsible
for an enhanced reaction of the Ni film compared to the Ga-polar samples. AES will help
determine why different phases were seen in the two sets of samples. Transmission
electron microscopy (TEM) may also be used to visualize the cross section of these
samples and identify any phases present that were not seen using X-ray diffraction.
Future researchers will need to perform experimental tests on InN to see if the
behaviors observed in GaN match those observed in InN with respect to crystal polarity.
It is predicted here that reactions will proceed faster on the N-polar face than on the Inpolar face, but even if this is confirmed, tests must be done to observe what reaction
products form on the InN faces and at what temperatures. Additionally, some
experimental work will be necessary to determine if the contacts created experimentally
for InN devices match the predicted behavior based on the thermodynamic calculations
made here. More experiments will need to be done to explore the metals that could not be
predicted here due to insufficient thermodynamic data in the literature.
While much work on InN remains, this thesis has provided various predictions on
how different metals are likely to interact with InN of different crystallographic
orientations. This information will be useful in future investigations and can be used to
limit the number of necessary experiments and better plan the ones that must be
conducted.
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Appendix A
Below are handwritten detailed calculations for the metal-In-N ternary phase diagrams.
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Appendix B
Below are pdf cards taken from databases on MDI Jade 9+ used for peak identification.
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Z=6
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Density(c)=3.174

Density(m)=
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Formula from original source: Si C.
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119.018 0.8939 5.7 ( 2 1 3) 59.509 0.5593 7.0288
125.149 0.8678 2.9 ( 3 0 2) 62.574 0.5761 7.2401
125.919 0.8648 0.5 ( 0 0 6) 62.960 0.5781 7.2652
136.369 0.8297 2.3 ( 2 0 5) 68.184 0.6026 7.5727
137.914 0.8253 0.6 ( 1 0 6) 68.957 0.6058 7.6129
142.524 0.8134 0.9 ( 2 1 4) 71.262 0.6147 7.7245
149.983 0.7975 1.6 ( 2 2 0) 74.991 0.6270 7.8786

Ni
PDF#97-064-6091: QM=Calculated; d=Calculated; I=(Unknown)
Nickel
Ni
Radiation=CuKa1

Lambda=1.5406

Filter=

Calibration=

2T=43.937-96.869

I/Ic(RIR)=8.19

Ref: Calculated from FIZ#646091 (10/27/11) by Jade

Cubic, Fm-3m (225) Z=4
CELL: 3.5664 x 3.5664 x 3.5664 <90.0 x 90.0 x 90.0> P.S=
Density(c)=8.595

Density(m)=

Mwt=

Vol=45.4

Ref: Ibid.

Strong Lines: 2.06/X 1.78/4 1.08/2 1.26/2 1.03/1
NOTE: FIZ#646091: "Low temperature lattice parameter of some Ni rich Ni-Fe alloys", Bandyopadhyay, J.;Jha, S.C.;Gupta, K.P.,
Transaction of the Indian Institute of Metals, v36 (1983) 235-236, Metals formula record: Ni (z = 4) FM3-M.
Standard deviation missing in cell constants.
Temperature in Kelvin: 293.
Structure type : Cu.
X-ray diffraction from single crystal.
No R value given in the paper.
At least one temperature factor missing in the paper.

2-Theta d(Å) I(f) ( h k l) Theta 1/(2d) 2pi/d n^2
43.937 2.0591 100.0 ( 1 1 1) 21.969 0.2428 3.0515 3
51.186 1.7832 44.7 ( 2 0 0) 25.593 0.2804 3.5235 4
75.310 1.2609 21.5 ( 2 2 0) 37.655 0.3965 4.9830 8
91.507 1.0753 23.0 ( 3 1 1) 45.754 0.4650 5.8431 11
96.869 1.0295 6.6 ( 2 2 2) 48.435 0.4857 6.1030 12
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Sapphire
PDF#00-046-1215(RDB): QM=Indexed(I); d=Guinier; I=Film/Visual
Aluminum Oxide
Al2 O3
Radiation=CuKá

Lambda=1.5418

Filter=

Calibration=

2T=11.093-67.252

I/Ic(RIR)=

Ref: Fargeot, D., Mercurio, D., Dauger, A.
Mater. Chem. Phys., v24 p299 (1990)
Orthorhombic - Powder Diffraction, P222 (16)

Z=16

CELL: 7.934 x 7.956 x 11.711 <90.0 x 90.0 x 90.0>

P.S=oP80.00 (ä*)

Density(c)=3.665

Density(m)=

Mwt=101.96

Vol=739.23

F(30)=5.8(0.043,120/0)

Ref: Ibid.

Strong Lines: 1.39/X 1.39/X 2.46/8 2.46/8 1.99/8 1.98/8 1.41/8 2.60/8
General Comments: Contains a domain structure derived from a quasi-periodic antiphase boundary of a defective spinel lattice.
Cell parameters determined by least squares refinement.
Contains small amount of á phase.
Sample Preparation: á-Alumina powder with a narrow particle size distribution was plasma sprayed into water.
Unit Cell Data Source: Powder Diffraction.

2-Theta d(Å) I(f) ( h k l) Theta 1/(2d) 2pi/d n^2
11.093 7.9700 10.0 ( 0 1 0) 5.546 0.0627 0.7884
11.093 7.9700 10.0 ( 1 0 0) 5.546 0.0627 0.7884
13.507 6.5500 10.0 ( 1 0 1) 6.754 0.0763 0.9593
13.507 6.5500 10.0 ( 0 1 1) 6.754 0.0763 0.9593
17.513 5.0600 50.0 ( 1 1 1) 8.756 0.0988 1.2417
18.801 4.7160 5.0 ( 0 1 2) 9.401 0.1060 1.3323
18.801 4.7160 5.0 ( 1 0 2) 9.401 0.1060 1.3323
21.907 4.0540 10.0 ( 1 1 2) 10.953 0.1233 1.5499
23.682 3.7540 5.0 ( 0 2 1) 11.841 0.1332 1.6737
23.682 3.7540 5.0 ( 2 0 1) 11.841 0.1332 1.6737
25.064 3.5500 5.0 ( 1 2 0) 12.532 0.1408 1.7699
25.064 3.5500 5.0 ( 2 1 0) 12.532 0.1408 1.7699
26.236 3.3940 10.0 ( 1 2 1) 13.118 0.1473 1.8513
26.236 3.3940 10.0 ( 2 1 1) 13.118 0.1473 1.8513
27.148 3.2820 10.0 ( 2 0 2) 13.574 0.1523 1.9144
27.148 3.2820 10.0 ( 0 2 2) 13.574 0.1523 1.9144
27.769 3.2100 10.0 ( 1 1 3) 13.885 0.1558 1.9574
29.696 3.0060 10.0 ( 2 1 2) 14.848 0.1663 2.0902
29.696 3.0060 10.0 ( 1 2 2) 14.848 0.1663 2.0902
30.559 2.9230 5.0 ( 0 0 4) 15.280 0.1711 2.1496
31.843 2.8080 10.0 ( 2 2 0) 15.922 0.1781 2.2376
32.090 2.7870 50.0 ( 0 2 3) 16.045 0.1794 2.2545
32.090 2.7870 50.0 ( 2 0 3) 16.045 0.1794 2.2545
32.766 2.7310 50.0 ( 2 2 1) 16.383 0.1831 2.3007
34.102 2.6270 10.0 ( 1 2 3) 17.051 0.1903 2.3918
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34.102 2.6270 10.0 ( 2 1 3) 17.051 0.1903 2.3918
34.522 2.5960 80.0 ( 1 1 4) 17.261 0.1926 2.4203
36.542 2.4570 80.0 ( 3 1 1) 18.271 0.2035 2.5573
36.542 2.4570 80.0 ( 1 3 1) 18.271 0.2035 2.5573
38.218 2.3530 5.0 ( 0 2 4) 19.109 0.2125 2.6703
38.218 2.3530 5.0 ( 2 0 4) 19.109 0.2125 2.6703
38.993 2.3080 50.0 ( 3 1 2) 19.497 0.2166 2.7224
38.993 2.3080 50.0 ( 1 3 2) 19.497 0.2166 2.7224
39.492 2.2800 50.0 ( 2 2 3) 19.746 0.2193 2.7558
39.930 2.2560 5.0 ( 2 1 4) 19.965 0.2216 2.7851
39.930 2.2560 5.0 ( 1 2 4) 19.965 0.2216 2.7851
41.745 2.1620 10.0 ( 1 1 5) 20.872 0.2313 2.9062
44.856 2.0190 5.0 ( 2 0 5) 22.428 0.2476 3.1120
44.856 2.0190 5.0 ( 0 2 5) 22.428 0.2476 3.1120
45.546 1.9900 80.0 ( 0 4 0) 22.773 0.2513 3.1574
45.716 1.9830 80.0 ( 4 0 0) 22.858 0.2521 3.1685
46.510 1.9510 50.0 ( 0 0 6) 23.255 0.2563 3.2205
47.648 1.9070 5.0 ( 3 1 4) 23.824 0.2622 3.2948
47.648 1.9070 5.0 ( 1 3 4) 23.824 0.2622 3.2948
50.704 1.7990 10.0 ( 2 2 5) 25.352 0.2779 3.4926
53.853 1.7010 5.0 ( 4 2 2) 26.927 0.2939 3.6938
53.853 1.7010 5.0 ( 2 4 2) 26.927 0.2939 3.6938
56.974 1.6150 10.0 ( 4 1 4) 28.487 0.3096 3.8905
56.974 1.6150 10.0 ( 1 4 4) 28.487 0.3096 3.8905
57.480 1.6020 10.0 ( 2 2 6) 28.740 0.3121 3.9221
57.480 1.6020 10.0 ( 1 1 7) 28.740 0.3121 3.9221
59.940 1.5420 10.0 ( 5 1 1) 29.970 0.3243 4.0747
59.940 1.5420 10.0 ( 1 5 1) 29.970 0.3243 4.0747
61.435 1.5080 10.0 ( 1 5 2) 30.718 0.3316 4.1666
61.662 1.5030 10.0 ( 5 1 2) 30.831 0.3327 4.1804
63.541 1.4630 10.0 ( 3 3 5) 31.770 0.3418 4.2947
65.859 1.4170 5.0 ( 1 1 8) 32.930 0.3529 4.4341
66.494 1.4050 80.0 ( 4 4 0) 33.247 0.3559 4.4720
67.197 1.3920 100.0 ( 0 4 6) 33.599 0.3592 4.5138
67.252 1.3910 100.0 ( 4 0 6) 33.626 0.3595 4.5170
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AlN
PDF#97-004-1542: QM=Calculated; d=Calculated; I=(Unknown)
Aluminium Nitride
AlN
Radiation=CuKa1

Lambda=1.5406

Filter=

Calibration=

2T=33.526-99.470

I/Ic(RIR)=1.81

Ref: Calculated from FIZ#41542 (10/27/11) by Jade

Hexagonal, P63mc (186)

Z=2

CELL: 3.084 x 3.084 x 4.948 <90.0 x 90.0 x 120.0>

P.S=

Density(c)=3.34

Vol=40.8

Density(m)=

Mwt=

Ref: Ibid.

Strong Lines: 2.67/X 2.35/7 2.47/6 1.54/6 1.40/5 1.31/3 1.81/3 1.04/2
NOTE: FIZ#41542: "Consistent structural properties of Al N, Ga N, and In N", Wright, A.F.;Nelson, J.S., Physical Review, Serie 3.
B - Condensed Matter (18,1978-), v51 (1995) 7866-7869, PDF#25-1133.
The structure has been assigned a PDF number (calculated powder diffraction data): 01-088-2360.
The structure has been assigned a PDF number (experimental powder diffraction data): 25-1133.
Standard deviation missing in cell constants.
Structure calculated theoretically.
Structure type : ZnS(2H).
No R value given in the paper.
At least one temperature factor missing in the paper.

2-Theta d(Å) I(f) ( h k l) Theta 1/(2d) 2pi/d n^2
33.526 2.6708 100.0 ( 1 0 0) 16.763 0.1872 2.3525
36.282 2.4740 58.5 ( 0 0 2) 18.141 0.2021 2.5397
38.264 2.3503 69.6 ( 1 0 1) 19.132 0.2127 2.6734
50.227 1.8150 30.8 ( 1 0 2) 25.113 0.2755 3.4618
59.939 1.5420 55.2 ( 1 1 0) 29.970 0.3243 4.0747
66.584 1.4033 46.8 ( 1 0 3) 33.292 0.3563 4.4774
70.455 1.3354 7.6 ( 2 0 0) 35.227 0.3744 4.7051
72.120 1.3086 34.5 ( 1 1 2) 36.060 0.3821 4.8014
73.376 1.2893 11.1 ( 2 0 1) 36.688 0.3878 4.8734
77.029 1.2370 1.4 ( 0 0 4) 38.514 0.4042 5.0794
81.913 1.1751 5.7 ( 2 0 2) 40.957 0.4255 5.3467
86.669 1.1225 1.6 ( 1 0 4) 43.335 0.4455 5.5977
95.836 1.0379 15.2 ( 2 0 3) 47.918 0.4818 6.0539
99.470 1.0095 5.6 ( 2 1 0) 49.735 0.4953 6.2242
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Appendix C
Below are the results of simulations made in CrystalMaker to determine the XRD
patterns of the Ga-Ni phases.

Ni3Ga
****************************************************************************************
Output generated by CrystalDiffract(R) for Windows 1.4.5
Copyright © 1994-2012 CrystalMaker Software Ltd <http://www.crystalmaker.com>

(This file looks best when viewed using a non-proportional font such as Courier New.)
****************************************************************************************

X-ray wavelength: 1.5405 A

Filename: GaNi3 (volume fraction: 100.00%)

UNIT CELL DATA

a: 3.5850

b: 3.5850

c: 3.5850 A

alpha: 90.000 beta: 90.000 gamma: 90.000 deg

cell volume: 46.075 A^3
calculated density: 8860.48 kg / m^3

RECIPROCAL UNIT CELL DATA

a*: 0.2789

b*: 0.2789

c*: 0.2789 1/A

alpha*: 90.000 beta*: 90.000 gamma*: 90.000 deg

Space Group Symbol: P 4/m -3 2/m

ASYMMETRIC UNIT

label ------- Site Occupancy -------

Ga

Ga 1.000

Ni

Ni 1.000

x

y

z

Num In Cell

0.0000 0.0000 0.0000 1
0.0000 0.5000 0.5000 3

Total of: 4 atoms in the unit cell

REFLECTIONS LIST
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Notes:
1. Intensities are relative to 1 cubic angstrom of material
2. multiplicities may show unexpected values if two reflections
with different sets of Miller indices have the same d-spacing.
In these cases, CrystalDiffract lists the sum of the multiplicities
for all reflections with the same d-spacing

ref no. (N) h k l d(hkl) 2-Theta

Intensity I/Imax m(hkl)

[ 1]

1 0 0 1 3.58500 24.8139 1.65822e-003 0.3 6

[ 2]

2 0 1 1 2.53498 35.3778 1.50668e-003 0.3 12

[ 3]

3 1 1 1 2.06980 43.6950 5.97034e-001 100.0 8

[ 4]

4 0 0 2 1.79250 50.8979 2.80256e-001 46.9 6

[ 5]

5 0 1 2 1.60326 57.4266 1.02641e-003 0.2 24

[ 6]

6 1 1 2 1.46357 63.5091 8.11245e-004 0.1 24

[ 7]

8 0 2 2 1.26749 74.8464 1.62110e-001 27.2 12

[ 8]

9 0 0 3 1.19500 80.2655 5.94201e-004 0.1 30

[ 9] 10 0 1 3 1.13368 85.5977 4.19173e-004

0.1 24

[ 10] 11 1 1 3 1.08092 90.8918 1.95255e-001 32.7 24
[ 11] 12 2 2 2 1.03490 96.1936 5.88785e-002

9.9 8

****************************************************************************************
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Ni5Ga3
****************************************************************************************
Output generated by CrystalDiffract(R) for Windows 1.4.5
Copyright © 1994-2012 CrystalMaker Software Ltd <http://www.crystalmaker.com>

(This file looks best when viewed using a non-proportional font such as Courier New.)
****************************************************************************************

X-ray wavelength: 1.5405 A

Filename: Ga3Ni5 (volume fraction: 100.00%)

UNIT CELL DATA

a: 7.5300

b: 6.7200

c: 3.7700 A

alpha: 90.000 beta: 90.000 gamma: 90.000 deg

cell volume: 190.768 A^3
calculated density: 8751.78 kg / m^3

RECIPROCAL UNIT CELL DATA

a*: 0.1328

b*: 0.1488

c*: 0.2653 1/A

alpha*: 90.000 beta*: 90.000 gamma*: 90.000 deg

Space Group Symbol: C 2/m 2/m 2/m

ASYMMETRIC UNIT

label ------- Site Occupancy -------

x

y

z

Num In Cell

Ga1

Ga 1.000

0.0000 0.0000 0.0000 2

Ga2

Ga 1.000

0.2640 0.0000 0.5000 4

Ni1

Ni 1.000

0.5000 0.0000 0.0000 2

Ni2

Ni 1.000

0.2500 0.2500 0.0000 4

Ni3

Ni 1.000

0.0000 0.2420 0.5000 4

Total of: 16 atoms in the unit cell

REFLECTIONS LIST

Notes:
1. Intensities are relative to 1 cubic angstrom of material
2. multiplicities may show unexpected values if two reflections
with different sets of Miller indices have the same d-spacing.
In these cases, CrystalDiffract lists the sum of the multiplicities
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for all reflections with the same d-spacing

ref no. (N) h k l d(hkl) 2-Theta

Intensity I/Imax m(hkl)

[ 1]

2 1 1 0 5.01376 17.6744 1.21780e-005 0.0 4

[ 2]

1 0 0 1 3.77000 23.5783 1.44505e-004 0.0 2

[ 3]

4 2 0 0 3.76500 23.6100 7.06594e-005 0.0 2

[ 4]

4 0 2 0 3.36000 26.5048 1.06062e-003 0.2 2

[ 5]

3 1 1 1 3.01321 29.6212 1.13349e-003 0.2 8

[ 6]

5 2 0 1 2.66402 33.6118 9.69556e-004 0.2 4

[ 7]

5 0 2 1 2.50836 35.7659 1.33599e-004 0.0 4

[ 8]

8 2 2 0 2.50688 35.7877 4.70877e-005 0.0 4

[ 9] 10 3 1 0 2.35133 38.2439 4.02490e-003

0.7 4

[ 10] 10 1 3 0 2.14702 42.0474 6.15747e-004

0.1 4

[ 11]

9 2 2 1 2.08750 43.3057 5.84696e-001 100.0 8

[ 12] 11 3 1 1 1.99510 45.4206 2.24611e-003
[ 13]

0.4 8

4 0 0 2 1.88500 48.2364 1.06642e-001 18.2 2

[ 14] 16 4 0 0 1.88250 48.3046 1.02685e-001 17.6 2
[ 15] 11 1 3 1 1.86568 48.7683 2.39551e-003

0.4 8

[ 16]

6 1 1 2 1.76442 51.7674 9.45277e-006

0.0 8

[ 17]

8 2 0 2 1.68555 54.3839 2.62111e-005

0.0 4

[ 18] 17 4 0 1 1.68421 54.4308 1.24821e-007

0.0 4

[ 19] 16 0 4 0 1.68000 54.5784 7.16511e-002 12.3 2
[ 20] 18 3 3 0 1.67125 54.8880 3.99952e-004

0.1 4

[ 21]

8 0 2 2 1.64396 55.8781 3.99926e-004

0.1 4

[ 22] 20 4 2 0 1.64231 55.9395 1.92482e-004

0.0 4

[ 23] 17 0 4 1 1.53453 60.2575 1.96415e-005

0.0 4

[ 24] 20 2 4 0 1.53419 60.2722 3.78044e-005

0.0 4

[ 25] 19 3 3 1 1.52786 60.5482 6.18322e-005

0.0 8

[ 26] 12 2 2 2 1.50660 61.4942 3.42328e-005

0.0 8

[ 27] 21 4 2 1 1.50564 61.5376 1.83480e-006

0.0 8

[ 28] 14 3 1 2 1.47074 63.1638 1.87673e-003

0.3 8

[ 29] 26 5 1 0 1.46955 63.2208 6.61361e-004

0.1 4

[ 30] 21 2 4 1 1.42103 65.6446 5.34821e-004

0.1 8

[ 31] 14 1 3 2 1.41653 65.8800 2.55077e-004

0.0 8

[ 32] 27 5 1 1 1.36920 68.4651 2.15312e-003

0.4 8

[ 33] 20 4 0 2 1.33201 70.6566 6.07158e-002 10.4 4
[ 34] 26 1 5 0 1.32309 71.2052 1.79860e-004

0.0 4

[ 35]

9 0 0 3 1.25667 75.6035 1.05188e-005

0.0 2

[ 36] 36 6 0 0 1.25500 75.7216 7.45942e-006

0.0 2

[ 37] 20 0 4 2 1.25418 75.7800 5.01374e-002

8.6 4

[ 38] 32 4 4 0 1.25344 75.8324 4.83515e-002

8.3 4

[ 39] 22 3 3 2 1.25053 76.0406 3.24944e-004

0.1 8

[ 40] 34 5 3 0 1.24980 76.0929 8.73502e-004

0.1 4

[ 41] 27 1 5 1 1.24844 76.1905 1.89571e-005

0.0 8

[ 42] 24 4 2 2 1.23826 76.9309 2.01763e-004

0.0 8

[ 43] 11 1 1 3 1.21896 78.3795 1.00034e-004

0.0 8
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[ 44] 13 2 0 3 1.19202 80.5072 1.43529e-004

0.0 4

[ 45] 37 6 0 1 1.19076 80.6103 2.61307e-005

0.0 4

[ 46] 24 2 4 2 1.18990 80.6805 3.82222e-005

0.0 8

[ 47] 33 4 4 1 1.18942 80.7192 5.73751e-008

0.0 8

[ 48] 35 5 3 1 1.18631 80.9752 2.52101e-003

0.4 8

[ 49] 34 3 5 0 1.18484 81.0968 9.51753e-004

0.2 4

[ 50] 13 0 2 3 1.17704 81.7479 1.98808e-005

0.0 4

[ 51] 40 6 2 0 1.17567 81.8635 1.29452e-005

0.0 4

[ 52] 30 5 1 2 1.15897 83.3034 5.58559e-004

0.1 8

[ 53] 35 3 5 1 1.13033 85.9125 8.55478e-004

0.1 8

[ 54] 17 2 2 3 1.12342 86.5705 6.97943e-002 11.9 8
[ 55] 41 6 2 1 1.12236 86.6723 6.50095e-002 11.1 8
[ 56] 36 0 6 0 1.12000 86.9003 9.69657e-005

0.0 2

[ 57] 19 3 1 3 1.10831 88.0508 2.65578e-004

0.0 8

[ 58] 19 1 3 3 1.08455 90.5029 4.19939e-004

0.1 8

[ 59] 30 1 5 2 1.08295 90.6739 1.95523e-004

0.0 8

[ 60] 37 0 6 1 1.07362 91.6854 3.22720e-005

0.0 4

[ 61] 40 2 6 0 1.07351 91.6981 1.43617e-006

0.0 4

[ 62] 50 7 1 0 1.06219 92.9630 1.13781e-003

0.2 4

[ 63] 25 4 0 3 1.04518 94.9449 6.77035e-007

0.0 4

[ 64] 40 6 0 2 1.04465 95.0087 7.43196e-006

0.0 4

[ 65] 36 4 4 2 1.04375 95.1166 5.59446e-002

9.6 8

[ 66] 38 5 3 2 1.04164 95.3704 1.00405e-003

0.2 8

[ 67] 41 2 6 1 1.03247 96.4952 5.54872e-002

9.5 8

[ 68] 51 7 1 1 1.02239 97.7688 1.26323e-003

0.2 8

[ 69] 25 0 4 3 1.00629 99.8914 8.18230e-006

0.0 4

[ 70] 52 6 4 0 1.00543 100.0075 3.32861e-006 0.0 4
[ 71] 27 3 3 3 1.00440 100.1480 1.27443e-005 0.0 8
[ 72] 38 3 5 2 1.00313 100.3218 1.26429e-003 0.2 8
[ 73] 50 5 5 0 1.00275 100.3735 3.93955e-005 0.0 4
****************************************************************************************
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