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ABSTRACT
In this work, the thesis describes experiments made on both GaN Schottky barrier diodes
(SBDs) and commercially available SiC Schottky barrier diodes (SBDs). The electrical
characterizations on both devices were investigated. Current – Voltage technique was used for
finding the barrier height and the ideality factor. Capacitance – Voltage characterization
technique is also used to obtain the value of the carrier concentration of both GaN and SiC SBDs
and also. Thermally Stimulated Capacitance (TSCAP) graph was used on GaN SBDs device to
detect the traps and their concentrations. Charge based – Deep Level Transients Spectroscopy
(Q-DLTS) mechanism was applied to both GaN and SiC SBDs for the investigation of the deep
charge trapping levels in both devices. The measurements employed included Schottky output
characteristics at room temperature and at different temperature values.
It is concluded from the experiments that the barrier height for both devices is increasing
with the increase of the temperature whereas the ideality factor is decreasing with the increase of
the temperature. The values of the barrier height and the ideality factor of GaN Schottky diode
are 0.35 eV and 1.2 at 120K and 0.93 eV and 0.47 at 430K, respectively. The value of the barrier
height and the ideality factor of SiC Schottky diode are 0.36 eV and 1.5 at 120K and 1.14 eV and
0.4 at 430K, respectively. Three different regions were selected to calculate the carrier
concentration of the SiC and GaN SBDs from the C-V characteristics at room temperature. The
carrier concentration of the SiC remains constant through the three regions while the carrier
concentration of GaN device increases as the reverse bias increases. Two traps have been found
by applying the TSCAP technique to GaN Schottky barrier diodes. The first trap was located at
200 K with a concentration of 2.28x1018 cm-3 and the second trap was located at 300 K with a
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concentration of 3.56x1017 cm-3. For Q-DLTS measurements, unfortunately no traps have been
detected for both the GaN and SiC SBDs and therefore no DLTS signals can be shown from the
this experiment.
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CHAPTER 1
INTRODUCTION
Group III-V compound semiconductors have been under intense investigation for a long
time, but recently they have been used in a number of optical and electronic applications. This
group of compound semiconductors has become very important to the fabrication of
semiconductors devices. Gallium Nitride (GaN), as a member of group III-V semiconductors, is
one of the materials that offered a great potential for improving the performance and efficiency
of light emitting diodes (LEDs). Different structure designs of alternating current LEDs (AC –
LEDs) have been proposed to result in low cost fabrication of these devices with high
performance qualities. The different fabrication methods of AC – LEDs such as anti – parallel
AC-LEDs, Wheatstone bridge (WB) circuit, and the separation growth of LED epitaxial layers
and Schottky barrier diodes (SBDs) on different region of the same substrate have been
developed to overcome the AC driving problems and achieving high breakdown voltage SBDs
with high efficiency LEDs on the same wafer

[1 – 7]

. However, in order to achieve the high

efficiency LEDs, good Schottky contacts and ohmic contacts are required. There are several
studies that have already been published of achieving good Schottky contacts and stable, low
resistance ohmic contacts. Thus, investigation of choosing the metal materials of SBDs and
ohmic contacts is important to achieve high performance LEDs.
In this thesis, the fabrication of Nickel/Aluminum/Titanium/Gold (Ni/Al/Ti/Au) SBDs on
unintentionally doped – Gallium Nitride (u-GaN) is examined. The performance of the fabricated
SBD is characterized using Current – Voltage (I-V) and Capacitance – Voltage (C-V)
measurements performed at different temperatures. Similar experiments were performed on
commercial Silicon Carbide (SiC) SBDs and the results of these experiments are compared to the
1

results obtained on the u-GaN SBDs. The comparison included important SBD parameters, such
as barrier height, ideality factor and doping concentration.

This thesis is organized in the following way:
Chapter 2 introduces GaN in terms of its composition and properties. The Chapter, also,
presents some important applications of GaN. The importance of Gallium Nitride in
optoelectronics and its suitability for optical signal generation and detection are emphasized.
Chapter 3 describes the theory of the metal – semiconductor contacts e.g. Schottky
contacts and ohmic contacts in terms of structure design, band diagrams and the operation of
both contacts under forward and reverse biases. Moreover, the Chapter discusses the different
characterization techniques that can be applied to characterizing metal – semiconductor contacts
are described. These techniques include a current – voltage (I-V) measurements, capacitance voltage (C-V) measurements, as well as charge based deep level transient spectroscopy (QDLTS).
Chapter 4 discusses the experimental procedures that are used from etching down the
GaN material system to fabricating the Schottcky barrier diodes on top of the u-GaN layer. In
Chapter 4, a discussion on why we choose certain types of metals for the contacts is presented.
The Chapter presents the experimental set-up and procedures used in this study.
Chapter 5 presents the results of the experiments that were done and the discussion of the
results obtained in the GaN SBDs. The performance of the GaN SBDs is compared to that of
commercial silicon carbide SBDs.
Chapter 6 gives the conclusion and the summary of the work described in this thesis.
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CHAPTER 2
GALLIUM NITRIDE: COMPOSITION, PROPERATIES, AND APPLICATIONS

2.1 Why GaN?
Gallium Nitride (GaN) is one of the III-V group and it is a direct bandgap semiconductor
that is been used in light applications particularly in light emitting diodes (LEDs) since 1980s[8].
GaN can be considered as the second most important semiconductor material after silicon
because it can be operated at high temperatures and it has wide band gap energy, which is equal
to 3.4 eV. Also, it is the key material for the next generation of high frequency and high power
transistors. Deposition of GaN began in 1969 on a sapphire substrate by using hydride vapor
phase epitaxy (HVPE)

[9]

, and since then different deposition techniques have been developed

such as metal organic chemical vapor deposition (MOCVD). The deposited GaN was used in
lighting applications until 1993 when the first high brightness blue LEDs were introduced

[9]

.

GaN offers many advantages that make it the most important semiconductor after silicon. These
advantages include:
• High melting temperature.
• High decomposition pressure.
• High breakdown voltage (it can reach over 100V).
• High operating temperature conditions (it can operate above 150°C).
However GaN does not exist as a single bulk crystal like silicon and, hence, it becomes difficult
to achieve the full potential of GaN and its use is limited.

3

The breakdown field of GaN materials is 3.5x106 V/cm compared to 3x105 and 4x105
V/cm for Silicon (Si) and Gallium Arsenide (GaAs)[10], respectively. All the advantages
mentioned above that GaN offers are the reasons of why researchers are motivated to work on
GaN and also why GaN is considered to have a great potential for use in optoelectronics.

2.2 Structural and Physical Properties of GaN
GaN crystallizes in two different crystal structures:
1. Zinc blende crystal structure.
2. Wurtzite crystal structure.
Both crystallographic structures are similar to each other and there are small differences
between the zinc blende GaN and wurtzite GaN structures. The zinc blende structure has a cubic
unit cell and one lattice constant a, whereas the Wurtzite structure has a hexagonal unit cell and
two lattice constants a and c. In the zinc blende structure, each atom type (Ga or N) is
surrounded by four atoms of the other type forming a regular tetrahedron. Also, in the Wurtzite
structure, each atom type is surrounded by four atoms of the other type. However, in the
Wurtzite structure atoms are located at the edges of the tetrahedron and the structure is
hexagonal. Figures 2.1 and 2.2 below show the zinc blend GaN and Wurtzite GaN structures,
respectively.

4

Figure 2.1 GaN Zinc blende Structure (Figure taken from [11])

Figure 2.2 GaN Wurtzite Structure (Figure taken from [11])
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GaN in the zinc blende structure is metastable, whereas in its Wurzite structure GaN is
stable. The basic parameters for both zinc blende and Wurtzite GaN structures are summarized in
Table 2.1 below and it can be seen from the Table that there is a temperature dependence on the
parameters of both structures.

Property / Material

Cubic GaN

Hexagonal GaN

Structure

Zinc Blende

Wurtzite

3.28 eV at 0K

3.47 eV at 0K

3.2 eV at 300K

3.39 eV at 300K

4.1 eV at 300K

4.1 eV at 300K

Energy Gap Eg
Electron Affinity

a = 0.3189 nm
Lattice parameters

0.450 nm at 300K
c = 0.5185 nm

Density

6.10 g.cm-3

6.095 g.cm-3

Nature of Energy gap

Direct

Direct

Refractive Index

2.9 at 3 eV

2.67 at 3.38 eV

Table 2.1 Basic parameters of GaN in zinc blende and Wurzite structures

In this thesis, GaN is compared to SiC, which is another wide band gap semiconductor
that shows a great promise for future power applications. Table 2.2 below shows a comparison
between the properties of GaN and the properties of silicon and silicon carbide.

6

Material Property

Si

SiC

GaN

Band Gap (eV)

1.1

3.2

3.4

Breakdown Field (V/cm)

0.3x106

3x106

3.5x106

Electron Mobility (cm2/v-sec)

1450

900

2000

Thermal Conductivity (Watt/cm2 K)

1.5

5

1.3

Electron Saturation Velocity (cm/sec)

10x106

22x106

25x106

Table 2.2 Material Properties of Si, SiC and GaN

From the table above, we can see clearly that the electron saturation velocities of GaN
and SiC are higher than the electron saturation velocity of Si, which allow the devices that made
on GaN and SiC to operate at higher frequencies. Similarly, the high breakdown fields for both
GaN and SiC compared to Si enable GaN and SiC devices to operate at high power because they
can sustain higher voltages and lower leakage currents.
The bonding of GaN is a mix between the ionic and covalent bondings. Based on the
distance between the gallium and nitrogen atoms in both zinc blende and wurtzite structures, the
Ga – N bond is much stronger than the Ga – Ga bonds or N – N Bonds. The energy gap of a
semiconductor is determined by the bonding strength and the large ban gap of GaN, ~ 3.4 eV, is
an evidence of the strong bonding in GaN. Because of the wide band gap, GaN is used for violet,
blue and green light emitting diodes. Moreover, GaN is an excellent material for high
temperature device applications.

7

2.3 Applications of GaN
GaN is used in several applications including LEDs, color displays and traffic lights [12] as
well as in military applications

[8]

. The large band gap feature of GaN makes it particularly

suitable for applications in power electronics and optoelectronics industries. Below are some
prominent applications involving GaN.

2.3.1 Light Emitting Diodes (LEDs)
The most important application that utilizes GaN is light emission. GaN is used for
making violet, green, and blue light emitting diodes. Different companies around the world are
involved in fabricating GaN based LEDs devices and efforts are focused in developing the new
technology of white GaN based LEDs. This technology will replace current lighting technologies
and is projected to reduce the electricity consumption worldwide by 50% in 2030 [13].

2.3.2 Color Displays
Another important use of GaN is in color display technology. The short wavelength
emission and absorption capabilities of GaN give it a wide application potential in color
conversion [14]. Several developments had been made in the recent years to use GaN for full color
displays. This was not the case before since it was not possible to cover the necessary color
spectrum using the same material.

8

2.3.3 Solar Cell Devices
One of the important applications of GaN technology is in GaN based solar cell devices.
This type of solar cells can achieve more than 50% conversion rate in theory if it is doped with
Indium (In)[15]. Also, multilayers are required in order to achieve high efficiency and the lattice
matching is not an issue in this type of solar cells. These InGaN solar cells have many
advantages including high heat capacity, high efficiency, and resistance to degradation by
radiation. The disadvantages of GaN-based solar cells, however, are stresses generated by the
multilayer stack necessary for the solar cell and the high fabrication cost.

2.3.4 Photodetecors
Photodetectors are another application that can utilize GaN in their fabrication.
Photodetectors are defined as sensors of photons. The performance of photodetectors is
characterized in terms of two factors: first, the noise resulting from device architecture and
operating environment; and secondly, the light detection sensitivity [16]. Some of the applications
of GaN based photodetectors have already been used for include engine/flame monitoring and
detection, plant/ vegetation growth monitoring, UV astronomy, and gas detection [17]. GaN-based
photodetectors find several applications in harsh operating environment where many other types
of photodetctors fail to operate.
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CHAPTER 3
SHOTTCKY AND OHMIC CONTACTS
3.1 Introduction

Metal – semiconductor contacts are the most important component in the structure of the
semiconductor devices to be connected with the outside world. Two types of metal –
semiconductor junctions are often present in each semiconductor device and involved in the
fabrication of solid-state devices. The first type is the rectifying contact, which is known as
Schottky contact and the second type is the non-rectifying contact that is known as Ohmic
contact. The rectifying contact or the Schottky contact allows current to flow in one biasing
direction and blocks current in the opposite biasing direction. This implies that the resistance to
current flow in the blocking direction is very large. The Ohmic contact, on the other hand, has
low resistance that allows current to flow in both biasing directions equally well. The qualities of
both of types of contacts play important role in the performance of the integrated circuit devices
[18]

. In this chapter, we will discuss the properties of Shottky and Ohmic contacts and the

characterization techniques that are used to test the integrity of these contacts.

3.2 Schottky Contacts
Schottky contacts play an important function in all the GaN devices. An important
attribute of the Schottky contact is the barrier height that is shown in the band diagram of figure
3.1. Part (a) of the figure is the metal – semiconductor junction before the contact is made
between the metal and the semiconductor, and part (b) of the figure is the thermal equilibrium
band diagram of the Schottky contact for the case of a larger workfunction of the metal than that
of the semiconductor [18].
10

Figure 3.1: Band Diagram of Metal – Semiconductor junction (a) before contact the metal to
semiconductor contact is made, and (b) after the contact is established (Figure taken from [18])
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The ideal current – voltage curve of the Schottky diode is shown in figure 3.2 and more
details about the current-voltage (I-V) characteristics are given later in this Chapter.

Figure 3.2: Ideal I-V characteristic for Schottky diode (Figure adopted from [20])

The vacuum level in the figure 3.1a is the reference for the band diagram. ∅m is the work
function of the metal and ∅s is the work function of the semiconductor (both of the
workfunctions are measured in volts). 𝜒 is an abbreviation for the electron affinity. Table 3.1 and
Table 3.2 show the workfunction values for some metals and the electron affinity for various
semiconductors.

12

Metal Elements

Workfunction Value (measured in Volts)

Ag, Silver

4.26

Al, Aluminium

4.28

Au, Gold

5.1

Cr, Chromium

4.5

Mo, Molybdenum

4.6

Ni, Nickel

5.15

Pd, Palladium

5.12

Pt, Platium

5.65

Ti, Titanium

4.33

W, Tungsten

4.55

Table 3.1: Workfunctions for some Metals

Semiconductor Elements

Electron Affinity Value

Ge, Germanium

4.13

Si, Silicon

4.01

GaAs, Gallium Arsenide

4.07

AlAs, Aluminum Arsenide

3.5

Table 3.2: Electron Affinities for some semiconductors
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∅B0 is called the barrier height of the semiconductor side of the contact and it is
calculated by the difference between the work function of the metal (∅m) and the electron affinity
of the semiconductor (𝜒) [18]:
∅B0 =   ∅m −  𝜒  

(3.1)

The function of the barrier height is to control the movement of the electrons from the
metal side to the semiconductor side in n-type semiconductor material (electrons are majority
carriers and holes are minority carriers). In p-type semiconductor material (holes are majority
carriers and electrons are minority carriers), the barrier height controls the transport of the holes
from the metal side to the semiconductor side. The electrical characteristics of the metal –
semiconductor interface are determined by the barrier height and because of that it is considered
the most crucial parameter of the Schottky contacts

[19]

. Vbi is the built-in potential barrier that

the electrons need to surmount in order to move from the semiconductor side to the metal side.
The built-in potential is calculated by the difference between the barrier height and the work
function of the semiconductor.
Vbi = ∅B0 - ∅s

(3.2)

When a voltage is applied, the metal – semiconductor junction is no longer in equilibrium
and difference in the Fermi level (EF) position in the semiconductor and the Fermi level in the
metal is determined by the applied bias. In a Schottky contact in an n-type semiconductor under
a forward bias (V > 0) condition, which means the positive voltage applied to the metal side and
the negative voltage applied to the semiconductor side, the built-in potential is reduced and the
electrons can flow easily from the semiconductor to the metal. In forward bias condition in a
Schottky contact on an n-type semiconductor, the Fermi level position in the semiconductor is
14

higher than the Fermi level position in the metal. As the forward bias is increased, the current
also increases. On the other hand, a Schottky contact on n-type semiconductor under reverse bias
(V < 0), whereby positive voltage is applied to the semiconductor side and a negative voltage
applied to metal side, the Fermi level position in the semiconductor is below that of the Fermi
level in the metal side. Because of this the built-in potential increases and the current from the
semiconductor to the metal becomes very small. The applied voltage does not affect the barrier
height and it remains constant for both bias conditions. The equations for the built in potential
under forward and reverse bias conditions are given by:
Vbi – Va = ∅B0 - ∅s

(Forward Bias)

(3.3)

Vbi + VR = ∅B0 - ∅s

(Reverse Bias)

(3.4)

where Va is the forward-bias voltage and VR is the reverse-bias voltage applied to the Schottky.
Figures 3.3 and 3.4 below show the band diagrams of the metal – semiconductor junction under
forward- and reverse-bias conditions, respectively.

Figure 3.3: Band diagram of metal semiconductor contact under forward bias conditions (Figure
adopted from [18])
15

Figure 3.4: Band diagram of metal semiconductor contact under reverse bias conditions (Figure
adopted from [18])

W is an abbreviation for the depletion layer width or space charge region width. It is
defined as the depth from the metal-semiconductor interface over which band bending takes
place inside the semiconductor. See figure 3.1b where the depletion region is located between the
interface of the metal and the semiconductor, at x=0, and the edge of the depletion layer in the
semiconductor. The depletion is analyzed by applying Gauss’s law to find the electric field and
the potential across the semiconductor as functions of position (x). Then by applying the

16

condition that the potential across the semiconductor must equals to the built-in potential minus
the applied voltage, the depletion region width found to be [18]:
𝑋! =

!∈! (!! !  !! )
!!!

  

(3.5)

Where ∈! is the dielectric constant of the semiconductor, 𝜙! is the built-in potential, 𝑉! is the
applied voltage and 𝑁! is the donor density in the n-type semiconductor.
To have Schottky diode operating optimally, the following conditions are to be
satisfied[20] :
•

The ideality factor should equal to one.

•

Large breakdown voltages.

•

High switching speed.

•

Small turn-on voltage.

•

Very short time for reverse recovery (pico- or nano-second).

The above conditions will be discussed in greater details in the following sections.
Schottky diodes are used in different applications including:
•

Solar cells.

•

Photodetectors,

•

Light emitting diodes (LEDs),

•

Metal oxide semiconductor field effect transistors (MOSFETs),

•

Metal gate field effect transistors (MESFETs),

•

Digital switches.

17

3.3 Ohmic Contacts
Ohmic contact is the other type of the metal – semiconductor contacts and it is a nonrectifying contact since it has low resistance, which is independent of the biasing polarity. The
Ohmic contact is important to complete the fabrication process of any semiconductor device and
to apply any electric signal to the device. The current – voltage relationship of the Ohmic
contact, shown in figure 3.5, is linear irrespective of the sign of the applied voltage signal. The
energy band diagram for the Ohmic contact before the metal and semiconductor come in contact
and after contact and at thermal equilibrium for n-type material under the condition (𝜙! <    𝜙! )
are shown in figures 3.6 and 3.7, respectively [18].

I

V

Figure 3.5: I-V curve for Ohmic contact
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Figure 3.6: Band diagram of metal-semiconductor Ohmic contact before contact (Figure adopted
from [18])

Figure 3.7: Band Diagram of metal-semiconductor Ohmic contact after contact and at thermal
equilibrium (Figure adopted from [18])
19

Metal – semiconductor Ohmic contacts can be fabricated in two ways

[18]

. The first way

of obtaining an Ohmic contact is shown in figure 3.7. In this type of Ohmic contact, if the
positive voltage is applied to the metal side, the electrons can easily move from the
semiconductor to the metal since there is no barrier formed, but if the positive voltage is applied
to the semiconductor, there is a small barrier height and the electrons can easily flow from the
metal to the semiconductor

[18]

. The second type of Ohmic contacts is the tunneling ohmic

contacts. In this type, the depletion region width is very small because the n-type semiconductor
material is heavily doped so that electrons can tunnel through the barrier back and forth between
the metal and the semiconductor. If the doping concentration increases that means the
semiconductor become more heavily doped, the deletion region width decreases and the
probability for an electron to tunnel becomes large. Figure 3.8 shows the band diagram of a
tunneling Ohmic contact.

Figure 3.8: Band diagram of a tunneling Ohmic contact. (Figure adopted from [18])
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3.4 Current – Voltage (I-V) Relationship in Schottky Contact
The current – voltage characteristics of Schottky diode are discussed and analyzed in ref.
21. The current-voltage relationship in a Schottky is [21]:
!!

𝐼 = 𝐼!   [exp(  !"#!   ) - 1]

(3.6)

where,
•

q is the charge of the electron.

•

VD is the applied voltage across the junction.

•

K is the Boltzmann constant.

•

T is the temperature.

•

Is is the reverse saturation current

•

n is the ideality factor and it is a dimensionless parameter.

This forward bias current –voltage in the Schottky diode results from the thermionic
emission theory of the electrons over the potential barrier. The reverse saturation current is
expressed by [21]:
𝐼! = 𝐴𝐴∗ 𝑇 ! exp[  

−𝑞∅!

where
•

A is the area of the diode.

•

A* is the Richardson constant.

•

∅! is the effective barrier height.
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𝐾𝑇]

(3.7)

Table 3.3 summarize some of the Richardson constants value for various semiconductors:

Semiconductor

A* (A/cm2. K2)

Reference

n-Si

112 (±6)

22

P-Si

32 (±2)

22

n-GaAs

4-8

23

n-GaAs

0.41 (±0.15)

24

P-GaAs

7 (±1.5)

24

n-InP

10.7

25

n-GaN

26.4

26

Table 3.3: Richardson constants value for various semiconductors

The barrier height of the Schottky diode can be calculated from the reverse saturation
current equation and it is independent of the bias. The equation of the barrier height is expressed
as:
∅! =   

!"
!

ln(  

!!∗ ! !
!!

)

(3.8)

The value of the thermal voltage, which is KT/q at room temperature is ~ 26 mV and the
Richardson constant for n-type GaN is 26.4 A/cm2. K2. The value of the reverse saturation
current can be found by plotting the semilog of I versus V and extrapolating the semilog of I to
V=0. The ideality factor can be determined from the slope of the linear curve of semilog of I
versus V and it can be expressed by:
22

!

𝑛 = !.!  !"#$%  !"/!

(3.9)

The barrier height and the ideality factor are dependent on temperature. The barrier
height increases with increasing temperature, whereas the ideality factor decreases with
increasing temperature. Another way to obtain the barrier height is to plot the natural log of the
current density / square of the temperature versus the inverse of the temperature and the slope of
that linear curve is equal to the barrier height.

3.5 Capacitance – Voltage Characteristics (C-V) of a Schottky Contact
The ideal capacitance – voltage characteristic curve of a Schottky diode is shown in
figure 3.9:

Figure 3.9: C-V and 1/C2-V of Schottky diode (Figure adopted from [27])
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As shown in figure 3.9, the relationship between 1/C2 versus voltage is a straight line and
the carrier concentration can be determined from the slope of the linear line. The carrier
concentration is given by [27]:
𝑁! = !∈

!
!
! ∈! ! !"#$%

(3.10)

where A is the area of the diode, ∈! is the permittivity of the of free space and ∈! is the
permittivity of the semiconductor which is 9.7 or 8.9 for GaN in zinc blende or Wurtzite
structures, respectively [28]. The flat barrier height of a Schottky diode is given by:
𝜙!" = 𝑉!" +    𝜙!

(3.11)

Vbi is the built in potential and it is equal to the difference between the thermal voltage and the
intercept value of the straight line of (1/C2) versus (V) at (1/C2=0) [27].
𝑉!" =    𝑉! − 𝑉!

(3.12)

So the barrier height equals to:
𝜙!" = −𝑉! +    𝜙! + 𝑉!

(3.13)

𝑉! = 𝐾𝑇/𝑞 is the thermal voltage and its value at room temperature is 26mV. 𝜙! can be
calculated using the equation [27]:
𝜙! =

!"
!

ln

!!

(3.14)

!!

where Nc is the effective density of states in the conduction band and its value for GaN is 2.8 x
1018 cm-3. The effective density of states is given by [27]:
𝑁! = 2(

!!!∗ !" !/!
)
!!

(3.15)

𝑚∗ is the electron effective mass in GaN and it is equal to m0 0.22 where m0 is the electron rest
mass, which is 9.11x10-31 kg.
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CHAPTER 4
EXPERIMENTAL PROCEDURE
In this chapter, the GaN Schottky diode fabrication process is described. In addition to
fabrication, the experimental procedures followed in characterizing the diodes are also described
in this chapter in order to understand the behavior of the GaN Schottky diode and compare to a
commercial SiC Schottky diode. The characterization experiments performed are current-voltage
(I-V) and capacitance-voltage (C-V) measurements done at different temperatures, including
room temperature to study the effects of temperature on the output of the device and extract
some important diode parameters. Charge deep-level transient spectroscopy (Q-DLTS) is used to
investigate the defects in the GaN diode and find their concentrations and locations in the diode,
whether at the metal/GaN interface or in the bulk GaN, as well as in the bandgap. Q-DLTS gives
information on the defect charge state and its carrier trapping with respect to charge transition as
the carrier is captured – electron trap or hole trap.

4.1 The structure of LED wafer
The LED wafer is purchased from a company in China and the Schottky barrier diodes
are fabricated on the top of this commercial 2-inch LED wafer. The material system of the
commercial 2-inch LED wafer is shown in figure 4.1 and the SEM picture of the wafer is shown
in figure 4.2. From top to bottom the wafer layers are: a ~200 nm p-type (Na> 1×1018cm-3) GaN
capping layer; a ~200 nm p-type (Na≈ 5×1017cm-3) GaN layer; a multiple quantum well (MQW)
emissive layer consisted by fifteen pairs of 2.5nm In0.1Ga0.9N/12 nm-GaN, a ~2.4 um n-type (Nd
≈ 1×1018cm-3) GaN layer; and a ~2.5 um GaN buffer layer on a patterned sapphire substrate.
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p-‐GaN
MQW

n-‐GaN
u-‐GaN
Sapphire	
  
Substrate

Figure 4.1: Structure of the LED device in the commercial wafer
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Figure 4.2: SEM Picture of the LED device in the commercial wafer

27

4.2 The Schottky Diode Fabrication
In order to fabricate the Schottky barrier diodes on the LED commercial wafer, several
processes are involved such as etching cycles, KOH treatments, and depositions. The process of
fabricating the Schottky diode atop the u-GaN layer is shown in figures 4.3.

p-‐GaN

ICP	
  etching

MQW

n-‐GaN
u-‐GaN
Sapphire	
  Substrate
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p-‐GaN
MQW

Ohmic
n-‐GaN

Schottky

u-‐GaN
Sapphire	
  Substrate
Figure 4.3: The fabrication processes of the Schottky diode

The first step in the diode is etching through selective regions of p-type GaN and MQW
to expose the n-type GaN using Chlorine based Inductive Coupled Plasma Reactive Ion Etching
(ICP RIE) system. The etch rate is 2 nm/s and the etch depth is about 1.2 µm. In order to expose
the unintentionally doped GaN acting as the Schottky contact surface, the n-type GaN needs to
be dry etched down to the u-GaN. However, the ICP RIE process would introduce etching
defects and consequently decrease the breakdown voltage of the resulted SBDs. In order to
remove the etching defects, various post treatment methods have been used, such as annealing
and KOH surface treatment. Nevertheless, these methods are not entirely sufficient for producing
a SBD on LED wafer with high enough breakdown voltage.
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The mixed etching procedure is composed of three mixed etching cycles. In each cycle,
the Schottky contact area was dry etched with Chlorine based ICP RIE tool while the unetched
area is protected with Ni etch mask. After dry etching, the surface of the Schottky contact area is
exposed to boiling 0.5 M KOH solution for 10 minutes for surface treatment. Employing this
mixed etching technique, the surface is “refreshed” after each dry etching cycle, thus the
accumulation of the etching defects is prevented. In order to further decrease the introduced
etching defects, the etch rate is set at 2 nm/s for the first two cycles, and the etch depth is 0.9 µm
for each cycle. In the last mixed etching cycle, the etch rate is decreased to 0.2 nm/s and the etch
depth is 0.1 µm. With this etching rate setting, the process time would not be too long and the
introduced defects can be decreased due to the lower etching rate of the last etching cycle. Next
the device is annealed at 750°C for 2 minutes in Nitrogen (N2) atmosphere in a rapid thermal
annealing (RTA) furnace.
The metals that are deposited on the top of the u-GaN layer to form the Schottky contact
are Ni/Al/Ti/Au (50nm/500nm/100nm/200nm) and the electrode area of the Schottky contact is
equal to 2.5 x 10-5 cm-2. The Ohmic contact is formed on the top of the n-type GaN layer by ebeam evaporation followed by 500oC annealing for 1 minute in N2 environment and the metals
that formed the Ohmic contact are Ti/Al/Ti/Au (10nm/40nm/40nm/100nm). The reason of
fabricating the Schottky diodes and the LEDs on the same wafer is to get high switching speed
for bi-directional optical wireless communication (OWC)

[29]

. Several metals are used for

Schottky diodes contacts and among these metals are Pt[30 – 32], Pd[31 – 33], Au[34 – 37], Ni[36 -39], Re
[40]

, and Ag [37]. Also, several metals have been used for the ohmic contact on n-GaN material and

these metals are summarized in table 4.1[41].
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Metallization (nm)

Annealing Conditions

Ti/Al/Ni/Au (15/220/40/50)

900oC, 30 sec

Carrier Concentration
(cm-3)
4 x 1017

Ti/Al (20/100)

900 oC, 30 sec

1017

Ti/Al (35/115)

600 oC, 15sec

5 x 1017

Ti (20)

975 oC, 30 sec

5 x 1017

Ti/TiN (5/200)

800 oC, 60 sec

7 x 1017

Ti/Ag (15/150)

No anneal

1.7 x 1019

Ti/Ni (5/25)

1040 oC,30 sec

1 x 1018

Ti/Au (3/300)

No anneal

4 x 1020

Ti/Pd/Ni (5/5/25)

990 oC, 20 sec

1 x 1018

TiN (200)

800 oC, 60 sec

7 x 1017

Al (150)

600 oC, 60-480 sec
in Ar/H2

7 x 1017

Al (250)

No anneal

5 x 1019

W (50)

600-1000 oC,60sec

1.5 x 1019

Zr/ZrN (20/80)

1000 oC,60sec

2 x 1018

Pd/Al (12.5/100)

650 oC, 30 sec

2.8 x 1017

Ta/Al (35/115)

600 oC, 15sec

7 x 1017

Table 4.1: Different metals that are used for forming Ohmic contact on n-GaN
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4.3 Current-Capacitance-Voltage Characterization Methods and Equipment
In this section, the equipment used in characterizing the Schottky diodes is described.
The Schottky diodes are mounted and tested in a micromanipulator. The SBD device is placed on
a conducting chuck of the micromanipulator, and is held down by a sucking vacuum to the
chuck. Two measurement probes are applied to the SBD by the help of a microscope. The
microscope is necessary for the proper placement of the probes, as the devices are too small to be
viewed with the naked eye. The two probes connect the device to Keithley 238 Source
Measuring Units (SMUs) and Keithly 590 Capacitance – Voltage (CV) measurement unit. The
SMU’s and the C-V measuring unit, when connected to a power supply, are capable of providing
the voltage scan and measuring the currents and the capacitance, respectively. The SMUs and the
C-V measuring unit are also capable of interfacing with computer software for easy use.
Two software programs were used for the collection of data. The first, and most
important program is metric ICS software. The ICS software features allow the users to perform
device characterization, process monitoring, failure analysis, incoming inspection, and process
development

[42]

. The software is capable of connecting to the SMU’s, and could control all the

necessary parameters needed for experimentation by instructing which probe would apply
voltage to the SBD for a set period of time. The software is also capable of providing sweeps of
finite voltages, with a difference between data points specified by the software, while measuring
a current at each point.
The second equipment is also used for measuring I-V characteristics at room temperature
and also at different temperatures ranging from 40 K to 320 K is done at another probe station,
which is a Keithley 2612 current source meter. The use of Keithley 2612 enables measuring
currents in the ampere range which is higher than that measured by Keithley 238. The voltage
32

and current sweeps and measurement are controlled by LabTracer Software. For different
temperature measurements, a Lake Shore 336 temperature controller source is connected to the
probe station and the chamber evacuated and thermally insulated. Helium gas is used to cool
down the sample and cycle the temperature between 40 k and 320 K.
The third equipment is used for measuring the I-V and C-V at room temperature and also
at different temperatures. The temperature values for this experiment are ranging from liquid
nitrogen (around 70 K) to 473 K. The device is placed inside a sample holder, which is a small
box that consists of Aluminum and the sample holder is placed inside a heater furnace dd9010.
The furnace is connected to pA meter HP4140, CD meter HP4284 and to a temperature
controller HP34401. All of these devices are connected to Hewlett-Packard (HP computer). The
pA meter and the CD meter are connected together through a switch NI6008 and both of them
are connected to the furnace and a temperature controller. The temperature is lowered inside the
furnace by flowing liquid nitrogen through the pipes, which are connected to the furnace. Inside
the sample holder, the temperature is detected and recorded by a K-type thermocouple. This
thermocouple is held down near to the SBDs device and also is connected to the temperature
controller in order to give the temperature of the sample.
Three software programs were utilized in the I-V and C-V measurements and for
collecting data. The first program is Notepad that is used for writing the commands and the
second program is GADD software that is used to run the notepad commands for doing the
measurements. The third software is called Visualize program and it is used for providing the
graphs of both I-V and C-V. The Notepad output file may be opened by Visualize program for
the I-V and C-V curves or the Notepad data may be transferred to an Excel spread sheet.
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4.4 Charge Deep-Level Transient Spectroscopy Measurement Methods and Equipment
Another experiment that used the same equipment as above and also it is performed in
this work on both GaN and SiC SBDs is the Charge-Deep Level Transient Spectroscopy (QDLTS). The experiment used the same furnace dd9010, the same temperature controller
HP34401 and the new equipment, which is the DLTS source unit GAD d6341. The DLTS source
unit is connected to the furnace and also to the computer for controlling the parameters that are
set for the measurement. The SBD device is placed in the sample holder and the sample holder is
put inside the furnace. The thermocouple is used to measure the temperature of the sample holder
and is connected to the temperature controller outside the furnace. All the three-software
programs that are used for the I-V and C-V measurements are also used for the DLTS
measurements. The DLTS signal is measured over the temperature range 120 K to 430 K.
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CHAPTER 5
RESULTS AND DISCUSSIONS
In this chapter, the data that obtained from the experimental results are presented and
discussed. First, I will show the results that found from the Current – voltage (I-V)
characteristics of both GaN and SiC Schottky diodes. The two devices will be compared in terms
of the forward and leakage currents. Also, the ideality factors and the barrier heights of both
devices are presented and discussed in details. Second, both devices will be discussed
individually in terms of Capacitance – Voltage (C-V) characteristics. The results that have been
found from this experimental measurement will show the doping concentration of both devices
and also the relationship between the traps and their activation energies. Finally, the results of
Charge deep level transient spectroscopy (Q-DLTS) will be presented and the reasons of how
this measurement is not successful for both devices will also be described. All the electrical
measurements of the three techniques are explained in the previous chapter and those
experiments are done at room temperature and also at different temperatures.

5.1 Current – Voltage Characteristics
The current – voltage measurements of both SiC and GaN Schottky diodes at different
temperature values with the inclusion of the room temperature are shown in figure 5.1 and figure
5.2, respectively. The temperature values that have been selected in both graphs are 120K, 300K
and 430K in order to see if there any differences of the behaviors of both devices I-V curves with
the change of the temperature. It is clear from the figures that the behaviors are not changing and
also the turn-on voltages are approximately the same for both devices, which are around 0.5 V.
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Figure 5.3 is the forward current at different temperature values for both Schottky diodes
devices at one selected voltage value, which in this case is selected to be at 1V since it is bigger
than the turn – on voltage value. Theses graphs show the behavior of both devices after the turn –
on voltage at different temperatures to find if the current values increasing smoothly or if there
are any unexpected behaviors that will affect the performance of the device. From the figure, the
commercial SiC device is increasing linearly which is an obvious case since the forward current
is depending on the temperature value. For GaN device, the forward current is also increasing
with the increase of the temperature but this behavior is different from the behavior of the SiC
device because the values of the forward current of GaN device show a jumping increase
especially between temperatures of 160K and 250K and also between the temperature values of
250K and 350K. This means that there are some kinds of traps between these temperature values
and this result will be discussed in details later because it is also related to the capacitance vs.
temperature graph at one selected voltage value. Figure 5.4 shows the behavior of the leakage
currents of the GaN and SiC Schottky diodes after saturation at different temperature values. It is
clear from the figure that both devices are saturated at V= -24.5 V and the current values at this
voltage value are in the range of nA and pA for GaN and SiC devices, respectively.
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I-V Characteristics for SiC
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Figure 5.1: Current – Voltage measurements for SiC Schottky diodes at three different
temperature values.
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I-V Characteristic for GaN
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Figure 5.2: Current – Voltage measurements for GaN Schottky diodes at three different
temperature values.
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Forward current at Voltage
=1V
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Figure 5.3: Forward Current values for GaN and SiC Schottky diodes at different temperature
values.
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Leakage Current
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Figure 5.4: Leakage Current values for GaN and SiC Schottky diodes at different temperature
values after saturation.
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One of the important parameters that can be extracted from the I-V characteristics of the
Schottky diodes is the ideality factor. The ideality factor is a parameter that can determine the
deviation of the device from an ideal diode case (n=1), which means that there are impurities and
defects in the device that reduces the current and causes recombination. The value of the ideality
factor of both GaN and SiC Schottky diodes at room temperature are calculated from the slope of
the semi-log of (I) versus (V) graph that is shown in figure 5.5. Both devices show different
values at two different regimes for the same devices. The first regime that is assumed to be the
correct region of calculating the ideality factor shows the values of 0.66 and 0.76 while the
second regime of the same graphs shows the values of 5.15 and 2.1 for both GaN device and SiC
device, respectively. The first region is claimed to be the accurate region of calculating the
ideality factor because it shows the domination of the thermionic emission in the conduction
process of the Schottky diodes while the second region shows different factors such as the
increase of defects number that affect the conduction process of the devices [43 – 44]. More defects
means more recombination in the space charge region of the semiconductor and because of that
the values of the ideality factor are much greater than unity and they can’t be considered as the
accurate values of the ideality factor. Figure 5.6 shows the dependency of the ideality factor on
the temperature since the ideality factor is inversely proportional to the temperature. As the
temperature increases, the ideality factor should decrease and as the temperature decreases, the
ideality factor should increase and it is exactly the case in this work for both GaN and SiC
devices. The value of the ideality factor for GaN Schottky diodes device at 120K is 1.2 and at
430K, the ideality factor decreases to 0.47. For SiC Schottky diodes device, the value of the
ideality factor at 120K is 1.5 and it drops to 0.4 when the temperature increases to 430K. The
reasons of why the ideality factor decreases with the increase of the temperature are the increase
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of the current flow in the space charge region and also the carrier recombination in the bulk
region caused by the defects

[45]

. The decrease of the ideality factor with the increase of the

temperature shows that the thermionic emission is responsible for the transport mechanism of
both Schottky diodes [46].
Another important parameter that is determined by the I-V characteristics is the barrier
height of the Schottky diodes. Figure 5.7 shows Ln (Is / T2) vs. (1/T) for both GaN and SiC
Schottky diodes and the barrier heights are calculated from the slopes of the lines of both
devices. The values of the barrier heights of GaN and SiC, which are calculated from the slopes,
are ranging from 0.2 to 0.9 for the GaN device and from 0.4 to 0.8 for the SiC device. Another
method of calculating the barrier height that have been done in this work is by using equation 3.8
since every parameter in the equation is already known and the value of the saturation current
can be obtained by plotting the semi-log of I versus V and extrapolating the semi-log of I to V=0.
The values of the barrier heights at room temperature that are found by using the equation of the
barrier height are 0.82 for GaN Schottky diodes and 0.78 for SiC Schottky diodes. The first
method of calculating the barrier heights, which is called the Richardson plot sometimes is the
most common way that is used to find the barrier height values for most of the Schottky barrier
diodes. From this plot, the Richardson constant can also be found but the extraction of the
Richardson constant value is impossible when the barrier height and ideality factor depend on the
temperature [21]. Figure 5.8 is the dependence of the barrier height values on the temperature for
both GaN and SiC devices. The barrier heights of both Schottky diodes are increasing with the
increase of the temperature. The value of the barrier height of GaN Schottky diodes is 0.35 eV
and goes up to 0.93 eV at 430K. For SiC Schottky diodes, the value of the barrier height is 0.36
eV at 120K and it increases to 1.14 eV at 430K. Another researchers were also done similar
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experiments for SiC schottky diodes to extract the barrier height and the ideality factor values.
The value of the barrier height and the ideality factor that have been found by them are 0.529 and
4.6 at 150K, respectively and also their values at 400K are 1.1 and 1.9, respectively

[47]

. The

barrier height and the ideality factor values of both GaN and SiC schottky diodes at different
temperatures are summarized in Table 5.1. There is a small error that needs to be added to the
values of both barrier heights and the ideality factor of both devices. This error is resulting from
repeating the experiments of I-V to find the barrier height and the ideality factor. The error
values equal to ±  0.1 for the barrier height and ± 0.2 for the ideality factor values for both
devices of GaN and SiC Schottky diodes and it is shown in the table below.

GaN

Temperature

SiC

Value /K

n

BH

n

BH

120

1.2 ±  0.2

0.35 ±  0.1

1.5 ± 0.2

0.36 ±  0.1

160

0.9 ±  0.2

0.5 ±  0.1

1.08 ± 0.2

0.45 ±  0.1

200

0.71 ±  0.2

0.62 ±  0.1

0.91 ± 0.2

0.56 ±  0.1

250

0.69 ±  0.2

0.7 ±  0.1

0.8 ± 0.2

0.68 ±  0.1

300

0.66 ±  0.2

0.82 ±  0.1

0.76 ± 0.2

0.78 ±  0.1

350

0.58 ±  0.2

0.89 ±  0.1

0.56 ± 0.2

0.99 ±  0.1

430

0.47  ±  0.2

0.93 ±  0.1

0.4 ± 0.2

1.14 ±  0.1

Table 5.1: Barrier height and Ideality factor values for GaN and SiC Schottky diodes at different
temperatures.
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Figure 5.5: Semi-log of (I) vs. (V) for GaN and SiC Schottky diodes at room temperature.
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Figure 5.6: Ideality factor vs. Temperature for GaN and SiC Schottky diodes.
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Ln (Is/T2) vs. (1/T)
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Figure 5.7: Ln (Is/T2) vs. 1/T for GaN and SiC Schottky diodes.
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Figure 5.8: Barrier height vs. Temperature for GaN and SiC Schottky diodes.
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5.2 Capacitance – Voltage Characteristics
The Capacitance – Voltage Characteristics for SiC and GaN Schottky Diodes at room
temperature are shown in figure 5.9 and figure 5.10, respectively. The capacitance of the GaN
Schottky diodes is smaller than the capacitance of the SiC Schottky diodes. From the figures, it
can be detected that the capacitance values of the GaN device are in the range of the peco-farad
(pF) while the capacitance values of the SiC device are in the range of nano-farad (nF). The
capacitances of both devices were measured at one frequency that is 1MHz and at voltages
sweep range from -25V to 0V.
Figure 5.11 and figure 5.12 shows 1/C2 vs. V at room temperature for SiC Schottky
diodes and GaN Schottky diodes, respectively. It can be observed from figure 5.11 that the
sample is uniform through all the three different regions of the straight line. The three different
regions were selected to find if there are any differences of the carrier concentration values. The
carrier concentration of the device was calculated from the slope of the linear curve and it is in
the range of 1020 cm-3 for all the three regions. On the other hand, the GaN sample is not uniform
through all the three regions and this is can be clearly seen in figure 5.12. The curve of 1/C2 vs.
V is not linear as the reverse bias voltages increases towards the final voltage value of -25V. The
carrier concentration that was calculated from the slopes of the three regions shows different
values as the reverse bias increases. The results of the calculated values of the carrier
concentration of both SiC and GaN Schottky barrier diodes for the different selected regions are
summarized in Table 5.2.
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Regions

Nd For GaN (cm-3)

Nd For SiC (cm-3)

Region 1

1.27x1018

7.70x1020

Region 2

6.30x1017

7.70x1020

Region 3

4.20x1017

7.70x1020

Table 5.2: Carrier Concentration values for both GaN and SiC Schottky barrier diodes.

The carrier concentration of the GaN device shows an increase as the voltage goes from
region to region. The reason of the increasing the carrier concentration and the non-uniformity of
1/C2 vs. V is the existence of the defects such as electron traps in the depletion region width of
the semiconductor. The presence of those electron traps are due to the etching process that was
done for the LED commercial wafer in order to build the Schottky and Ohmic contacts on the top
of the u-GaN and n-GaN layers, respectively.
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Figure 5.9: Capacitance – Voltage characteristics (C-V curve) for SiC Schottky barrier diodes at
room temperature.
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C-V Charasterictic for GaN
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Figure 5.10: Capacitance – Voltage characteristics (C-V curve) for GaN Schottky barrier diodes
at room temperature.
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1/C^2 vs. V for SiC
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Figure 5.11: 1/C2 vs. V for three different regions of SiC Schottky barrier diodes at room
temperature.
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1/C^2 Vs. V for GaN
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Figure 5.12: 1/C2 vs. V for three different regions of GaN Schottky barrier diodes at room
temperature.

53

Those traps are discussed and described by using the thermally stimulated capacitance
(TSCAP) technique by drawing the capacitance vs. different temperatures at one selected voltage
value. TSCAP is a technique that gives rapid information about the concentrations and the
activation energies of the defects found in the material

[48]

. The ionized temperature Tm of the

defects is given when there are observed capacitance steps [49]. The midpoint temperature (Tm) is
related to the activation energy  (∆𝐸 = 𝐸! −    𝐸! ) of the defect by the equation [50]:

∆𝐸 = 𝐾𝑇! ln   [

!
!"!!

!(∆!!!!!! )

]                             (5.1)

Where EC is the energy level of the conduction band, 𝐸! is the energy level of the trap
state, b is the heating rate and v is the rate for the electron emission. The trap concentration (Nt)
can be calculated by using the relation of Buehler and Philips (1976) [51}:

𝑁! = 2𝑁!   (

!! !  !!
!!

)

(5.2)

Where Nd is the carrier concentration of the Schottky diodes, Cf and Ci are the final and
initial capacitance. The TSCAP for both SiC and GaN Schottky diodes are shown in figures 5.13
and 5.14, respectively for a reverse bias of 1V and a temperature range from 120K to 430K.
From figure 5.13, the capacitance of the SiC schottky diode is increasing linearly with the
increase of the temperature and there is no step increase of the capacitance with respect to the
increase of the temperature and this is because there are no traps in the SiC schottky diodes. For
GaN Schottky diode device as shown in the TSCAP figure 5.14, the capacitance is also
increasing with the increase of the temperature but there are step increases of the capacitance
with respect to the increase of the temperature. These step increases can be explained to the
effect of the emission of deep levels. This behavior follows the same behavior of the forward
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current vs. temperature at 1V that is shown in figure 5.3 and the step increase of forward current
is the same step increase of the capacitance at the same temperature values. Two traps can be
detected from the TSCAP graph of the GaN Schottky diodes between the temperature values of
160K and 250K and also between the values of the 250K and 350K. To get more details about
the traps, the derivative of the TSCAP with respect to the temperature vs. temperature should be
drawn in order to get the peaks of the traps. The TSCAP derivative with respect to the
temperature vs. temperature is shown in figure 5.15. From the figure, it is observed that the two
traps are located at temperatures Tm1 ≅ 200K and Tm2 ≅ 300K. The plot also confirms that the
concentration of the trap at Tm1 is higher than the concentration of the trap at Tm2. The
concentrations of both traps are calculated by equation 5.2. The concentration of the first trap
equals to 2.28x1018 cm-3 while the concentration of the second trap is 3.56x1017 cm-3. The
activation energy of both traps are difficult to estimate by using equation 5.1 since the rate of the
electron emission rate depends on the capture cross section of the defects which is unknown
variable in this case. Zahid etal. classified the defects on n-type GaN material based on their
activation energies and temperature range into three categories. Those categories are: (i) the
defects that are found between the temperature range of 100 K to 200 K have activation energies
smaller than 0.35 eV. (ii) The defects that appear between the temperature range of 200 K and
350 K have activation energies between 0.4 – 0.7 eV. (iii) and the defects that are found between
350 K and 550 K have activation energies of 1.0 eV and higher [52]. From this classification the
activation energies of both traps of GaN found by the TSCAP graph can be assumed to be in the
range of 0.4 to 0.7 eV.
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Figure 5.13: TSCAP for SiC Schottky diode at reverse bias of -1 V.
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TSCAP Graph of GaN
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Figure 5.14: TSCAP for GaN Schottky diode at reverse bias of -1 V.
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Figure 5.15: Derivative of TSCAP (w.r.t. Temp.) versus temperature measurement for GaN
Schottky diode
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5.3 Charge – Deep Level Transient spectroscopy (QDLTS) Characteristics
The charge deep level transient spectroscopy measurements show unsuccessful results for
both GaN and SiC Schottky diodes. The reason of applying the QDLTS technique to both
devices is to study and investigate the traps in both devices and to know if the traps are located in
the in metal/GaN interface or in the bulk of the GaN. The charge transients of 5V applied
external reverse bias for both GaN and SiC Schottky diodes at pulse width equals to 100 micro
seconds are shown in figure 5.16 and figure 5.17, respectively. It can be seen clearly from the
figures that the transients of the junction is still constant and not falling down to its relaxing state
after the pulse is off for both devices which are not the correct transients that both devices should
act. The charge transients should fall down exponentially after the pulse is off if there are traps
that filled out by electrons by the applied reverse bias and if there are no traps, the transients
should come back to the initial voltage value which are not shown in both figures. Because of the
same behavior of both devices, no DLTS signal can be detected from both devices and no traps
can be found in the band gap or in the surface of the GaN and SiC Schottky diodes. Different
reasons have been discussed of why those transients didn’t show the exponential decay or sharp
decrease to its initial value. One of the reasons that the charge range of the schottky diodes is too
small compared to the charge range of the QDLTS source unit. The staff members who are
responsible for the device setup have resolved this problem and they have identified different
charge ranges that can detect even the small charges of any schottky diodes. Another reason is
that there are some problems with the connection of the device to the QDLTS system but the
results of the I-V and C-V characteristics that are shown in this chapter are taken with the same
connection and the same equipment. One more reason is that the QDLTS technique is not a
familiar technique that can study the traps of Schottky diodes but this reason is not correct since
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there are several publications that use the QDLTS technique to study the deep level traps of the
different Schottky diodes devices. The experiment has been done again after all the problems
have been solved and with different applied revers bias voltages and also with different pulse
width time but still the transients are not changing and keep to show a constant value of the
charge after the pulse is off and the results still the same.
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Charge Transients vs. Time
for GaN Schottky diode
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Figure 5.16: Charge Transients vs. Time for GaN Schottky diode at different temperature
values
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Charge Transients vs. Time
for SiC Schottky diode
3.00E-‐09	
  
2.50E-‐09	
  
2.00E-‐09	
  

Charge

-‐30	
  
0	
  

1.50E-‐09	
  

30	
  

1.00E-‐09	
  

60	
  

5.00E-‐10	
  

90	
  
120	
  

0.00E+00	
  
-‐5.00E-‐10	
  
0.000000	
  

150	
  
0.000100	
  

0.000200	
  

0.000300	
  

0.000400	
  

0.000500	
  

Time

Figure 5.17: Charge Transients vs. Time for SiC Schottky diode at different temperature
values
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CHAPTER 6
CONCLUSION AND FUTURE WORK
6.1 Conclusion
This thesis described experiments made on the GaN Schottky barrier diodes and
commercial SiC Schottky barrier diodes to investigate and compare the behavior of the both
devices. The Electrical measurements such as I-V, C-V and Q-DLTS were applied to both
devices to extract important diode parameters. All of those characterization techniques were
done at room temperature and different temperatures ranging from 130 K up to 430 K to study
the effect of the temperature on the performance of each device. The fabrication of the GaN
Schottky diodes involves three etching cycles and KOH treatment to etch down the LED
commercial wafer until the unintentionally GaN layer has been exposed. Then, the Schottky
contact and the Ohmic contact were deposited on the top of the GaN layers. The experiments
performed included the measurements the forward current and the leakage current at different
temperatures for selected one voltage value. The experiments also included the measurements of
the capacitance values at different temperatures at a reverse bias of 1V. The ideality factor and
the barrier height were extracted from the I-V measurements and plotted as cumulative plots.
Also, the carrier concentrations of both GaN and SiC Schottky diodes were extracted during the
C-V measurements. The conclusion arrived at as follows:
•

The ideality factors of both GaN and SiC SBDs devices are decreasing with the increase
of the temperature.

•

The barrier heights of both GaN and SiC SBDs are increasing with the increase of the
temperature.
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•

The carrier concentration of the SiC Schottky diodes is the same for the three selected
regions whereas the carrier concentration of the GaN Schottky diode increases as the
reverse bias increases.

•

Two electron traps have been found by applying the TSCAP measurements to the GaN
Schottky diodes and located at 200 K and at 300 K with concentrations of 2.28x1018 cm-3
and 3.56x1017 cm-3, respectively. The reason of those traps is the etching process that was
done to the LED commercial wafer.

6.2 Future Work
Since the Charge-Deep Level Transient Spectroscopy technique was not successful to
study the deep level traps in both GaN and SiC Schottky diodes, several investigations are
needed in order to find more reasons and to get the desired charge transients so the DLTS signals
can be extracted by using the Q-DLTS technique. Another idea is to send the devices to some
companies that are specialized for applying the DLTS technique such as SULA technologies that
are located in Oregon State in USA to measure the same devices that are available right now and
to see if they can get the DLTS signal for both GaN and SiC Schottky barrier diodes. Also, the
devices can be sent to different groups in different universities around the world that are experts
in applying the DLTS technique to find and locate the traps in the GaN devices and what are the
capture cross sections of those traps. Once the traps are located and their activation energies are
known, the reasons of why those traps are appeared can be easily understood. Those devices can
be restudied by using the same characterization techniques that are used in this thesis after the
traps are removed by processing the device again. Once the traps can be detected and their
locations are known by knowing their activation energies, they can be easily removed by
processing the device again and then the performance of the devices can be enhanced after
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removing the traps. Another idea is to purchase the typical capacitance DLTS system with the
capabilities that help the researchers for studying the deep level traps in any semiconductor
materials and use it instead of the charge based deep DLTS technique to measure both GaN and
SiC Schottky diodes.
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