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Abstract
This PhD dissertation focuses on the investigation of surface/interface defects in AlGaN/GaN high
electron mobility transistors (HEMTs) on Si wafers for power electronic applications. Recently, significant
attention has been paid to gallium nitride (GaN) for application in power electronics due to its desired
materials characteristics. Among the power electronic devices based on GaN and its alloys, AlGaN/GaN
high electron mobility transistors (HEMTs) are considered promising.
Nevertheless, deleterious effects of high concentration of point defects on the performance of
AlGaN/GaN high electron mobility transistors (HEMTs) cannot be disregarded. It is of great importance to
analyze deep level defects in the AlGaN/GaN HEMTs structure since it is recognized that deep level defects
are the main source for causing current collapse phenomena leading to reduced device reliability. Raman
spectroscopy, photoluminescence (PL), and spectroscopic photo current-voltage measurements were
performed to characterize point defects at surface/interface and bulk in AlGaN/GaN HEMTs wafer.
Recently, a simple and novel spectroscopic photo I–V method of diagnosing the homogeneity of
electrically-active defect distribution in the large area AlGaN/GaN HEMTs epi-structure grown on 6-inch
silicon wafers has been developed. The spectroscopic photo current-voltage (I-V) measurements with subbandgap illumination exhibited the presence of sub-bandgap defects with different activation energies for
each sample. The depth-resolved ultra-violet (UV) spectroscopic photo current-voltage (I-V) (DR-UVSPIV) measurements revealed that the depth dependent distribution of the defects for these samples are

ii

different. Time resolved photocurrent spectroscopy (TRPC) was used to distinguish between the traps that
have the same de-trapping energy but have the different physical origins. It was demonstrated that even
though electrically active defects for two devices on the same pieces of AlGaN/GaN HEMTs
heterostructures cannot be distinguished in Raman spectroscopy and PL measurements, they can be
differentiated by using the spectroscopic photo I-V with sub-bandgap illumination and DR-UV-SPIV
measurements.
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Chapter 1
1

Introduction

Since its appearance in the early 1930s, gallium nitride (GaN) and its alloys has attracted a significant
attention as highly promising material systems for both high power and high frequency applications due to
its high desirable material characteristics. Over the last eighty years researchers all around the world have
made great efforts in order to redeem these promises. GaN is typically seen as a channel material in field
effect transistors (FETs) and as base material in AlGaN/GaN heterojunction bipolar transistors (HBTs).1
The value of the world wide GaN device market was estimated at US$481.8 million in 2014 and is
estimated to be US$1,315.0 million by 2021.2 Demand for GaN industrial devices rises with the increase in
demand from the defense sector for enhanced battlefield performance. The key application of GaN in armed
forces is its utilization in HEMT (high electron mobility transistor), which is a necessity in high-frequency
operations.
Gallium Nitride (GaN) was first synthesized by Johnson et al.,3 and Juza and Hahn in the 1930s by
passing ammonia (NH3) over liquid gallium (Ga) at elevated temperatures.4 In 1969, Maruska obtained the
first single crystalline GaN film.5 In 1986, a milestone was achieved when highly improved surface
morphology, as well as optical and electrical properties of GaN films grown by metal organic chemical
vapor deposition (MOCVD) on sapphire substrates is reported by Amono et al.6 First, a way to produce
conducting p-type GaN films was discovered by Akasaki in 1989. In 1992, activation of p-type GaN by
annealing was discovered by Nakamura et al.7 In 1993, Nakamura et al.8 demonstrated the first highbrightness (HB) blue double-heterostructure (DH) GaN LEDs. First evidence for two-dimensional electron
gas (2DEG) formation at an AlxGa1-xN/GaN heterojunction grown by MOCVD on sapphire was reported
by Khan et al. in 1991.9
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Since then, GaN technology has rapidly diffused into optoelectronic applications.10Although rapid
progress has been made, the growth and device fabrication were still primitive compared to Si and GaAs.
However, with the improvement in the growth technology on Si substrates, such as availability of silicon
substrates in 150mm and 200mm, and GaN on 200mm silicon substrate growth, GaN-on-Si technology has
become the best alternative to the well-established but aged Si technology11. GaN-on-Si technology is
introduced to high voltage power switching applications with the development of RF power amplifier to
primarily target applications, such as wireless communication as early as 2009.12,13 Ever since, many
manufacturers, have announced their intention to manufacture and develop GaN transistors for the power
conversion market. In 2014, larger GaN on silicon epitaxial wafers 8" were demonstrated by Ravkowski et
al.14.
Despite the fact that the GaN technology has broken into the market, it is still behind its theoretical
performance. In order to compete with the current state-of-the-art Si devices improving the starting material
quality and yield, increasing the wafer diameter, reducing wafer cost, and developing normally OFF devices
are required.
When this Ph.D. work started, there were still problems in the reliability of device with the
widespread application of AlGaN/GaN HEMTs. In AlGaN/GaN HEMTs, the so-called “current collapse”
occurs as a result of entrapment of charge carriers at the surface/interface and bulk trap sites and is known
to reduce the drain current.15 This necessitates minimization of the undesired trap sites for achieving a high
performance, long life and a reliable HEMT device.
This work is the detailed study of the investigation of surface/interface defects in AlGaN/GaN
HEMTs heterostructures grown on Si wafers.
In this chapter, I will first focus on the main performance requirements of high voltage switching
devices. Next, I discuss the advantages of using GaN compared to other materials in terms of material
properties and figures of merit. Later, I will give an overview of the application areas. Finally, I will describe
the organization of this dissertation.
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1.1

Performance required for switching devices

In power electronic circuits, rectifiers and power switches are required to control the direction of
current flow and to regulate the duration of current flow, respectively. It is known that transistors behave
as ideal switches in the field of electric power conversion. An ideal transistor conducts current in the onstate with zero voltage drop and blocks voltage in the off-state with zero leakage current.16 Low leakage
current is required to decrease the conduction losses. In addition, operation with high current and voltage
in the active region is also observed in an ideal transistor with the saturated forward current in this mode
controlled by the applied gate bias16.
In well-designed field effect transistors (FETs), carrier transient time from source to drain under the
applied voltage through gate affects the speed. In these transistors, delays in transient time result from
passive elements, such as capacitors, resistors, inductors, and filters. Operating a FET at a higher switching
frequency enables the use of smaller passive components. In summary, power electronic devices are
expected to have a high stand-off voltage, absolute current levels, frequency switching operation, operation
temperature, and low forward voltage drop, specific on resistance, and capacitance17. These needs are
summarized in the Table 1.1-1.
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Table 1.1-1: Summary of performance needs for power electronic devices.
Need

Enabling Feature

Performance Advantage

High Power/Unit Width

Wide Bandgap, High Field

Compact, Ease of Matching

High Voltage Operation

High Breakdown Field

Eliminate/Reduce Step Down

High Linearity

HEMT Topology

High Frequency

High Electron Velocity

High Efficiency

High Operating Voltage

Optimum Band Allocation
Bandwidth, μ-Wave/mmWave
Power Saving, Reduced
Cooling

Low Noise

High gain, high velocity

High Temperature
Operation
Thermal
Management
Technology
Leverage

Wide Bandgap
SiC Substrate
Direct Bandgap:
Enabler for Lighting

High dynamic range receivers
Rugged, Reliable,
Reduced Cooling
High power devices with
reduced cooling needs
Driving Force for Technology:
Low Cost

Increased switching speed and conversion capabilities of III-V FETs, and their efficient transmission
and distribution of electric power properties makes these devices an attractive technology for power
conversion systems. Although GaN devices do not have a higher breakdown voltage, they do have a smaller
switching energy at the same breakdown voltages. In general, more efficient power distribution at higher
power levels and more compact device sizes are allowed due to high power handling capabilities of GaN
devices.

1.2

Advantages of AlGaN/GaN HEMTs as switching devices

1.2.1 Comparison of GaN Material Properties with other WBG semiconductors

The GaN wide bandgap semiconductor has attracted much attention since the early 1990s due to
its advanced material characteristics, such as high electrical field, high electron mobility, high saturation,
and drift velocity compared to Si, SiC, and GaAs shown in the Table 1.2-1.18 Having stronger chemical
bonds causes wider band gap in GaN since the band gap of a semiconductor is related to the strength of the
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chemical bonds between the atoms in the lattice.19 These stronger bonds mean that it is harder for an electron
to jump from one site to the next. This property provides lower intrinsic leakage currents and higher
operating temperatures for higher band gap semiconductors.

Table 1.2-1: Physical characteristics of GaN and other main wide bandgap semiconductors at
room temperature.20,21,22
Property
Bandgap
Energy, -.
(eV)
Electric
breakdown
field, -/
(MV/cm)
Saturated
electron
velocity,
0234 (× 156
cm/s)
Electron
mobility, 72
(89: /V.s)
2DEG
density, ;2
(×
15<> 89?:)
Thermal
conductivity
(к (W/cm.K)
Melting
Temperature,
T (K)

GaN
AlGaN/GaN

SiC

Diamond

Si

GaAs
AlGaAs/InGaAs

3.44

3.26

5.45

1.12

1.43

3

3

10

0.3

0.4

2.5

2.0

2.7

1.0

1.0

900
2000

700

4800

1500

8500
10.000

1.0

N.A

N.A

N.A

<0.2

1.3-2.1

3.74.5

22

1.5

0.5

>1700

>2100

3800

1690

1510

Furthermore the application in high supply voltages is enabled via high electric breakdown fields
(Ec), which results from a large bandgap energy (Eg). Another advantages of having a high Ec is having
higher doping levels; thus device layers can be made thinner at the same breakdown voltage.23 It is known
that wide band gap (WBG) materials have high electric breakdown fields compared to conventional
semiconductors.17
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The voltage, at which a device breaks down can be approximated with the formula in equation [ 1.2-1].
1
@AB = DEFGH4 -I
C

[ 1.2-1]

where VBR is the breakdown voltage, and wdrift is the width of the drift region.
SiC and GaN both have a drift region 10 times smaller than of Si devices for the same breakdown
voltage. It is known that, there needs to be carriers in the drift region that are depleted away at the point
where the devices reaches the critical field in order to support high electric field. This is why there is a huge
power gain in devices with high electrical fields. The number of electrons (assuming an N-type
semiconductor) between the two terminals can be calculated using Poisson’s equation:
JKL = MN MF -/FG4 ODEFGH4

[ 1.2-2 ]

where q is the charge of the electron (1.6x10-19 coulombs), ND is the total number of electrons in the volume,
εo is the permittivity of a vacuum measured in farads per meter (8.854 x 10-12 F/m), and εr being the relative
permittivity of the crystal compared to a vacuum.
Usually, high charge carrier mobility (μ) and high saturation velocity (vsat) are desirable to achieve
high currents and high frequency operation. Even though bulk GaN has relatively low electron mobility at
around 900 cm2/Vs, this value is sufficient for a transistor to operate at high power. The ability of III-nitride
materials to create a two dimensional electron gas (2DEG) at the heterointerface of an AlGaN/GaN device
with high charge density and very high mobility compared to the value of the bulk GaN is the most
important property of these materials. In general, WBG semiconductors have a relatively low mobility but
very high values for the saturation velocity, which is reached at high electric fields that can easily be
supported.
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The theoretical on-resistance RDS(on) of this majority-carrier device can be obtained from equation
[ 1.2-3 ].
PLQ(RS) = DEFGH4 TJ7S KL

[ 1.2-3 ]

where μn is the mobility of electrons.
Combining equations [ 1.2-1], [ 1.2-2 ], and [ 1.2-3 ] produces the following relationship between the
breakdown voltage and the on-resistance;
: T >
PLQ(RS) = U@AB
-/FG4 MN MF

[ 1.2-4 ]

Figure 1.2-1 indicates the theoretical limitation of the trade-off characteristics between the specific
Ron and the VBR in Si, SiC, and GaN devices. According to Figure 1.2-1 GaN has greater potential in high
voltage and high power density applications compared to SiC and Si since it has lower Ron compared to SiC
and Si.

Figure 1.2-1: The theoretical trade-off characteristics between specific on resistance (Ron) and off state
breakdown voltage (VBR) of Si, SiC, and GaN devices. 24
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The burden of thermal management is important for power applications in operational capability at
high temperatures. Figure 1.2-2 shows the intrinsic carrier density as a function of temperature and indicates
that GaN requires higher temperature to reach the density of 1014 cm-3, in which material can no longer
behave as semiconductor.

Figure 1.2-2: The temperature dependence of intrinsic carrier concentration profiles for Si, GaAs, 6HSiC, GaN and Diamond.24
Moreover, the thermal conductivity (κ) of a semiconductor material is an extremely important
parameter to determine dissipation power. Poor thermal conductivity results in degradation in device
operation at elevated temperatures. GaN has comparable thermal conductivity with Si, even though it is not
as high as diamond or SiC. The relative permittivity (ϵr) is an indication of the capacitive loading of a
transistor and affects the device terminal impedance. The values for WBG semiconductors are much lower
than those for conventional semiconductors. GaN has 20% lower ϵr values compared to conventional
semiconductors, which permits 20% larger area for a given impedance, and results in larger current and
higher microwave output power.
All these advantages makes AlGaN/GaN heterostructures favored candidates for fabricating power
electronic devices among the other power electronic devices based on GaN and its alloys. AlxGa1-xN alloys
cover bandgap energies from 1.9eV to 6.2eV, which corresponds to wavelengths ranging from red to deep
UV. Having a wide bandgap allows the material to withstand high operating temperatures up to 300oC -
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500oC. Moreover, 2-dimensional electron gas (2DEG) sheet charge density (ns) up to 1 x 1013 cm-2 is created
at the AlGaN/GaN interface. As a result, the mobility of the electrons in the transistor channel become as
high as 2000 cm2 V-1 s-1.25,26 Hence, the large drain currents (> 1 A/mm), which are the second requirement
for a power device, can be achieved. The mobility and saturation velocity of the 2DEG at the AlxGa1xN/GaN

heterojunction is very suitable for high-power, high-frequency device applications. Drastic

reductions in the gate width, chip area, and in power loss are the main advantages of AlGaN/GaN
heterostructure devices. Increase in the power density of GaN FETs causes a rise in the thermal dissipation
and requires an improvement via packaging technique.

1.2.2. Figure of Merit

There are many predictions to determine promising III-V semiconductors. A calculated number
called figure of merits (FOM) is suggested in order to quantify the ultimate performance of semiconductor
devices. FOM combines the most relevant material properties shown in the Table 1.2-1 with respect to
high-power and high-frequency applications into one number that represents a rough measure of the relative
strengths of the alternative materials. Johnson’s FOM is utilized from breakdown voltage and saturated
electron drift velocity to define a value for the high frequency handling capacity of a certain semiconductor
and calculates an FOM of GaN 215 times higher than Si.27 Baligia’s FOM take the relative permittivity,
electron mobility, and electric breakdown field into account to measure high-power handling capability and
calculates an FOM of GaN 1507 times higher than Si.28,20 Keyes’ FOM uses saturated electron drift velocity,
and relative permittivity for the measurement of high-temperature handling capability. Figure 1.2-4 displays
the comparison of John’s and Keyes’ FOM for the semiconductors GaN, GaAs, 4H-SiC and Si.29
Comparison of Baliga’s and Johnson’s FOM for the semiconductors GaN, GaAs, 4H-SiC, and Si
normalized to Si is given at Figure 1.2-329. From these figures it is very clear that GaN offers much better
high-power/high-frequency performance possibilities.
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Figure 1.2-3: Comparison of Baliga’s and Johnson’s figure of merit for semiconductors GaN, GaAs, 4HSiC, and Si normalized to Si.30

Figure 1.2-4: Comparison of Keyes’s and Johnson’s figure of merit for semiconductors GaN, GaAs, 4HSiC, and Si.29
Table 1.2-2 shows the FOM normalized to Si for the most common semiconducting materials.31,32,33
In this table, EB is the electrical field for breakdown in semiconducting material, vs is the electron saturation
velocity, κ is the thermal conductivity, c is the speed of light, εS is the dielectric constant of the
semiconductor, μ is the mobility of the charge carrier, and Eg is the bandgap energy (in eV). Among the
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common semiconducting materials, GaN has the highest figure of merit making it suitable for the high
power, high temperature, and high frequency applications.
Table 1.2-2: Main figures of merit for wide bandgap semiconductors compared with Si.34,21
Figure
Merits

of

Johnson
(JFOM)
Baliga
(BFOM)
Keyes
(KFOM)

1.3

Expression

Si

-A: V2:
UW :

@Y
U@Y>

M2 7-A> X

/\

Z([^_`] )
]

GaAs

SiC-4H

GaN

Associated

1

1.8

215.1

215.1

High Power

1

13.3

548

1507

High Frequency

1

0.41

4.61

1.6

High Temperature

Applications of AlGaN/GaN switching HEMTs

Figure 1.3-1: Different applications of GaN devices in the semiconductor market.35
Recent massive increases in the GaN devices application have been observed due to the technology
advancements, such as the availability of native and GaN-on-silicon substrates, development of normallyoff gate structures, suppression of the current collapse phenomenon as well as the demonstration of high11

voltage blocking capability.36 Figure 1.3-1 displays different applications of GaN devices in the
semiconductor market. Nowadays, GaN technology offers transistors, diodes, and even IC`s compatible
with power electronic expectations, FET have many potential application at high frequency and/or high
temperature operation devices.37
In this dissertation, mainly we will focus on power electronic applications because AlGaN/GaN
HEMTs are power switching devices. Figure 1.3-2 presents applications of GaN devices in power
electronics. GaN power devices are known as the next generation power devices because of their advanced
properties, such as achieving “very low resistance of the device current loop” and "high-speed switching".
These properties could be used effectively for high-efficiency power supplies, hybrid electric vehicles
(HEV)/ electric vehicles (EVs), or photovoltaic (PV) inverters. The most popular power switch application
of GaN devices is for the HEV. HEV’s motor drive is a power-electronics component which converts stored
energy into an alternating current (AC) source. Currently HEV use silicon (Si) based power-electronic
components. However, Si based system has encountered challenges, such as over size, over weight, and
low temperature limit. Therefore, it is believed that GaN can be good alternative to Si. Besides the great
opportunities that GaN-based high-temperature electronics present to HEVs, they also offer important
capabilities to aerospace, energy production, and other industrial systems that will affect modern everyday
life.
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Figure 1.3-2: Application of GaN devices in power electronics.38

1.4

Motivation
Despite the remarkable advances in optoelectronic and electronic device performances, and growth

methods for AlGaN/GaN HEMTs epi-structures, there still remain technical issues to be understood and
resolved.39 With regards to reliability and the stability of AlGaN/GaN HEMTs, one of the major issues that
remain unresolved is the deleterious effect of the deep level defects present in the heterostructures on the
device performance.40 GaN technology has rapidly diffused in the optoelectronic applications. However, to
be a more commercially viable technology, it will be great if the substrate cost can be further reduced. This
is only possible by growing GaN on top of a large diameter Si substrate.
Due to the lack of inexpensive large area GaN substrates, AlGaN/GaN HEMTs epi-layers are usually
grown heteroepitaxially on foreign substrates, such as Si, SiC, and sapphire.41,42,43 As a result of the
lattice/thermal expansion mismatches between the epi-layers and the foreign substrates, a high
concentration of material defects is expected in AlGaN/GaN HEMTs epi-structures. These deep level
13

defects can be point defects, such as Ga44,45 or N vacancies.45 The deep level defects create localized levels
inside the bandgap and can potentially act as charge carrier traps, causing the current collapse phenomena
that lead to a substantial degradation in device performance.44 The impact of deep level defects is significant
in all device applications and these defects degrade the device performance. Therefore, it is very important
to elucidate the nature of the defects and their distribution across the wafer.

1.5

Synopsis of the dissertation
This dissertation focuses on the investigation of point defects in AlGaN/ GaN HEMTs on Si wafer for

power electronic applications. This dissertation is organized in the following way:
Chapter 2 describes the device physics of AlGaN/GaN heterostructures.
Chapter 3 summarizes surface, bulk, and interface defects.
Chapter 4 focuses on device processing techniques.
Chapter 5 studies Raman Spectroscopy and Photoluminescence.
Chapter 6 discuss in detail the characterization of AlGaN/GaN HEMTs via various spectroscopic
techniques.
Finally, chapter 7 provides retrospection of the conclusion which can be drawn from the investigation
of surface/interface defects via spectroscopic techniques and an outlook for future research.
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Chapter 2
2
2.1

Theoretical Background
Crystal Structure of GaN
Wurtzite, zincblende, and rock salt are the three most known crystal structure types in the group III

nitrides. Usually bulk GaN is found in wurtzite (hexagonal) structure since it is thermodynamically stable
at ambient conditions. Stability of wurtzite structure depends on ionic contribution of bulk GaN to the bond
due to the large difference in electronegativity of Ga and N atoms. On the other hand, growth of zincblende
(cubic) structures for bulk GaN has been achieved on {001} crystal planes of cubic substrates, such as Si1,
MgO2 GaAs3, and SiC4. Contrary to zincblende structure, wurtzite structure is commonly found in bulk
GaN because the lowest energy state for bulk GaN does not exist in cubic phase.5 The rock salt structure
can also be observed in bulk GaN under high pressure by tuning interatomic distances in the bulk material.6
However, the rock salt structure phase does not have a significant contribution in electronic device
applications.7 In this dissertation, we will focus on wurtzite crystal structures, since the materials used have
the wurtzite crystal structure.
The unit cell of wurtzite structure is hexagonal with two lattice constants, as equilibrium basal length
“a0” and equilibrium unit cell height “c0” along the [0001] direction equilibrium cation-anion bond length
ratio (the nearest neighbor distance) u0 in unit of c0. The ratio of c0/a0 is calculated as 1.633 when the value
of u0 is equal to 0,375 for an ideal wurtzite crystal.8 GaN wurtzite structure has four atoms in the unit cell
with two of each kind. Each atom belongs to one of two interpenetrating hexagonal closed packed sub^
lattices which are distorted along the c axis by 5/8 of the equilibrium unit cell height. It falls into the ($a\
)

space grouping category under the translational symmetry of a unit cell. The stacking sequence of (0001)
plane for wurtzite structure is …AaBbAaBbAaBb… in the [0001] direction. Small and big letters represent
two different constituents. Changes in stack sequence cause the free energy difference between the wurtzite
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and the zincblende structures. When there is low energy difference between these phases, high density of
structural defects are estimated in III nitrides.8 In bulk GaN, the conventional [0001] direction occurs from
the N-plane (Ga atoms) to the Ga-plane (N atoms) without inversion symmetry.
The inversion symmetry operation takes an atom with coordinates (x,y,z) and transform it to the

inverted position (-x,-y,-z) around the inversion center. Inversion is denoted 1b in international notation. In
the case of lack of inversion symmetry in GaN, while Ga atoms bind to only N-plane, N atoms bind only
Ga atoms bound. As a result, wurtzite GaN structure can be found in two different polarity directions as
[0001] and [0001b]. The [0001] polarity direction is generally known as Ga polarity and the direction of

bonds are from Ga (cation) atoms to N atoms (anion) along the c direction. Whereas, in the [0001b] the
direction the bonds along the c direction are from N atoms (anion) to Ga atoms (cation) and the polarity is
known as N polarity. A schematic representation of Ga and N polarity of a model GaN crystal is shown in
the Figure 2.1-1. In the Table 2.1-1, basic properties of GaN wurtzite structure at room temperature are
summarized.7,8,9,10
Ga
atoms

N
atoms

N-Face Polarity

GaN-Face Polarity

Figure 2.1-1: GaN crystal structure (a) N-Face and (b) Ga-Face.
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Table 2.1-1: Optoelectronic properties of wurtzite GaN crystal structure.

cN = de1fgC! ± 5e555g!(h)i
8N = je1fj5! ± 5e555j!(h)i
1ed!(k!89?< l ?< )
feg m ! 15::
n3 = de1 m 15?a !(l ?< )
nI = Cef m 15?a !(l ?< )
oFp = 15eU
oFq = gej

Properties

GaN Wurtzite Structure

Lattice Constant
Thermal Conductivity
Number of atoms in 1 cm3
Coefficients of thermal expansion (CTE)

Dielectric Constants

oF = jej
(n type) 7 = gg5!(89: @ ?< r ?< )
(p type) 7 = 1j5 (89: @ ?< r ?< )
9S = 5eC!9s
9S (t ' l) = 5eCu!9s
9S (t ' h) = 5eCv!9s
9S (t ' w) = 5edd!9s
9xyz = 1eU!9s
9xy{ = 5ed!9s
9xy2R = 5eu!9s
-.yt| = deUd!(*@)
-.yt} = jeCg!(*@)
-.y~?• = jeUg!(*@)
6.1 (g!89?> )
83.728 (g/mol)
Ue1!(*@)
GSH

Low –field mobility

Effective Mass

Band Gap
Mass Density
Molecular Weight
Electron affinity

2.2

Polarization Effects in GaN
Polarization effects take place with the distortion of the negative cloud of electrons around the

positive atom nuclei in the opposite direction of applied electric field. This causes the accumulation of the
charges with an amount of “q” in different sides of the atom within a distance “d” with a dipole moment of
“€•”. Polarization density or polarization of the material is equal to the average electric dipole moment
“<p>” divided by the unit volume “V” of a polarized material.
€• = J&•
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[ 2.2-1 ]

#=

‚€ƒ
@

[ 2.2-2 ]

More generally, the ith type of atom in the vicinity of “r” with the average number of Ni per unit
volume and average dipole moment of ‚ €G ƒ polarization is defined as ;
#(„) = … KG ‚ €G ƒ

[ 2.2-3 ]

Significant polarization effects have been observed in group III-V nitride semiconductors as a
consequence of high electronegativity in the noncentrosymmetric nitride crystals. Larger piezoelectric
coefficients were stated in nitrides compared to the other best known group III-V semiconductors.11
Semiconductor nitrides exhibit piezoelectric polarization in the presence of strain along [0001] direction,
due to the absence of a center of inversion as stated in section Crystal Structure of GaN. Lattice mismatch
strain and thermal strain, which is attributable to the dissimilarity of thermal expansion coefficients among
the substrate and epitaxial layers, are known as two main causes of piezoelectric effect.12
Piezoelectric polarization produced by strained can be lowered by reducing the strain through the
increase of defect related relaxations. Even in the lack of strain wurtzite GaN has the ability to exhibit a
polarization called spontaneous polarization due to its distinctive crystal structure properties. For the ideal
wurtzite crystal structure, the nonvanishing spontaneous polarization is permitted.13 In the presence of
heterojunctions with different electronegativity, significance of spontaneous polarization increases. An
example would be the existence of spontaneous polarization between AlGaN and GaN in different amounts
and piezoelectric polarization in AlGaN/GaN heterostructures cause the increase of the polarization
charges. It is known that the presence of polarization charges has a huge effect on device performance of
all nitride based devices, especially HFETs.12 Moreover, both spontaneous and piezoelectric polarizations
has an effect on the band structure of the heterojunctions. Therefore, it is of great importance to take
polarization effect in consideration in device designs.
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2.2.1 Piezoelectric Polarization
Piezoelectric polarization is caused by the shifts of the unit cells with respect to each other due to
the external stress. Piezoelectricity only occurs in the absence of center of inversion. As a result of the
change in lattice parameters of a0 and c0 due to the applied stress, the polarization strength will be changed.
In the case of the compressive biaxial stress while a0 values will increase, c0 will decrease. This will lead to
an increase in the c0/a0 ratio and hence, a decrease in the total polarization strength since piezoelectric and
spontaneous polarizations will through in opposite directions. Based on the same logic, piezo and
spontaneous polarizations will act in the same direction and increase the total polarization when a tensile
biaxial stress is applied. For better understanding of piezoelectric polarization calculations, one should
consider the strains by the tensor of eijk of piezoelectric coefficient.
#G‰Š = … *G‹Œ M‹Œ !• Ž = 1yCyd • e e c;&!• = 1y • e e yu
‹

[ 2.2-4 ]

here Pi , eijk, and εjk denotes the ith component of piezoelectric polarization, electric piezoelectric coefficient,
and strain, respectively.14 In the presence of only biaxial strain, without shear;
c ' cN
M‘‘ = M’’ =
cN
8 ' 8N
M““ =
8N

M’“ = M“‘ = M‘’ = 5

[ 2.2-5 ]
[ 2.2-6 ]
[ 2.2-7 ]

where †•!c;&!‡• are basal (in) plane direction, ˆ• is in the [0001] growth direction out of the plane, and a and
c are basal length and unit cell height lattice constants of strained structure, respectively. Subscribe “0”
under the lattice constants represents the relaxed (unstrained) structures. εxx and εyy are the symbols for the
representation of the basal plain strain along †•!c;&!‡•!directions, and εzz denotes the strain along the growth
direction.12,9
In the case of a structure with [0001] growth direction along the z axis when setting the value of
“i” to “3”, piezoelectric polarization can be acquired as follows; 9,12
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#‰Š! = C*>< M‘‘ + *>> M““

[ 2.2-8 ]

One can express the strain in the z direction in terms of the x component of the basal length strain
through use of the elastic coefficients Cij as;
$<>
M““ = 'C( )M‘‘
$>>

[ 2.2-9 ]

Combining equations [ 2.2-5 ] and [ 2.2-8 ]with [ 2.2-9 ] strain induced piezoelectric polarization
along the z axis of wurtzite III-V semiconductors can be calculated as follows;
#”•‰Š = C(*>< ' *>>

$<> c ' cN
)(
)ˆ•
$>>
cN

[ 2.2-10 ]

In the wurtzite nitride structures, the value of the *>< is always negative as opposed to positive

values of *>> ,!$<> y c;&!$>> , and this makes the result of (*>< ' *>>

I|}
)
I}}

always negative. Therefore, one

can conclude that under tensile stress (a>a0), the piezoelectric polarization of III nitrites is always negative,
whereas it becomes positive when a compressive stress (a<a0) is applied.
Piezoelectric parameters of end binary points of GaN and AlN, which are given in the table 2.2-1
are used to derive parameters of AlxGa1-xN here after indicated as AlGaN up to first order. Using the
Vegard’s law the piezoelectric polarization of AlGaN can be expressed as follows;
#”•‰Š = •†*–!h—K + (1 ' †)*–!˜cK™M•(x)
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[ 2.2-11 ]

Table 2.2-1: Piezoelectric constants eij, dielectric constants εijk, elastic coefficients Cij and their
ratios R and lattice parameter ai, ci of binary wurtzite GaN and AlN materials.
Parameter

GaN

AlN

Ref

C33(GPa)

415

C31(GPa)

83

1.46
_
1.55
-0.6
_
-0.58
_
-0.48
9
10.7
384
373
111
108
-0.578
-0.579
3.112
5.814
3.1106
3.1095
4.982

11

ε11 (-)
ε33 (-)

0.73
1
_
-0.49
-0.36
_
-0.3
_
9.5
10.4

-2

e33 (C m )

e31 (C m-2)
e15 (C m-2)

P = 'C

$><
$>>

a0 (hi)
co (hi)
cN
8N

-0.4
3.189
6.040
3.1890
3.1986
5.185
1.633
1.6259

1.6010

15
16
11
15
16
15
16
11,17
11,17
18(LDA)
18(LDA)
18(LDA)
19
11
13(Calculated)
13(Experimental)
19
11

2.2.2 Spontaneous Polarization

The wurtzite GaN exhibits strong spontaneous polarization, even in the lack of applied strain due
to the presence of robust ionicity of the covalent bonds. In the wurtzite GaN, spontaneous polarization is
observed along the growth axis and results in a strong electric field of 3 MVcm-2.16 Strength of the
spontaneous polarization is also affected by the non-ideality of the crystal lattice as well as the ionicity of
the covalent bonds. In wurtzite nitride structures, the direction of the covalent bonds which are primarily
responsible from spontaneous polarization, is along the growth direction. The other three covalent bonds
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are equally ionic and they produce a resultant polarization in the opposite direction. With the increase of a0
and decrease of c0, the ratio of c0/a0 decreases hence, the resultant polarization decreases since the angle
between these three covalent bonds and the growth axis gets wider. As a consequence, an increase in the
macroscopic spontaneous polarization happens. The value of the ratio of c0/a0 for GaN and AlN was given
in the Table 2.2-2.
As we stated in section 2.1 the GaN wurtzite structures have two growth layer as Ga face up or N
face up. Both in the Ga face up and N face up wurtzite structures, the direction of polarization appears
different. An example would be, while the polarization direction towards to the substrate for Ga face
interface, the polarization direction towards to the surface of the layer in N face interface. Based on the
growth condition two different situations can be observed for an AlGaN layer grow on top of a GaN layer.
Under tensile stress, an electron GaN channel at the interface is formed in the Ga- face up case because of
parallel alignment of the spontaneous and piezoelectric polarizations. In the case of change in the both
polarization orientations directions, where the growth layer is N-face up, there is no electron channel formed
at the AlGaN/GaN interface. As in piezoelectric polarization, spontaneous polarization of AlGaN
quaternary alloys can be calculated by using a linear combination of the binary end points with regard to
the mole fraction. Consequently, according to Vegard’s law spontaneous polarization of AlxGa1-xN can be
express as;
Q‰
Q‰
Q‰
”””””””””””””•
””””””””•
”””””””””•
#
š{Y3› (†) = †#š{› + (1 ' †)#Y3›

[ 2.2-12 ]

Linear interpolation of spontaneous polarization in AlxGa1-xN ternaries by using generalized
gradient approximation (GGA) and local density approximation (LDA) are given as;9
Q‰
”””””””””””””•
#
š{Y3› (†) = '5e5g† ' 5e5dU(1 ' †) for GGA
Q‰
”””””””””””””•
#
š{Y3› (†) = '5e1† ' 5e5dC(1 ' †) for LDA
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[ 2.2-13 ]
[ 2.2-14 ]

Table 2.2-2: Spontaneous polarization of GaN and AlN in generalized gradient approximation (GGA)
and in local density approximation (LDA)..9,11,20
Spontaneous Polarization
LDA (C m-2)
GGA (C m-2)

GaN
-0.032
-0.034

AlN
-0.1
-0.09

For the total polarization of AlGaN/GaN heterostructures total polarization is given as follows;
#”• 4R43{ = #”• Q‰ + #”•‰œ

2.3

[ 2.2-15 ]

AlGaN/GaN Heterostructures
The term heterostructure is used to explain a structure that is formed with two or more different

semiconducting layers with different optoelectronic properties and yet similar crystal structures.
Heterojunction or heterointerface generally refers to the interface between these layers. For a heterojunction
device, device concepts will depend on the type of the heterostuctures. For that reason, it is great of
importance to study band alignment of heterojunction. Different semiconductor layers, which compose the
heterojunctions result in band discontinuity because of the misalignment of conduction and valance bands.
Since the bandgap of these heterojunctions is not identical, there will be band discontinuities in the
alignment of two structures. These alignment discontinuities result in band bending of a real heterostructure
under thermodynamic equilibrium to match the Fermi levels Ef of two semiconductors.
Heterostructures are referred to as type I, type II, and broken depending on their alignments. Straddle
of conduction and valance bands of larger bandgap semiconductor with smaller bandgap semiconductor is
known as type I and this the most common one. In type II, conduction and valance bands are staggered;
their bandgap is overlap but do not completely enclose the other’s bandgap. When the staggering between
the conduction and valance bands turn out to be bigger and the band gaps do not overlap, the resulting
heterostructure is referred to as broken. Types of heterostructure energy band alignments are shown in the
Figure 2.3-1. In this figure, ΔEc and ΔEv stands for conduction and valance band offsets indicating the
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difference between the conduction band and valance band edge at the interface relatively. The ΔEg is a
measure of band discontinuity and calculated with the addition of these band offset as follows;
•-. = •-/ + •-.

[ 2.3-1 ]

Ec

Ec
Ec

ΔEc

Ev

GaN

Ec ΔE

AlGaN
Ev

Δ
E

GaSb

ZnTe

c

Ev E
Ev InAs

Cd
Ev Se
ΔEv
b

a

Ec

ΔEc

Ev
ΔEv
c

Figure 2.3-1: Types of heterostructure energy band alignments: (a) Type I or straddled structure (b) Type
II or staggered structure (c) Type III or broken structure.
As shown in the Figure 2.3-1 AlGaN/ GaN heterojunctions are known as type I structures and
created with the growth of wide band gap AlGaN barrier layer (doped or undoped) on top of a narrow band
gap non-intentionally doped relaxed GaN layer. Figure 2.3-2 (a) shows a schematic cross-section of a basic
Ga-face doped AlGaN/GaN heterostructure and the corresponding energy band diagram. When AlGaN and
GaN are brought together to form a heterostructure, a triangular quantum potential well will be formed with
the highly mobile two dimensional electron gas (2DEG), which will be described in detail later, as shown
in the Figure 2.3-2 (b).
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φb

AlGaN
2DEG

AlxGa1-xN

2

ΔEc

E0

GaN

ΔEv

GaN

E
E
E

b

a

Figure 2.3-2:(a) Schematic cross-section of a basic Ga-face doped AlGaN/GaN heterostructure and (b)
the corresponding energy band diagram.
Since specially quantized electrons in one direction are confined to move in the other two
directions parallel to interface, they are referred to as 2DEG. The presence of the 2DEG is one of the biggest
advantages of AlGaN/ GaN heterostructures and allows for the fabrication of an innovative device called
High Electron Mobility Transistor (HEMT) that will be discussed in the following paragraphs. Moreover,
the availability of the AlGaN/GaN heterostructure with simultaneously achieved high voltage, high current,
and low on-resistance, results in high-power high-efficiency operation, which provides technological
advantages.

2.3.1 Formation of 2DEG in AlGaN/GaN
The wurtzite AlGaN/GaN based transistor structures have a piezoelectric polarization of the
strained top layer five times larger than that of the AlGaAs/GaAs heterostructures.21 The spontaneous and
piezoelectric polarization in wurtzite GaN is ten times stronger than that of conventional III-V
semiconductor materials.16 At undoped AlGaN/GaN interfaces, these very high polarizations and resulting
electric fields are mainly the cause of accumulation of high interface charges densities along the
heterojunction in the high bandgap AlGaN side.22 Availability of undoped AlGaN/GaN layers results in
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enhanced electron mobility in the 2DEG by further reducing the Coulomb scattering. It is known that
enhanced mobility future of HEMTs differentiate these devices from other FETs devices. The origin of the
2DEG at the AlGaN/GaN heterostructures has been a controversial issue since the layers are not doped.
Some researchers suggested that the AlGaN barrier or the surface could be the source of the
electrons.23,24 The observations of variations in thickness and alloy composition of the AlGaN barrier layer
with the change of 2DEG density, made positive surface charge states or donor-like surface states
contenders for the source of the 2DEG.25,26,27 The donor-like states are also called positive surface charge
states because they are positively charged when they are emptied and neutral when they are occupied. There
are different claims about the origin of these surface defects. Some researchers believe that oxygen
impurities, due to the oxidation of the gallium terminated layers, inside the conduction band, are the reason
for these surface donors.28,29 The nitrogen atoms can dissociate from AlN or GaN bonds due to the high
annealing and can form volatile molecules, such as NO with O atoms.30 Other researchers have claimed
that these surface donors are nitrogen vacancies.31,32
The surface states with an energy level Ed lie below the conduction band for a thin AlGaN barrier
layer. In the case of the deep level surface defect, 2DEG is not observed. However, the donor levels reaches
the Fermi level at a certain critical thickness tcr with decrease of Ed – Ef due to the increase of the barrier
thickness. As a result, electrons inside the occupied surface states become available to be transferred to
empty conduction band states at the interface. Moreover, they leave positive surface charges behind and
create 2DEG. The number of transferred electrons increases with the increase of the AlGaN barrier
thickness of t higher than the one of tcr. The expression for the critical thickness tcr can be given as follows;
M
%/F = (-E ' •-/ )(
)
JžxR{

[ 2.3-2 ]

where ε is the AlGaN dielectric constant, ΔEc is the conduction band offset of AlGaN as shown in equations
below;
M(†) = gej ' 5ej†
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[ 2.3-3 ]

•-/ = 5ev Ÿ-. (†) ' -. (5) *@

[ 2.3-4 ]

here Eg(x) is the bandgap energy of AlXGa1-xN and given as;
-¡(†) = † · ! -¡ š{› + (1 ' †) · ! -¡Y3› ' ¢†(1 ' †)

[ 2.3-5 ]

where “x” is the Al mole fraction (0.25), Eg (x) is the band-gap of the AlxGa1-xN, EgAlN is the band-gap
energy of the AlN (6.2 eV)7,33 EgGaN is the band-gap energy of the GaN (3.43eV)34 , and b is the band-gap
bowing parameter (curvature correction in the calculation of bandgap energies), 1 in this case.35,36,37
In the case of critical thickness determined by the band gap energy of AlGaN, EAlGaN is used instead
of the surface state energy Ed and where Ed=1/2 EAlGaN, the only available occupied states will be in the
valance band. The only way for 2DEG to exist is for the barrier thickness of AlGaN layer to be high enough
to bring the valance band to the Fermi level. Consequently, a surface hole gas can be produced with the
transfer of electrons from the AlGaN valance band to the GaN conduction band.
The 2DEG density as a function of the barrier thickness is given as follows when t>tc;
J;Q = £‰ (1 '

%/F
)
%

[ 2.3-6 ]

here ρP is the polarization induced charges at the heterointerface due to the discontinuity of the total
polarization #”• and is given as follows;

£x = '¤e #”•

[ 2.3-7 ]

A polarization sheet charge density σ due the total polarization in the presence of an abrupt interface
AlGaN/GaN or GaN/AlGaN (top/bottom) can be defined as follows;
ž = #¥¦‰ ' #A¦¥¥¦•

ž = §#Q‰¨©ª + #‰Š¨©ª « ' (#Q‰¬©¨¨©- + #‰Š¬©¨¨©- )
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[ 2.3-8 ]
[ 2.3-9 ]

To explain the formation of the surface charges and 2DEG an undoped Ga-face wurtzite
AlGaN/GaN heterostructure will be considered. N-face polarity AlGaN/GaN heterostructure will follow
the general rules as well but detail can be found in Ambacher et al.’s research16. In the case of AlGaN/GaN
heterostructure grown in the (0001) direction, there will be a positive charge at the interface of AlGaN, and
a negative charge at the surface of AlGaN. This is because of the difference in the polarization between the
positive and the negative charges due to the sheet electron charge density of ns at the 2DEG, charges due to
the ionized donors in the AlGaN layer (+σAlGaN), σsurface charges due to the ionized surface states, and buffer
charges of σbuffer originating from the GaN buffer layer. A schematic illustration of the various space charge
components in Ga-face polarity AlGaN/GaN heterostructure can be seen in the Figure 2.3-3. The net charge
of various space charge components at the surface must be zero to retain the surface charge neutrality.
Therefore, one get the following equation by solving space charge neutrality;

σsurface

+ž ' ž + žš{Y3› + ž2®FH3/s ' ž¯®HHsF = J;2

++
-σ

qns

+ +
+
+σ

+
+

[ 2.3-10 ]

°²

σbuffer

°´

°³

Figure 2.3-3: Schematic illustration of the conduction band diagram of the AlGaN/GaN heterostructure
showing various space charge components.
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In the above equation, induced bound charges of positive and negative σ cancels each other and do
not contribute to 2DEG. In the case of undoped AlGaN as we stated above, there will be no ionized donors
and σAlGaN will be equal to zero. From the condition of charge neutrality, it is obvious that, σbuffer charges are
forced to be negative to keep the 2DEG at the interface. As a result, equation [ 2.3-10 ] can be written as
follows;
ž2®FH3/s = J;2

[ 2.3-11 ]

A semi-classical electrostatic model based on overall charge neutrality can be used to calculate the
theoretical sheet carrier concentration ns of 2DEG for an undoped AlxGa1-xN/GaN HFET structure with a
Schottky contact as follows;16

;2 (†) =

ž(†)
oN µF (†)
'(
)(*¶A (†) + -H (†) ' •-/ (†))
*
&* :

[ 2.3-12 ]

here x is the aluminum alloy composition of the AlxGa1-xN barrier layer, σ(x) is the polarization induced
bound sheet charge density at the AlGaN/GaN heterojunction, ϵ0 is the permittivity of the free space, ϵr(x)
is the relative dielectric constant of the AlxGa1-xN layer, e is the charge of an electron, d is the thickness of
AlXGa1-xN, eφB is the Schottky barrier height of the gate contact on top of the AlxGa1-xN layer, Ef (x) is the
position of the Fermi level with respect to the GaN conduction band edge, and ΔEc (x) is the conduction
band offset at the AlGaN/GaN interface.
The Fermi level Ef(x) is derived as follows; 38
W¸:
-H (†) = -N (†) + ( m );2 (†)
9 (†)

[ 2.3-13 ]

where m*(x) is the effective electron mass with the value equal to 0.22me, and E0(x) is the ground state sub
band level of the 2DEG density and is given by equation [ 2.3-14 ];
-N (†) = •¹

;2 (†) :
»¹
»™>
M(†)
f oN ºf9m (†)
gW¸:
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[ 2.3-14 ]

2.4

Semiconductor Contacts
Connection between the devices and the outside world is provided by contacts with the deposition of

the required metal on the semiconductor. When a semiconductor and metal are brought together, if no
barrier exists to carrier flow in either from metal to semiconductor or from semiconductor to metal, then
the contact is known as ideal contact. There are two kinds of contacts known as Schottky contacts or
rectifying contacts and non-rectifying ohmic contacts with a very small resistivity.

2.4.1 Ohmic Contact
Ohmic contact is a metal-semiconductor contact that has virtually no barrier between the metal and
the conduction band of the semiconductor. A contact is defined as ohmic when the ratio of the potential
drop “V” across the contact versus the current “I” following through the contact is linear with a constant Rc.
The contact resistance for metal-semiconductor contacts with a high doping level in the semiconductor can
be calculated by the tunneling process as follows;39
CºM2 9m ¶AS
P/ = ¾¿À!•
¹
»™
Á
ºKL

[ 2.4-1 ]

where φBn is the barrier height and ND is the doping concentration, εs is the dielectric constant of the
semiconductor, m* is the effective mass for electrons, and h is the Planck’s constant. It is important for ideal
ohmic contacts to have a low contact resistance compared to the bulk resistance of the device in order to
reduce the on-state voltage drop and power dissipation during current conduction. For a typical power
device structure, a specific contact resistance less than 1†15?¼ ½89: is required.40
A metal-semiconductor contact with high doping concentration, low barrier height and narrow
barrier width can be utilized to obtain the low contact resistance. The use of a thin layer of small bandgap
material can also help to lower contact resistance. Barrier height of the contact can be lowered with the
suitable choose of the metal and thermal annealing method. Moreover, in AlGaN/GaN heterostructures,
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highly doped GaN layer is placed at the top to lower the barrier. Contact resistance minimization is required
to obtain max drain current (ID), to minimize the power dissipated and to achieve higher frequencies (fmax)
and extrinsic transconductance (gmext).
In addition, a high density of states near the interface to bring the Fermi level in the semiconductor
close to the conduction band is required for the formation of ohmic contacts at the surface of the
semiconductor. In the wide bandgap III-V semiconductors, this can be achieved with super lattice
engineering in the cap layers.41 Moreover, ideal ohmic contact must be mechanically stable not to be
scratched away during testing or bonding and to prevent degradation during high temperature annealing.9
It should also have a smooth surface morphology to prevent alignment problems for further lithography
steps.9
It is difficult to make ohmic contact on a wide-gap III-V semiconductor because the lack of the
metal with low work function yields a high barrier. Typically Ti/Al/blocking layer/Au multilayer
metallization scheme is used in AlGaN/GaN heterostructures.42 The most common blocking layers are the
metals Ni, Ti, Mo or Pt.43,44,45,46 These barrier layers are used to prevent penetration of Au. Extraction of
nitrogen out of the AlGaN/GaN and forming titanium nitride (TiN) via thermal annealing is known as the
basic mechanism behind the formation of the ohmic contact.47 Removal of the N creates high density of N
vacancies, which causes donor states near the metal interface or in the AlGaN layer. 42,48 These donor states
pin the Fermi level and result in a tunnel junction and the facilitation of the electron transport mechanism.
Nitrogen vacancies in AlGaN causes the AlGaN material underneath the contact to become highly doped
enabling electrons which can tunnel through the remaining thin potential barrier that separates them from
the 2DEG.49
Using Ti/Al sequence, rather than a single Ti layer provides optimum Ti/Al thickness on
AlGaN/GaN.42 Since this sequence has lower resistivity and work function compared to Ti, it also reduces
the contact resistance.50 Al might diffuse into the contact interface and form AlN, which causes an increase
in the contact resistance.50 Every metal used in the ohmic contact has their own specific roles. The first,
metal layer deposited on the AlGaN is the titanium (Ti) and it is used as an adhesion layer to provide good
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mechanical stability.51 It also dissolves the native oxide on the AlGaN surface.52 More importantly, as
mentioned above, it creates nitrogen vacancies (VN) in the AlGaN barrier layer. Aluminum reacts with Ti
and forms Al3Ti layer to prevent the oxidation under the Ti layer.51 It also serves as a diffusion barrier for
the Ni and Au layers since they might form high Schottky barriers with the AlGaN barrier layer.52 Finally,
it is responsible for improving contact resistance. 42

2.4.2 Schottky Contact
The Fermi level position of a metal and semiconductor generally lies in different energy levels
when they are not in contact. In this case, a metal is defined by its work function φm as given equation
[ 2.4-5 ] and a semiconductor is characterized by its electron affinity χsc given in equation [ 2.4-4 ]. The
metal work function is defined as the energy required moving an electron from the Fermi level position in
the metal to a rest state in free space outside the surface of the metal. Similarly, electron affinity is the
energy required to move an electron from the bottom of the conduction band in the semiconductor to a rest
state in free space outside the surface of the semiconductor.
When a semiconductor and a metal with no surface states are brought together, Fermi levels of the
metal and semiconductor will align and cause a charge motion from the higher energy side to the lower
one. Moreover, alignment of Fermi levels forms a positively charged depletion region or space-charge layer
in the semiconductor as given in equation [ 2.4-2 ] and a potential barrier at the interface. The depletion
region with a depletion width of WD as in equation [ 2.4-2 ] gives rise to a built-in potential (Vbi) and electric
field (E0) at the interface between the metal and the semiconductor.
kL = X(@¯G ' @s‘4 '
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[ 2.4-2 ]

where Vext is the applied voltage and εs is the permittivity of the semiconductor. The built in potential which
is necessary for electrons in the conduction band to overcome to move into the metal is given by equation
[ 2.4-3 ];
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@¯G = ¶AS ' @S

[ 2.4-3 ]

The potential barrier prevents charge carriers from following one to another. The Schottky barrier height
φBn between the metal and the n-type semiconductor is given as the difference between the work function
of the metal and the affinity of the semiconductor.
¶AS = ¶Ä ' ÅQI
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[ 2.4-4 ]
[ 2.4-5 ]
[ 2.4-6 ]

When a negative voltage is applied to the n-type semiconductor with respect to metal, (a forward
bias) the barrier height is lowered. Whereas the semiconductor to metal barrier potential increases with the
applied positive voltage in the n-type semiconductor with respect to metal (a reverse bias). In the case of
applied bias, there will be current flow, if there is sufficient energy provided for the carriers in metal or
semiconductor to transport.
It is known that metal work function and semiconductor electron affinity are important to determine
Schottky barrier height. Higher barrier height can be obtain through metals with high work function, such
as Palladium (Pd=5, 12 eV), Gold (Au=5.10eV), Nickel (Ni=5.15eV), and Platinum (Pt=5.65eV).53 Ni/Au
is the most frequently used metallization for Schottky diode in AlGaN/GaN HEMTs.7,54 It is also recognized
that high reverse gate leakage current is one of the key issues in AlGaN/GaN HEMTs.54 The excess leakage
current not only contributes to low frequency noise55 but also deteriorates the breakdown voltage.56
Therefore, it reduces the efficiency and reliability of the transistors for power electronic applications. It is
believed that effective barrier thinning through unintentional surface-defect donors leads to this effect.7,57
Consequently, it is of great importance to investigate the Schottky contacts in AlGaN/GaN HEMTs
structures.
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2.4.3 Electrical Measurement of Contacts
2.4.3.1 Transmission Line Model / Transfer Length Method
The transmission line model (TLM) is one of the most commonly used methods to evaluate the
specific contact resistivity and other related parameters of ohmic contact.9 For this measurement, an array
of identical ohmic contacts are metalized on the semiconductor with increasing spaces, “l”, between the
contacts. Figure 2.4-1displays a schematic representation of circular (a) and rectangular (b) contact designs
for the TLM measurement. The total resistance RT (Ω) can be found from the resistance R versus l
measurements by using a linear regression as described in the following equation;9
P¥ = CPI +

—PQ
Ç

[ 2.4-7 ]

where RC is the contact resistance and l is the spacing between the contacts, Z is the width of the contact
and RS is the sheet resistance of the semiconductor layer. RC is multiplied by two because the resistance is
measured between the two contacts and the value of it can be found from the intercept of the R versus l
measurements. The value of RS can be derived from the slope of R versus l line. The value of specific
contact resistivity ρS is given by equation [2.4-8].
PI:
£Q =
PQ

[ 2.4-8 ]

The current flowing in (or out) at the edge of the contact is important because the current drops off
until at the far edge when moving away from that edge. This is known as “current crowding” which shows
the current drop from the edge of the contact and approximated as follows;
‘
~¨
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[ 2.4-9 ]

here LT is the average distance that an electron (or hole) travels in the semiconductor beneath the contact
before it flows up into the contact and given by equation [ 2.4-10 ];
£I
É¥ = X
PQ
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[ 2.4-10 ]

LT is also determined at the intercept of R versus l graph when R is equal to zero.
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Figure 2.4-1: Schematic representation of (a) circular and (b) rectangular contact designs for the TLM
measurement.
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Figure 2.4-2: A representative graph of the variation of resistance with respect to the gap distance for
TLM measurements.
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A representative graph of the variation of resistance with respect to the gap distance is shown in
the Figure 2.4-2. The current flow at the contact edge significantly affects the results of the contact
resistance for the rectangular contacts. Therefore, to avoid unwanted current flow mesa island fabrication
is required. In the case of circular contacts, there is no unwanted current flow even without mesa etching.
In the TLM method, to prevent the edge effects the spacing between the contacts must be much smaller
than the contact width. To avoid from edge effect circular transmission line method (CTLM), where the
contacts are circular, can be used. To obtain RC and RS values from CTLM following relation is used;58
P¥ = PI
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2.4.3.2 Current-Voltage Characteristics
The majority charge carriers i.e., electrons (holes) in the case of an n-type (p-type) semiconductor,
respectively, are the main sources for the current transport through a metal-semiconductor junction. There
are several ways for the carriers overcome the barrier across a metal-semiconductor junction. In the case of
thermionic emission (TE), electrons can be transported over the top of the barrier which is lowered with
respect to Fermi level in the semiconductor by an amount equal to the applied bias.9 Electrons can be also
transport by tunneling through a thinner barrier with some energy gained from the bias in a process known
as thermionic field emission (TFE).9 Direct electron tunneling occurs from the conduction band or Fermi
level of the semiconductor to the metal in the field emission (FE) process.9 This kind of current transport is
more seen in ohmic contacts.
For a typical Schottky diode with moderately doped (low ND, doping concentration)
semiconductors thermionic emission is the dominant process for the current transport under moderate
temperature. Thermionic field emission and/or field emission process will become dominant in the case of
highly doped semiconductors and the tunneling probability of the electrons will increase. Figure 2.4-3
displays an energy diagram and current flow mechanisms for TE, TFE, and FE processes. A corresponding
current versus voltage graph for these processes is shown in the Figure 2.4-4.
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Figure 2.4-4: Representative current versus voltage graph for TE, TFE, and, TE processes.
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We will focus on a traditional current density-voltage (J-V) expression given by thermionic
emission theory:9
J@
Ï¥œ = ÏQ •¾¿À Ê
Ë ' 1™
;ÂÃ

[ 2.4-12 ]

where T is the temperature, k is the Boltzmann constant, and n is the ideality factor and approximately equal
to 1. JS is the saturation value of the current density JTE given by equation [ 2.4-13 ].
?Ð(Ñ¬ ?•Ñ)
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[ 2.4-13 ]

here A* is the effective Richardson constant, and Δφ is the image force barrier lowering and they are both
voltage dependent. Hence, for applied voltages greater than dÂÃÎJ the current density-voltage
characteristics are simply written as follows;
J@
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)
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[ 2.4-14 ]

In the case of reverse direction, saturation current density JS is generally used instead of current
density JTE because the barrier lowering becomes more important.9 Schottky barrier requires detailed
information on the distribution of interface states. Since it is hard to get all the information required, the
barrier height of Schottky contact is usually determined from forward response reverse current-voltage (IV) characteristics. The plot of JS/T2 versus 1/T is called a Richardson plot and by using this plot one can
derive barrier height and the Richardson constant from a linear fit.14
¶A =

ÂÃ hm Ã :
ÌÍ
J
ÏQ

[ 2.4-15 ]

where k is the Boltzmann constant, T is the absolute temperature of device, and A* is the Richardson
constant. It is important to note that the barrier height is derived at zero bias. The current will deviate from
linear due to the series resistance at high biases.
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Figure 2.4-5: (a) Intrinsic transistor with increasing potential V(x) from source (x = 0) to drain(x = L)
when a current is flowing (b) Schematic draw of AlGaN/GaN HEMT.

The basic geometrical parameters of the HEMTs are shown in the Figure 2.4-5. LG is the gate length and
WG is the gate width. LGS and LGD are the gate to source and the gate to drain terminal spacing, respectively.
The thickness of the active layer from the gate contact to the conductive channel is denoted by d. Dimension
LG is critical in determining the maximal frequency limits for the device. The gate width WG is directly
proportional to the drain current flowing through the device.59 Consequently, while small-gate-width
devices are used in low noise applications, for relatively low current applications larger-gate-width devices
are utilized in power applications.
In a field effect transistor, a lateral field is produced via the drain bias. It is known that, the channel
voltage varies along the channel between the source and drain, and reaches a value equal to the drain
voltage. It is assumed that the channel voltage is added to the gate voltage for long channel devices with a
very small drain bias. Assuming no extrinsic series source or drain resistance the channel 2DEG sheet
carrier concentration nS at any point x along the channel is given by equation [ 2.4-16 ].12
;Q = $N §@YQ ' @4z ' @(†)« =
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where, ε0 is the dielectric constant of the vacuum, εr is the dielectric constant of the semiconductor, d is the
distance of the gate to the 2DEG channel, VGS is the intrinsic applied gate bias, and V(x) is the voltage in
the x direction between the source and drain contact. C0 is the capacitance normalized to the gate and
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assumed to be independent of nS. In reality, with the increase of nS the capacitance will slowly increase
because of the decrease in d with the Fermi level variation. Vth is the threshold voltage where the sheet
concentration in the channel is equal to zero and defined as follows;
@4z = ¶A ' •-I '

JKL :
&
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[ 2.4-17 ]

The DC behavior of HEMTs is characterized by the output characteristics of the channel
current/drain current ID. The ID is typically depicted proportional to channel width WG, so is given in
[mA/mm]. Once the sheet carrier concentration nS is calculated, ID can be derived by multiplying nS by its
velocity 0 and by the gate width WG of the transistor.

"L (†) = JkY ;Q (†)0(†)

[ 2.4-18 ]

The carrier velocity under applied electric field can be calculated with the following formula which displays
a transition from the constant-mobility regime to the constant saturation velocity 0Q regime as follows;
0(-‘ ) =

7N -‘
7N -‘
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1 + (7N -‘ T0Q
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[ 2.4-19 ]

here EC is the critical electric field at the saturation point and equal to -I = 0Q T7N , 7N is the low field

mobility, and E(x) represents the electric field in the channel and is equal to -(†) = '&@(†)T&†. The
electronic transport in the HEMTs devices with short gate length works under high field.
By assuming the saturation velocity model drain current can be written as following by using equation
[ 2.4-19 ].
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[ 2.4-20 ]

After integrating equation [ 2.4-20 ] from the source end (x=0) of the channel with V(x=0) = 0 to drain end
of the channel x=LG with V(x=LG)=VDS I-V characteristics for the linear region can be obtain as follows;
1 :
7N µF µN (@YQ ' @4z )@LQ! ' C @LQ
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7
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LG and VDS are the gate length and the intrinsic applied source-drain bias, respectively. One should
note that, this equation is valid until the drain current saturates and the saturation velocity 0Q approaches to
infinity. Applied voltage at this point known as knee voltage. By assuming the velocity saturation by
differentiating and setting the above equation to zero drain saturation current IDsat can be obtained as
follows;
"L]ÒÓ = kY
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Considering constant mobility model and taking the conductivity σ equal to J;Q 7 drain current can be
expressed as follows;
"L = 7Ô(†)
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When ns is decreasing to zero at the end of the channel, where x=LG saturation drain current is given by
equations [ 2.4-24 ].
"L]ÒÓ =
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This is true when the electric transport occurs at low electric field in the case of long gate devices
G
which describes the modulation of the drain current by the
(LG>10μm). The intrinsic transconductance ¡Ä

gate-source voltage is an important parameter in HFETs and is defined by equation [ 2.4-25 ].
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Hence, intrinsic transconductance can be expressed as follows;
G
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The current flow through the source/drain contacts and the ungated channel regions gives rise to
voltage drops and during the device operation this should be taken into consideration. Both the intrinsic
gate and the intrinsic drain biases are reduced because of these additional extrinsic voltage drops. As a
s
in device operation and it is defined as
result, one should consider the extrinsic transconductance ¡Ä!

follows;
s
¡Ä
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G
¡Ä

G
1 + PQ ¡Ä
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where RS is the source resistance and given by equation [ 2.4-28 ].
PQ =

1
(P + &YQ PQÚ )
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[ 2.4-28 ]

where PQÚ = (J7N ;2 )?< is the 2DEG channel sheet resistance, and dGS is gate –source distance. Another
crucial parameter for device evaluation is the cutoff frequency fT at which the current gain h12 becomes
unity for short-circuits conditions. Current gain can be written as follows;
Á<: =

Õ"L ¡Ä Õ@YQ
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here CG is the gate capacitance, and Û is the radial frequency, expressed as follows when the gain becomes
unity.
Û¥ =

The cutoff frequency is expressed directly using the transconductance and the gate capacitance as follows;
Ü¥ =

¡Ä
CW$Y

[ 2.4-31 ]

Typical I-V output curves of the HEMTs device on AlGaN/GaN are shown in the Figure 2.4-6.
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Figure 2.4-6: (a) Transfer characteristics with transconductances, and (b) typical output characteristics
for doped AlGaN/GaN HEMTs device.
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2.4.3.3 Capacitance – Voltage Characteristics

The total charge in the semiconductor is given by equation [ 2.4-32 ].14
Ô = JKL D = •CJKL MQ Ê@¯G ' @s‘4 '
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here ND is the donor concentration, εS is the dielectric constant of the semiconductor, Vbi is the built in
potential given as the difference φm-φs, and Vext is the external applied potential. w is the width of the
depletion region and for a homogenously doped Schottky contact it is defined as follows;
CµN µF
D=X
(@ ' @s‘4 )
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It is seen that the width of the depletion region can be modulated by applied voltage and depends on the
metal contact. One can define the capacity $ = Ý&Ô T&@ Ý of the space charge region per unit area and can
calculate it by using the following formula;
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In addition, the capacitance across the depletion space charge with zero external bias for a heterostructure
with 2DEG is given as follows; 60
$ = he
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MN MF
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[ 2.4-35 ]

where!MF is relative permittivity, and d is the distance the Schottky contact from the 2DEG when the
depletion region slightly touches 2DEG at zero applied voltage. Since doping concentration can be derived
from measurement of 1T$ : as a function of the bias voltage, the above equation can also be written as
follows;
ÂÃ
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[ 2.4-36 ]

If the doping concentration is homogeneousy 1T$ : should be linearly dependent on the bias voltage. The
doping concentration can be derived from the slope with the following equation [ 2.4-37 ].
KL = '
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The built in potential Vbi can also be derived from extrapolation to 1T$ : = 5e Hence, the Schottky barrier
height φB can also be determined from equation [ 2.4-38 ].61
¶A = @¯G + @S +

ÂÃ
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J

[ 2.4-38 ]

where Δφ is the barrier lowering due to the image force effect between the flat-band and the zero bias cases.
By using C-V spectroscopy inhomogeneous doping the depth profile of the doping can be determined. 14
Checking the quality and characterization of heterostructure layer with 2DEG C-V measurement is one of
the most common techniques.62,63 One can evaluate the concentration of 2DEG, distance of the 2DEG from

Capacitance

the surface and mobility of charge carriers via C-V measurement.
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Voltage
Figure 2.4-7: Capacitance-voltage characteristics of Schottky diode with 2DEG

Figure 2.4-7 displays ideal C-V characteristics of a Schottky diode with 2DEG and area A. The
space charge under the contact starts to deplete with the application of negative bias and it will penetrate
through 2DEG at higher bias. The capacitance will decrease rapidly when the depletion region completely
penetrates through 2DEG because of very low capacitance of the depleted 2DEG channel C2DEG. The total
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sheet charge density of 2DEG can be derived by the integral of the charge under the C-V curve. The mobility
can be calculated via equation [ 2.4-39 ].
PQÚ =

1
J;2 7

[ 2.4-39 ]

where RSH is the 2DEG channel sheet resistance of the semiconductor layer and can be obtained through
TLM measurements. For a given gate bias and for low electric fields, the 2DEG sheet carrier density nS can
be approximated by equation [ 2.4-40 ].64
;Q =
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[ 2.4-40 ]

here Cb is the gate capacitance. The gate capacitance is the sum of several capacitance contributions
including the GaN cap, the AlGaN barrier, the AlN space layer and the contribution of the distance of the
electron gas from the space layer CΔd. Each of the contribution has the form of!$G = MG T&G . The dielectric
constant MG for GaN and AlxGa1-xN can be obtained from the approximation M(†) = '5ej† + geje16
?<
?<
?<
?<
$¯?< = $/3x
+ $¯3FFGsF
+ $2x3/GS.
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[ 2.4-41 ]

The threshold voltage Vth with the total polarization induced charge PT is expressed as follows;
@4z = ¶A ' •-I ' J$¯?< #¥
where ΔEC is the conduction band offset at the AlGaN/GaN interface.
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[ 2.4-42 ]

References

1

T. Lei, M. Fanciulli, R. J. Molnar, T. D. Moustakas, R. J. Graham, and J. Scanlon,
“Epitaxial growth of zinc blende and wurtzite gallium nitride thin films on (001)
silicon”, Appl. Phys. Lett. 59, 944 (1991).
2

R. C. Powell, N.ãE. Lee, Y.ãW. Kim, and J. E. Greene, “Heteroepitaxial wurtzite and
zincãblende structure GaN grown by reactiveãion molecularãbeam epitaxy: Growth
kinetics, microstructure, and properties”, J. Appl. Phys. Lett. 73, 189 (1993).
3

J. N. Kuznia, J. W. Yang, Q. C. Chen, S. Krishnankutty, M. Asif Khan, T. George,
and J. Frietas Jr., “Low pressure metalorganic chemicalãvapor deposition of cubic GaN
over (100) GaAs substrates”, Appl. Phys. Lett. 65, 2407 (1994).
4

B. Daudin, G. Feuillet, J. Hübner, Y. Samson, F. Widmann, A. Philippe, C. BruChevallier, G. Guillot, E. Bustarret, G. Bentoumi, and A. Deneuville, “How to grow
cubic GaN with low hexagonal phase content on (001) SiC by molecular beam epitaxy”,
Appl. Phys. Lett. 84, 2295 (1998).

5

J. Wu, H. Yaguchi, H. Nagasawa, Y. Yamaguchi, K. Onabe, Y. Shirika, and R. Ito,
“Crystal Structure of GaN grown on 3C-SiC substrates by metal organic vapor phase
epitaxy”, Jpn. J. Appl. Phys, 36, 4241 (1997).
6

H. Xia, Q. Xia, and A. L. Ruoff, “High pressure structure of gallium nitride: Wurtziteto-rocksalt phase transition”, Phys. Rev. B, 57, 12925 (1993).

7

R. Quay, “Gallium nitride electronics”, Springer-Verlag, Berlin (2008).

8

J. I. Pankove and T.D. Moustakas, “Gallium nitride (GaN)”, Academic Press, San
Diego (1998).
9

H. Morkoç, “Nitride Semiconductors and Devices”, Springer-Verlag, Berlin, (1999).

10

M. E. Levinshtein, S. L. Rumyantsev, and M. S. Shur, “Properties of advanced
semiconductor materials, GaN, AlN, InN, BN, SiC, SiGe”, John Wiley & Sons, Canada
(2001).

11

F. Bernardini, V. Fiorentini, and D. Vanderbilt, “Spontaneous polarization and
piezoelectric constants in III-V nitrides.” Phys. Rev. B, 56, R10024 (1997).
12

H. Morkoç, “Handbook of nitride semiconductors and devices: GaN-based optical
and electronic devices”, Wiley-VCH Verlag, Weinheim (2009).

13

A. Zoroddu, F. Bernardini, P. Ruggerone, and V. Fiorentini, “First-principles
prediction of structure, energetics, formation enthalpy, elastic constants, polarization,
and piezoelectric constants of AlN, GaN, and InN: Comparison of local and gradientcorrected density-functional theory”, Phys. Rev. B 64, 045208 (2001).

51

14

M. Grundmann, “The Physics of Semiconductors: An introduction including devices
and nanophysics”, Springer-Verlag, Berlin (2006).

15

G. O’Clock and M. Duffy, “Acoustic surface wave properties of epitaxially grown
aluminum nitride and gallium nitride on sapphire”, Appl. Phys. Lett. 23, 55 (1973).

16

O. Ambacher, J. Smart, J. R. Shealy, N. G. Weimann, K. Chu, M. Murphy, W. J.
Schaff, L. F. Eastman, R. Dimitrov, L. Wittmer, M. Stutzmann, W. Rieger, and J.
Hilsenbeck, “Two-dimensional electron gases induced by spontaneous and
piezoelectric polarization charges in N- and Ga-face AlGaN/GaN heterostructures”, J.
Appl. Phys. 85, 3222 (1999).
17

A.S. Barker, Jr. and M. Ilegems, “Infrared Lattice Vibrations and Free-Electron
Dispersion in GaN”, Phys. Rev. B, 7, 743 (1973).
18

A. F. Wright, “Elastic properties of zinc-blende and wurtzite AlN, GaN, and InN”, J.
Appl. Phys. 82, 2833 (1997).
19

O. Ambacher, B. Foutz, J. Smart, J. R. Shealy, N. G. Weimann, K. Chu, M. Murphy,
A. J. Sierakowski, W. J. Schaff, L. F. Eastman, R. Dimitrov, A. Mitchell and M.
Stutzmann, “Two dimensional electron gases induced by spontaneous and piezoelectric
polarization in undoped and doped AlGaN/GaN heterostructures”, J. Appl. Phys. 87,
334 (2000).
20

I. Vurgaftman and J. R. Meyer, “Band parameters for nitrogen-containing
semiconductors”, J. Appl. Phys. 94, 3675 (2003).
21

A. Bykhovski, B. L. Gelmont, and M. S. Shur, “Elastic strain relaxation and
piezoeffect in GaN-AlN, GaN-AlGaN and GaN-InGaN superlattices”, J. Appl. Phys.
81, 6332 (1997).
22

A. Hangleiter, J. S. Im, H. Kollmer, S. Heppel, J. Off, and F. Scholz, “The role of
piezoelectric fields in GaN-based quantum wells”, MRS Internet J. Nitride Semicond.
Res. 3, 15 (1998).
23

L. Hsu and W. Walukiewicz, “Effects of piezoelectric field on defect formation,
charge transfer, and electron transport at GaN/AlxGa1−xN interfaces”, Appl. Phys. Lett.
73, 339 (1998).
24

I. P. Smorchkova, C. R. Elsass, J. P. Ibbetson, R. Vetury, B. Heying, P. Fini, E. Haus,
S. P. DenBaars, J. S. Speck, and U. K. Mishra, “Polarization-induced charge and
electron mobility in AlGaN/GaN heterostructures grown by plasma-assisted molecularbeam epitaxy”, J. Appl. Phys. 86, 4520 (1999).
25

M. S. Shur, A. D. Bykhovski, and R. Gaska, “Two-dimensional hole gas induced by
piezoelectric and pyroelectric charges”, Solid-State Electron. 44, 205 (2000).
26

P. M. Asbeck, E. T. Yu, S. S. Lau, W. Sun, X. Dang, and C. Shi, “Enhancement of
base conductivity via the piezoelectric effect in AlGaN/GaN HBTs”, Solid-State
Electron. 44, 211 (2000).

52

27

J .P. Ibbetson, P. T. Fini, K. D. Ness, S. P. DenBaars, J. S. Speck and U. K. Mishra,
“Polarization effects, surface states, and the source of electrons in AlGaN/GaN
heterostructure field effect transistors”, Appl. Phys. Lett. 77, 250 (2000).

28

H. W. Jang, C. M. Jeon, K. H. Kim, J. K. Kim, S-B Bae, J-H Lee, J. W. Choi, and JL Lee, “Mechanism of two-dimensional electron gas formation in AlxGa1-xN/GaN
heterostructures”, Appl. Phys. Lett. 81, 1249 (2002).
29

Y. Dong, R. M. Feenstra, and J. E. Northrup, “Electronic states of oxidized GaN
(0001) surfaces”, Appl. Phys. Lett. 89, 171920 (2006).

30

H. Kambayashi, Y. Satoh, S. Ootomo, T. Kokawa, T. Nomura, S. Kato, and T.S.P.
Chow, “Over 100 A operation normally-off AlGaN/GaN hybrid MOS-HFET on Si
substrate with high-breakdown voltage”, Solid State Electron. 54, 660 (2010).

31

X. A. Cao, A. A. Syed, and H. Piao, “Investigation of the electronic properties of
nitrogen vacancies in AlGaN”, J. Appl. Phys, 105, 063707 (2009).
32

T. L. Tansley and R. J. Egan, “Point-defect energies in the nitrides of aluminum,
gallium, and indium”, Phys. Rev. B 45, 10942 (1992).
33

L. Bornstein, “New series, Group III” Springer-Verlag, Berlin, (1988).

34

W. Shan, J. W. Ager III, K. M. Yu, W. Walukiewicz, E. E. Haller, M. C. Martin, W.
R. McKinney, and W. Yang, “Dependence of the fundamental band gap of AlxGa1−xN
on alloy composition and pressure”, J. Appl. Phys. 85, 8505 (1999).
35

H. Angerer, D. Brunner, F. Freudenberg, O. Ambacher, M. Stutzmann, R. Höpler, T.
Metzger, E. Born, G. Dollinger, A. Bergmaier, S. Karsch, and H.-J. Körner,
“Determination of the Al mole fraction and the band gap bowing of epitaxial AlxGa1−XN
films”, Appl. Phys. Lett. 71, 1504 (1997).
36

Y. Koide, H. Itoh, M. R. H. Khan, K. Hiramatu, N. Sawaki, and I. Akasaki, “Energy
bandãgap bowing parameter in an AlxGa1−xN alloy”, J. Appl. Phys. 61, 4540 (1987).
37

F. Yun, M. A. Reshchikov, L. He, T. King, H. Morkoç, S. W. Novak, and L. Wei,
“Energy band bowing parameter in AlxGa1−xN alloys”, J. Appl. Phys. 92, 4837 (2002).

38

M. S. Shur, “GaN and related materials for high power applications”, Mater. Res.
Soc. Symp. Proc. 483, 15 (1998).

39

S. M. Sze, “Physics of semiconductor devices”, Wiley, New York (1981).

40

B. J. Baliga, “Fundamentals of power semiconductor devices”, Springer, New York
(2008).
41

T. Murata, M. Hikita, Y.Hirose, Y. Uemoto, K. Inoue, T. Tanaka, and D. Ueda,
“Source resistance reduction of AlGaN–GaN HFETs with novel superlattice cap layer”
IEEE Trans. Electron Devices, 52, 1042 (2005).

42

B. Van Daelea, G. Van Tendeloo, W. Ruythooren, J. Derluyn, M. R. Leys, and M.
Germain, “The role of Al on ohmic contact formation on n-type GaN and AlGaN/GaN”,
Appl. Phys. Lett. 87, 061905 (2005).
53

43

D. F. Wang, F. Shiwei, C. Lu, A. Motayed, M. Jah, S. N. Mohammad, K. A. Jones,
and L. Salamanca-Riba, “Low-resistance Ti/Al/Ti/Au multilayer ohmic contact to nGaN”, J. Appl. Phys. 89, 6214 (2001).

44

C. T. Lee and H. W. Kao, “Long-term thermal stability of Ti/Al/Pt/Au ohmic contacts
to n-type GaN”, Appl. Phys. Lett. 76, 2364 (2000).
45

S. Ruvimov, Z. Lilienthal-Weber, J. Washburn, K. J. Duxstad, E. E. Haller, Z. F. Fan,
S. N. Mohammad, W. Kim, A. E. Botchkarev, and H. Morkoç, “Microstructure of Ti/Al
and Ti/Al/Ni/Au ohmic contacts for nãGaN”, Appl. Phys. Lett. 69, 1556 (1996).

46

V. Kumar, L. Zhou, D. Selvanathan, and I. Adesida, “Thermally-stable low-resistance
Ti/Al/Mo/Au multilayer ohmic contacts on n–GaN”, J. Appl. Phys. 92, 1712 (2002).

47

J. K. Kim, H. W. Jang, and J. L. Lee, “Mechanism for ohmic contact formation of Ti
on n-type GaN investigated using synchrotron radiation photoemission spectroscopy”,
J. Appl. Phys. 91, 9214 (2002).
48

A. N. Bright, P. J. Thomas, M. Weyland, D. M. Tricker, C. J. Humphreys, and R.
Davies, “Correlation of contact resistance with microstructure for
Au/Ni/Al/Ti/AlGaN/GaN ohmic contacts using transmission electron microscopy”,
J.Appl. Phys. 89, 3143 (2001).

49

Q. Z. Liu, L. S. Yu, F. Deng, S. S. Lau, Q. Chen, J. W. Yang, and M. A. Khan, “Study
of contact formation in AlGaN/GaN heterostructures”, Appl. Phys. Lett. 71, 1658
(1997).
50

A. Motayed, R. Bathe, M. C. Wood, O. S. Diouf, R. D. Vispute, and S. Noor
Mohammad", Electrical, thermal, and microstructural characteristics of Ti/Al/Ti/Au
multilayer ohmic contacts to n -type GaN”, J. Appl. Phys. 93, 1087 (2003).
51

S. Ruvimov, Z. Liliental-Weber, J. Washburn, D. Qiao, S. S. Lau, and P. K. Chu,
“Microstructure of Ti/Al ohmic contacts for n-AlGaN”, Appl. Phys. Lett. 73, 2582
(1998).

52

Q. Z. Liu and S. S. Lau, “A review of the metal-GaN contact technology”, Solid State
Electron. 42, 677 (1998).
53

A.C. Schmitz, A.T. Ping, M. A. Khan, Q. Chen, J.W. Yang, and I. Adesida, “Metal
contacts to n-type GaN”, J. Electron. Mater. 27, 255 (1998).

54

N. Miura, T. Nanjo, M. Suita, T. Oishi, Y. Abe, T. Ozeki, H. Ishikawa, T. Egawa, T.
Jimbo, “Thermal annealing effects on Ni/Au based Schottky contacts on n-GaN and
AlGaN/GaN with insertion of high work function metal”, Solid-State Electron. 48, 689
(2004).
55

S.L. Rumyantsev, N. Pala, M.S Shur, R. Gaska, M.E Levinshtein, M.A Khan, G.
Simin, X. Hu, and J. Yang “Effect of gate leakage current on noise properties of
AlGaN/GaN field effect transistors”, J Appl Phys. 88, 6726 (2000).

56

W. S. Tan, P. A. Houston, P. J. Parbrook, D. A. Wood, G. Hill, and C. R. Whitehouse,
“Gate leakage effects and breakdown voltage in metalorganic vapor phase epitaxy
AlGaN/GaN heterostructure field-effect transistors”, Appl. Phys. Lett. 80, 3207 (2002).
54

57

S. Karmalkar, D. M. Sathaiya, and M. S. Shur, “Mechanism of the reverse gate
leakage in AlGaN/GaN high electron mobility transistors”, Appl. Phys. Lett. 82, 3976
(2003).
58

M. Marso, “Grundlagen der elektrischen bauelement-charakterisierung, Internal
report”, Institute of Thin Films and Interfaces, Research Centre Jülich, Germany,
(1999.)
59

J. M. Golio, E. N. Arnold, and W. B. Beckwith, “Microwave MESFETs and
HEMTs”, Artech House London (1991).

60

J. Bernát, “Fabrication and characterization of MSM diodes on AlGaN/GaN HEMTstructures for microelectronic and optoelectronic application”, Diploma thesis, ISI-FZJuelich (2002).
61

A. M. Goodman, “Metal-semiconductor barrier height measurement by the
differential capacitance method one carrier system”, J. Appl. Phys. 34, 329 (1963).
62

M. J. Uren, D. Lee, B. T. Hughes, P. J. M. Parmiter, J. C. Berbeck, T. Martin, R. H.
Wallis, and S. K. Jones, “Electrical characterization of AlGaN/GaN heterostructure
wafers for high-power HFETs”, J. Cryst. Growth, 230 579 (2001).
63

R. H. Wallis, R. A. Davies, S. K. Jones, R. Beanland, and W. A. Phillips, “A
comparison of commercial sources of epitaxial material for GaN HFET fabrication”, J.
Cryst. Growth, 230, 569 (2001).
64

J. Kuzmík, "Power Electronics on InAlN/(In)GaN: Prospect for a record
performance", IEEE Electron Device Lett. 22, 510 (2001).

55

Chapter 3
3

Surface, bulk, and interface defects
The deleterious effect of high concentration of defects on the performance of AlGaN/GaN HEMTs

cannot be disregarded. Therefore, deep scientific investigation of both surface and interface defects is
required for further improvements in device performance. Defect is defined as the deviation from the ideal
structure in which each atom has its own designated positions.1 Defects can be categorized as follows;
thermodynamic defects, dislocations, stacking faults, grain boundaries, antiphase, inversion domains,
disorder, native defects, and point defects.1 Thermodynamic defects can be the enthalpy of vacancy, created
by bringing an atom from the vacancy site to the surface or interstitial, created by bringing an atom from
the surface to interstitial site.
Dislocations occur with a shift in the crystal lattice and are known as line defects. It is known that in
GaN most dislocations are found at the low angle grain boundaries of columnar structure.2 Some researchers
have pointed out that different types of dislocations may introduce numerous energy levels in the band
gap.3,4 Wright et al.3 showed that threading dislocations are expected to behave as deep donors in n-type
material and deep acceptors in p type. Missing planes or additional planes in the ideal staking of planes are
known as staking faults and they are a common form of strain relief in lattice mismatched hetero-epitaxy
of group III nitrites.2 It is commonly assumed that stacking faults cause a local variation of the energy
bandgap.2
Grain boundaries are the boundaries of crystal grains (small crystals formed during the cooling of any
material), which can behave like barriers for transport or like carrier sinks. In the case of a crystal shift with
respect to one another by an antiphase vector p, antiphase domains take place. If there happens to be a
change in the direction of two domains, then inversion domains take place. Deviations from the ideal
structure on a microscopic scale are identified as disorder. The broken or distorted bonds in the
semiconductors result in deep levels within the forbidden gap, and this situation causes defects known as
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native defects. The charge state of a defect can be determined through the Fermi level, and defects can be
either donor-type, acceptor-type or amphoteric.2 It is known that a donor-type defect is positively charged
if it is empty and neutral when it is full, whereas an acceptor-type defect is neutral when it is empty and
negatively charged upon being fully occupied.1 The presence of both donors and acceptors in
semiconductors occurs quite often. Such semiconductors are known as compensated since under the
equilibrium conditions some of the electrons from the donors will be captured by the acceptors.
Finally, point defects are described as the deviations from the ideal structure involving essentially only
one lattice point.1 Figure 3 displays a schematic diagrams of different types of point defects. All of these
defects crucially affect the optical and electronic properties of the material by trapping charges. However,
other than point defects, other defects do not contribute to luminescence so, in this dissertation, we will
mainly focus on point defects. Point defects present to compensate the introduced dopants or as a
consequence of nonstoichiometric growth or annealing.5 Typically this is followed by a relaxation of the
surrounding host atom.1 The type and density of point defects are generally related to the carrier life time.2

Vacancy

Interstitial impurity

Substitution impurity

Self-Interstitial

Figure 3: Schematic diagram of different types of point defects.
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Point defects can be categorized as vacancy, impurity, antisite, and self-interstitials. Reschikov and
Morkoc5 observed high formation energies for interstitial and antisite defects and found that their existence
in n-type GaN during growth is not likely. The presence of gallium (Ga) vacancies (VGa) in n-type and
nitrogen (N) vacancies (VN) in p-type GaN is more expected. Vacancies are simplest point defects which
take place when an atom is missing from an atomic position.1 Ga vacancies act as an acceptor like defect
and are completely filled with electrons in n-type of GaN. With the light illumination, a radiative transition
of an electron from the conduction band or from a shallow donor to the energy level of Ga vacancies occurs.
On the other hand, N vacancies act as a donor. Since both Ga and N vacancies are mobile for different
temperatures, they can form complexes with more stable defects by migrating. Maruska and Tietjen6 are
the first researchers who suggested the idea of the presence of VN being responsible for the large electron
concentrations. Although Perlin et al.7 supported this idea, some other researchers pointed out those
contaminants, such as Si or O2 are responsible for the large electron concentrations.8 It has been shown that
VN forms a shallow donor level in GaN, and this level gets deeper as the pressure on GaN increases or the
Al mole fraction increases in AlGaN.2 There is also divacancy which produces at least two deep levels in
GaN bandgap and behaves as a double acceptor or donor in n-type and p-type GaN respectively.9
An impurity exists when an atom is populated with an atom of different order numbers. If the same
number of valance electrons are observed in the atom as are present in the original one, this impurity is
called as isovalent. When there are different numbers of valance electrons, the impurity adds extra charge
to the crystals and it compensates with locally fixed charge in the nucleus. The most common shallow
donors in GaN are known as C, Si, and Ge on Ga site; and C, Si, and Ge on the N sites are known as
relatively shallow acceptors in this semiconductor.5
In the case of an AB compound, if an A atom sits on the B site, then an antisite defect occurs. An
example would be the cations sitting on anion sites and vice versa. Both Ga on an N site (GaN) and N on
Ga site (NGa) are antisite defects, and they lie deep within the energy bandgap.2 Self-interstitials are the
cases where additional atoms arise in between the lattice sites. Ga interstitials (GaI) results from the
presence of the large size Ga atoms associated with a large lattice relaxation. Neugebauer and Van de
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Walle10 consider formation of antisites and interstitials in GaN as low probability, due to a small lattice
constant of GaN and the large lattice mismatch between Ga and N atoms. In thermodynamic equilibrium,
formation of GaI is not likely to happen in n-type or under N-rich conditions. It may happen under electron
radiation in GaN or in p-type growth conditions. It is found that GaI is trapped by some other defect(s) and
does not exist in GaN as an isolated defect in equilibrium.5 High formation of energy in Ga rich conditions
via N-N bond occurs because of nitrogen interstitials (NI).11,12,13 Finally, NI is considered as a simple
acceptor in n-type GaN.5

3.1

Physical Trapping Mechanism
In a typical AlGaN/GaN HFET, there are a variety of trapping effects. Those can be categorized as

device and electron-hole effects. Device effects can be summarized as follows;
a. Semiconductor/dielectric surface traps,14,15,16
b. Barrier bulk traps,17
c. Interface trap at channel/barrier interface,18
d. Bulk traps in the buffer,19
e. Interface traps at the substrate/semiconductor interface and in the nucleation layer,19
f.

Recombination/generation in depletion zones of the series resistance.20
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A schematic diagram of the location of the traps in a typical AlGaN/GaN HFET can be seen in the Figure
3.1-1.
Source
GaN cap

Drain
a

AlGaN barrier

GaN cap

a
b

b

c

GaN channel
d

GaN buffer

e

AlGaN transition layer
Substrate

f

Figure 3.1-1: Schematic diagram of the location of the traps in a typical AlGaN/GaN. 18
Physical effects of electrons and holes include the following;21
Ø Generation/recombination with surface traps at the passivation/barrier interface,
Ø Generation/recombination with AlGaN barrier traps,
Ø Generation/ recombination with GaN channel traps,
Ø Generation/ recombination with interface traps at the channel/barrier interface,
Ø Generation/ recombination with bulk traps in the buffer,22
Ø Dynamic generation/ recombination at the nucleation layer.

3.2

Generation and Recombination Mechanism
To understand the physics behind the transient spectroscopy measurement one should know the

generation and recombination mechanisms in semiconductors. There are four possible processes as
illustrated in the Figure 3.2-1;
i.

The capture of an electron from the conduction band to the defect level,

ii.

The emission of an electron from the defect level to the conduction band,
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iii.

The capture of a hole from the valence band to the defect or the emission of an electron from the
defect to the valence band,

iv.

The emission of a hole from the defect to the valence band or the capture of an electron from the
valence band to the defect.

i

iii

ii
8S

iv

*S
8x

-I
-¥

*x

-Ö

Figure 3.2-1: Generation and recombination process involving a trap level.
In the recombination process, a conduction band electron is captured by the defect (i), and emitted
to the valance band (iii). Defects which mediate the recombination of minority and majority carriers are
called recombination centers.23 However, an electron captured by a defect (iv), and emitted into a
conduction band (ii) is known as generation. In this case, defects involved in this process are known as
generation centers. Defects are also known as traps when an electron is trapped for a period of time (i), and
released into the band from which it originated (ii) or a trapped hole is emitted to the valance bands.23 Table
3.2-1 compares the properties of traps and recombination centers23
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Table 3.2-1: Ideal properties for traps and recombination centers.
Defect Property
Charge state before capture of
a minority carrier
Cross section for minority
carriers
Cross section for minority
carriers after capture
Depth( energy from minority
carrier band edge)

Traps
Recombination Center
Doubly charged opposite to Single charged opposite to
minority carriers
minority carriers
-9
-12
2
10 to 10 cm
10-12 to 10-15 cm2
(strongly attractive)
(moderately attractive)
10-18 to 10-20 cm2
10-15 to 10-17 cm2
(moderately repulsive)
(neutral)
Relatively small

Relatively large

Since majority carriers and double charged point defects have the same charge, the defect will be
strongly repulsive to the majority carriers. The trap will release the minority carrier before capturing a
majority carrier when the trap is close enough to the minority carrier band edge. This is due to the fact that
even when the trap captures the minority carriers, it will still have the same charge and therefore, will repel
the majority carrier. Conversely, a recombination center captures majority carriers before releasing the
minority carriers when it is close enough to band edge of the majority carrier where high energy exists. 23
Traps are categorized as shallow levels and deep levels based on the energy difference associated with the
trapped carrier between that state and the appropriate band edge.24 While the energy difference for a donor
is measured from the conduction band, it is measured from the valance band for an acceptor. Shallow levels
tend to have an energy difference, which is on the order of a few thermal energy units (meV). When the
energy difference is in the range of eV, the trap is called deep level. 23
Compensated semiconductors contain both ionized acceptors and donors. Under equilibrium
conditions some of the electrons from the donors will be captured by acceptors resulting in ionized donors
(D+) and acceptors (A-). Upon illumination of the light electrons and holes created in the conduction and
valance band, respectively. These carriers can be captured by D+ and A- sites, and yield neutral D0 and A0
centers. When the equilibrium conditions are met, some of the electrons on the neutral donors will
radiatively recombine with some of the holes in the acceptor site. This process is known as donor-acceptor
pair (DAP) transition.25
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3.3

Point Defects in AlGaN Alloys: Electrical Properties
Si, O, and VIII are the three types of defects that have been identified as determining the conductivity

properties of n-type AlGaN. Si is the commonly used impurity choice, acting as a donor covering the whole
alloy range from GaN to AlN for n-type AlGaN. Its formation energy is estimated as -0.8eV and less than
-1.5eV for GaN and AlN, respectively. Activation energies of 17meV, 75meV, and 55meV were found for
GaN, AlN, and Al0.7Ga0.3N, respectively. For industrial applications activation ratios correspond to
activation energies of alloy composites that are expected to be around 0.1. It is known that higher Si
incorporation may result in occupation of an N site with Si. Highly conductive n-type AlGaN can be
achieved by heavy doping with Si.
Oxygen (O) is another common impurity, which acts as an unintentionally incorporated donor during
growth in III- nitrides. The energy of formation of this impurity has been estimated as 0.3eV and -0.1eV
for GaN and AlN, respectively26. It has been noted that O incorporation can be related to the n-type
background carrier concentration of GaN. On the other hand, O is expected to go under a DX, deep levels
associated with donors in IIIãV semiconductors, transition at x>0.3 in AlGaN so that it can act as a deep
acceptor. Since the intrinsic energy formation of this defect is slightly higher than expected, compensation
from O in the alloy range is less likely.
Another important point defects is the III-vacancy in which three charged states (-1,-2,-3) and one
neutral state can be stable in the system, along with their corresponding complexes with oxygen. Those
three charged states act as ionized acceptors and compensate intentional donors in n-type wide bandgap
semiconductors. In higher bandgap materials, formation energies of these defects become lower. In
addition, formation energies of vacancies become lower near a dislocation. As a result, it is important to
reduce dislocations to further enhance the electrical conductivity in n-type of material.27
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3.4

Trapping effects in AlGaN/GaN HEMTs
As was clearly pointed out in the previous sections, the HEMTs based on AlGaN/GaN

heterostructures are promising candidates for high-power, high-frequency, high-voltage and hightemperature electronic applications due to their unique material and electrical properties.28 Despite the
remarkable advances in optoelectronic and electronic device performances and growth methods for
AlGaN/GaN HEMTs epi-structures, there still remain technical issues that have yet to be understood and
resolved.29 With regards to reliability and stability of AlGaN/GaN HEMTs, one of the major issues that
remain unresolved is the deleterious effect of deep level defects present in the heterostructures on the device
performance.30 Usually, the effects of traps in device performances are observed as noises even at relatively
low frequencies.2
Due to a lack of inexpensive, large area GaN substrates, AlGaN/GaN HEMTs epi-layers are usually
grown heteroepitaxially on foreign substrates, such as Si, SiC, and sapphire.31,32,33 Consequently,
lattice/thermal expansion mismatches between the epi-layers and the foreign substrates result in high
concentration of material defects in AlGaN/GaN HEMTs epi-structures. Figure 3.4-1 presents
representative schematics of lattice/thermal expansion mismatches between the epi-layers and the foreign
substrates. For instance, it is a widely held view that the use of sapphire substrates results in dislocations in
the range of 109-1010cm-2.5 These deep level defects can be point defects, such as Ga5,34 or N vacancies.5
They create localized levels inside the bandgap and can potentially act as charge carrier traps, causing
anomalies that lead to a substantial reduction in device performance. Generally, they are observed in
detectors as excess dark current, noise and reduced responsivity.
Defects cause reduction in the gain and increase in the noise, threshold current, slope efficiency, and
operation lifetime.5 The impact of deep level defects is significant in all device applications since defects
degrade the device performance. Therefore, it is very important to elucidate the nature of the defects and
their distribution across the wafer. Although the influence of the deep level defects gives rise to a similar
degradation of AlGaN/GaN HEMTs current-voltage characteristics, the non-uniform distribution of deep
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level defects across an AlGaN/GaN HEMTs wafer can result in dissimilar electrical characteristics for the
devices fabricated at different locations. In order to improve the reproducibility of the device characteristics
of AlGaN/GaN HEMTs, it is also of great importance to characterize how these defects are distributed
across the wafer.

2DEG

AlGaN
GaN

Dislocation

Substrate

b

a

Figure 3.4-1: Band diagram (a) before and (b) after GaN and AlGaN are brought together.

3.4.1 Current Collapses
Current collapse phenomena were first observed at high applied drain voltages for Si metal oxide
semiconductor FETs (MOSFETs)35 and CdSe thin film transistors.36 Fisher et al.37 used the term “current
collapse” for the first time in a study of collapse in AlGaAs/GaAs modulation-doped FETs (MODFETs) at
cryogenic temperature. Anomalies due to the defects are detected through the output I-V characteristics of
the field effect transistors. It should be noted that observed anomalies in the I-V characteristics are denoted
by different terms, such as current collapse, kink, dispersion, drain lag, and current slump interchangeably2.
First of all, in AlGaN/GaN HEMTs, the so-called “current collapse” occurs as a result of
entrapment of charge carriers at the surface/interface and bulk trap sites and is known to reduce the drain
current.38 Current collapse is a hot carrier effect that is commonly observed in small device structures with
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high applied electric field.39 In this phenomena, high applied drain-source voltage causes hot carriers to
transfer from the conducting channel to an adjacent region with higher concentrations of deep traps in the
device structure.38,40,41 Under these circumstances the injected carriers can become trapped and remain
trapped in deep trapping centers even after removal of the high voltage. In equilibrium, the trapping carriers
during the collapse must be empty since trapped carriers represent non equilibrium charge distribution.39
Due to the reduction in the channel carriers through deep level defects, a large transverse electric field is
produced resulting in collapse of the current. When current collapse occurs, the drain current goes down to
actually zero and stays there for a while.2 Current collapse is measured as the discrepancy between the DC
and pulse measurements.42
For instance, drain current can be reduced due to the trapped charges in the surface states between the gate
and drain, when the device is turned off. Trapped electrons can be emitted from the traps and contribute to
current flow by turning the device on. However, although the gate voltage changes, drain current cannot
follow it at high speeds of modulation. Hence, it takes a very long time for traps to be released.
Consequently, higher on-resistance and low saturated-drain source current occur. A schematic
demonstration of this phenomenon was provided in the Figure 3.4-2. Current collapse increases the knee
voltage and decreases the maximum current. As a result, decreases in the achievable output power which
is the product of maximum current (ΔI) and voltage swing (ΔV) is observed.
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Figure 3.4-2: (a) Schematic comparison of DC I-V characteristic and a dynamic I-V characteristic when
the device shows dispersion phenomena. Traps behavior in a device when it is (b) turned –off and (c)
turned on. 2,18,42,43
The effects of trapped charges within III-V nitrides have been extensively studied.38,44,45 In
AlGaN/GaN structures, where the AlGaN layer is undoped, the mechanism of hot carriers accelerated in
the region between the gate and drain is not possible because of the lack of carriers in the AlGaN. 39
Modulation doped AlGaN/GaN structures would be susceptible to this type of collapse since they show the
presence of a DX-type trapping center. It is believed that instabilities in positive compensation charge
densities at AlGaN surface (σcomp) which is caused by oxidation of AlGaN barrier, might be reason behind
the current collapse phenomena in GaN based HFETs. To form 2DEG in the potential well at AlGaN/GaN
interface, a positive sheet charge (σcomp) must exist at the AlGaN/GaN surface to compensate negative
surface charges (σ2DEG) as well as the dipole polarization. Capture of electron traps in the trap states causes
neutralization of the σcomp. Due to the decrease in the σcomp, reduction of 2DEG charges (σ2DEG) occurs
resulting in a decreased drain current, and therefore, lower output voltage.
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It has been shown that passivation of the free AlGaN surfaces can effectively eliminate the
reduction in drain current.22,46,47,48 The most common surface passivation layer used is silicon nitride films
(a-SiNx:H or SiN) deposited by the plasma enhanced chemical vapor deposition (PECVD). Some
researchers49,51 reported the use of silicon dioxide (SiO2), scandium oxide (Sc2O3), and magnesium oxide
(MgO) as passivation layer. There are several mechanism related to effect of passivation surface on
preventing drain current. Mechanism behind the prevention of reduction in the drain current by silicon
nitride (SiN) passivation layer relies on the fact that the total amount of positive charges are kept unchanged
via passivation.41, 46,48

3.4.2 Breakdown Voltage
In addition, if these defects are electrical active, they can create parasitic conducting paths and
cause the reduction of breakdown voltage.43 The ability to support high voltages is one of the most
distinctive properties of power semiconductor devices. When the calculated drain current difference with
and without impact ionization is 3%, the drain –source voltage in this case is defined as the breakdown
voltage.2 Impact ionization is defined as the generation of electron hole pairs due to the energy obtained
from the electric field inside the semiconductor.50 Breakdown occurs in power devices when the large
voltage is applied in the reverse direction resulting in a rapid current increase with small applied voltage.1
Hence, breakdown limits the maximum operation voltage for power devices.
The inter/intra band impact ionization in the high field region of GaN channel is known as the main
reason behind the off state breakdown voltage.51 Recent findings show that premature off state breakdown
may occur due to the electrons injected from the source to the high field region of the GaN channel.52 It has
been reported that drain induced barrier lowering (DIBL) due to the unintentional doping via residual
donors or intrinsic point defects are the main reasons for source infection.53 To compensate the source
injection effect some researchers created a low leakage path by carbon (C) or iron (Fe) doping.54,55
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Nevertheless, deep level acceptors are created because of doping and cause the device instability at high
voltages.

3.4.3 Leakage Current
Finally, surface traps are believed to be the main reasons of the gate leakage current. In this
phenomena, electrons tunnel from the drain edge of the gate into surface traps with the increase of drain
bias resulting in a rise of the gate leakage current.2 Some experimentalists2 relate breakdown voltage with
gate leakage current by defining it as the voltage when the gate leakage current reaches 1mA/mm. It has
been shown that using high quality buffer layers suppresses the leakage current in GaN based HFET devices
and enhance the off state breakdown voltage of the devices.56 Hence, as stated above, to obtain semiinsulating or insulating GaN as a device buffer on different substrates, C doping has been widely used by
many researchers to enhance the breakdown voltage.57,58 Nonetheless, increase in dispersion phenomena
(current collapse and knee walkout), leading to a reduction in the power switching efficiency, the maximum
output power, and the power-added efficiency are observed with C doped GaN buffer of HFETs and other
field-effect devices.59,60,61

3.5

Substrates
The availability of affordable, a large diameter, and high quality substrates in WBG semiconductors

is important in the system electronics industry. Typically, commercially available GaN based devices are
constructed on either silicon carbide or sapphire substrates which are relatively costly, hard to cleave and
nonconducting (for sapphire).62 Choosing the right substrate is important since substrates are responsible
for conducting and dissipating the heat generation during device operation.
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Heat flow equation with c being the heat capacity, κ being thermal conductivity, and H being heat
generation rate (í = îïe -”ï ) governs this process63
8

ÕÃ
”ïe §ó¤
”ïÃ« + í
=¤
Õ%

[ 3.5-1]

Material parameters determining thermal behavior of substrates are summarized in the Table 3.5-1Table
3.5-1.
Table 3.5-1: Material parameters that determine heat dissipation by the substrate. a) Reference [64], b)
Reference. [65]

Substrate
Al2O3
Si(111)
4H-SiC
GaN

Thermal
Conductivity(W.cm1 -1
K
0.35a
0.42b
1.5b
3.6a
3.3b
1.6a
1.7b

Heat Capacity(Jg-1K-1)

Density (gcm3)

0.77a

3.98a

0.66a

3.21a

0.49a

6.1a

The most important physical properties, such as lattice-mismatch, thermal conductivity, coefficient of
thermal expansion (CTE), and isolation of the substrate are given in the Table 3.5-2. According to this table,
GaN is the most suitable substrate, but it is not available in sufficient diameter and quality.66
Table 3.5-2:Basic properties of substrates.67,68,69

Material
GaN
6H SiC
6H s.i. SiC
Sapphire
Silicon

Lattice
Constant
a(Þ)i
3.189
3.08
3.08
4.758/òd
5.4301

Mismatch
to GaN
(%)
0
3.4
3.4
13
17

κL
(Wm-1K-1)

CTE
(10-6K-1)

130
490
370
50
150

5.59
4.2
4.2
7.5
3.59
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(Ωcm)
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ð 15<<
---1-3 104

SiC is known as the most attractive substrate for GaN high frequency applications because of its
good thermal conductivity. Moreover, it has low lattice mismatch rate around 4% with GaN and density of
location around 3x108cm-2.70 Traditionally sapphire (Al2O3) is the most commonly used substrate for GaN
epitaxy. On the other hand, sapphire has the largest mismatch with GaN changing between 14% and 23%
depending on their relative orientation. Although it is a relatively cheap material ($ 100 for a 2 inch wafer),
it has the disadvantage of poor thermal conductivity, which results in overheating of the device.71
Nonetheless, power results for GaN HFETs on sapphire substrates are 10 times higher than the one that can
be achieved with GaAs HFETs.
Recently, Si has been regarded as one of the most promising substrates for the GaN based HEMTs
devices because of its abundance, well-established processing technique and the availability of a large wafer
size (up to 12 in. in diameter).72,73 In addition, the conductivity of Si can be easily modulated within a
significantly large range (0.01 Ωcm–106 Ωcm), and the GaN epitaxy on Si will facilitate the integration of
microelectronics and optoelectronics.74 Although Si possess 17% lattice mismatch with GaN, in terms of
defects the quality of Si is outstanding compared to SiC and Al2O3. Despite the low cost of the Si substrate,
the breakdown voltage (VBV) of AlGaN/GaN HEMTs grown on Si (less than 600 V for 2 μm total nitride
epilayer) is much lower than that grown on SiC (1.9 kV for 2 μm total epi-layer).75 Recently, high power
densities at 10GHz and minimum noise figure of 1.1dB were reported on Si substrates.76,77
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Chapter 4
4
4.1

Device Processing Techniques
Introduction
Semiconductor processing techniques and equipment used for fabrication of Schottky contacts on

AlGaN/GaN HEMTs heterostructures are summarized in this chapter. Mainly, we focused on theoretical
description along with detailed experimental procedures and recipes of the fabrication employed in our
research. Below we presented processing techniques which include sample cleaning, lithography,
metallization, and annealing.

4.2

Growth
Special growth methods have been developed to control the thickness of layers in the active part of

heterostuctures. Among these molecular beam epitaxy (MBE), chemical vapor deposition (CVD), metal
organic vapor phase epitaxy (MOVPE) are the most common growth methods for III-V semiconductors.
The samples used in this dissertation were grown by a private company by using metal organic chemical
vapor deposition (MOCVD). Hence, in this dissertation I will focus on MOCVD.

4.2.1 Metal Organic Chemical Vapor Deposition (MOCVD)
Metal organic chemical vapor deposition (MOCVD) has become attractive for commercial GaN
device applications with the achievement of blue LEDs. MOCVD is a nonequilibrium growth technique in
which the precursors are transported and react with group III alkyls and group V hydrides in a heated zone.1
The approach of Mansevit and Tietjen2 is considered the origin of this technology. In this system,
controlling mass flow rate and dilution of various components of the gas stream were used to control
composition and growth rate. Organometallic group III sources are either liquid or solid and stored in the
78

bubbler through which a carrier gas flows. This carrier gas will saturate with vapor from the source and
transport vapor to the heated substrate. In general, group V sources are gaseous e.g., ammonia (NH3) for
nitride growth. The substrate usually is kept on a block of graphite called a susceptor and heated by radio
frequency (RF) coil, a resistance or a strip heater. Having walls colder than the heated interior is the most
important feature of MOCVD since it helps to reduce reactant depletion effect that hot walls causes. The
use of MOCVD in III-V materials is very common because of fast, precise, and successful growth of
optoelectronic devices.3 Figure 4.2-1 presents a schematic view of MOCVD growth of III-V materials4
Typically, MOCVD is used in the mass transport limited regime in which the growth rate solely depends
on the amount of metal organic supplied.5 Growth temperature is in the range from 1050ºC for GaN up to
1500ºC for AlN. Reactor pressure may range from 100Pa to close to 100KPa (ambient pressure). Growth
rates can be as high as 5um/hr. Major impurities found are oxygen, hydrogen, carbon, and silicon. 6

Quartz
tube
Wafe
r

Figure 4.2-1: Schematics of metal organic chemical vapor deposition (MOCVD) growth.
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4.3

AlGaN/GaN Wafers Used in This Work
For our experiments we used the AlGaN/GaN HEMT layers grown on the p-type 6 in. Si wafer via

metal-organic chemical vapor deposition (MOCVD). The epilayer has the following structure: (1) 0.25 μm
AlN nucleation layer, (2) multi-layer AlGaN buffer layer with varying aluminum (Al) concentrations
between 20% and 75%, (3) 1 lm undoped GaN layer, (4) 20 nm AlGaN barrier layers, and (5) an ultra-thin
(2 nm) GaN cap layer. A schematic diagram of the heterostucture is given in Figure 4.3-1.

GaN cap layer
AlGaN barrier layer
GaN layer
AlGaN buffer layer
AlN nucleation layer
P-type Si (111) wafer

Figure 4.3-1: Schematic diagram of the cross section of the heterostructure used in this dissertation.

4.3.1

Cleaning
Surface cleaning processes are one of the most important parts of the semiconductor device

fabrication step.7 During the storage and device fabrication process, semiconductor wafer surface can easily
be contaminated from the ambient air, processing materials (chemicals, gases, water, etc.), manufacturing
tools and personal operation. As a result, contamination there could cause catastrophic failures in operation
of the device. It is required to remove native oxides, organic contaminants, metallic impurities, particulate
contaminants, adsorbed molecules, and residual species.8,9,10 Native oxides can very easily grow on the
exposed surfaces of most of the semiconductor wafers and can affect the metallic contacts and other
optoelectronic properties.
Organic compounds present in the ambient air or inside the photoresist can be adsorbed into
semiconductor surface. The most common metallic impurities are iron (Fe), copper (Cu), and aluminum
(Al); along with ionic metals like sodium (Na) and calcium (Ca), which originate from the liquid chemicals,
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water ,and handling and processing tools. Chemical contaminates, such as chorine (Cl), lead to unwanted
etching from undesired areas, and create compounds that become hard to remove from the surface. There
are two kinds of common methods wet and dry etching for removal of surface contaminants. Wet etching
is more preferable compared to dry cleaning methods since they result in damaging the surface and making
the material electrically unsuitable.11
For device fabrication, the 6″ HEMTs epitaxy wafer was diced into 1x1 cm individual pieces, the
pieces from the center of the 6″ HEMTs epitaxy wafer were ultrasonically cleaned in the organic solvents
in the following order: acetone, trichloroethylene (TCE), acetone, methanol, and methanol for 5 min. in
each solvent. After removing organic residues, the samples were placed in a mixture of hydrochloric acid
(HCl) and deionized (DI) water (1:1 by vol.) and subsequently heated at 110ºC for 10 min. Organic
contaminates with particularly oily or greasy contaminants are removed by first using acetone and TCE.
TCE is dissolved with the use of second acetone. Nevertheless, acetone will deposit the contaminants
because it evaporates rapidly. Therefore, methanol is used to dissolve acetone without rapidly evaporating.
The use of second methanol provides further cleaning for the samples. Moreover, the methanol was
dissolved by rinsing the samples in DI water. Cleaning ionic contaminants is as important as removing
organic contaminants, which is why an acid mix was used. Smith et al.12 found that HCl:DI wet chemical
processes produced the lowest coverages of oxygen and carbon contaminants.
Studies showed that acid cleaning increase chlorine (Cl) concentration and, it decreases the oxygen
coverage on the surface.13 Since adhesion of metals like Ni, Au, Pd, and Pt on GaN surface increases with
the increase of Cl concentration, it is beneficial to use acid cleaning.14 Furthermore, it is beneficial to
prevent re-oxidation of the surface.12 Finally rinsing and drying steps are performed to easily prevent sample
recontamination with organics and particulates floating on the surface water. It is observed that residual
oxide leads to reduce leakage but increased dispersion. Hence, with the partial oxide removal from under
the gate, a trade-off between achieving either low-leakage and stronger current collapse or increase leakage
and negligible current collapse is found.4 Figure 4.3-2 displays a sample cleaning fume hood which is used
during our experiments.
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Figure 4.3-2: Picture of one of cleaning fume hood in Physics’ Departments clean room facilities.

4.4

Device Fabrication
Affordable and wide ranges of electronic applications become available with the integration of

massive transistors into complex circuits in the form of integrated circuits (ICs). Chemical and physical
processes including lithopatterning, thin film deposition, etching, etc. are required to fabricate ICs. One of
the most fundamental steps in any semiconductor device processing is lithography. In this section, we will
discuss technologies involved in the fabrication processes.

4.4.1

Lithography
Lithography is the formation of three dimensional (3D) images on the substrate to transfer the

pattern into the substrate.15 There are two kinds of lithography as optical and electron beam. In this
dissertation, we will focus on optical lithography or photolithograph which provides parallel illumination
of wafer and so, provides a fast and cost efficient lithography.16 Processing steps of a typical optical
lithography can be summarized as substrate preparation, photoresist spin coat, post-applies bake, exposure,
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post-exposure bake, and development. Example of typical sequence of lithography processing steps are
given in the Figure 4.4-1.

Prepare

Wafer
Coat with Photoresist

Prebake

Align and Expose
Post-exposure Bake

Develop

Figure 4.4-1: Example of a typical sequence of lithographic processing steps illustrated for a
positive resist.

4.4.1.1 Photoresists Coating
The first step of lithography is the top surface coating with an ultraviolet (UV) light sensitive
polymer called as photoresist. In this process, the liquid photoresists is poured onto the wafer, which is then
spun on a turntable at a high speed. The liquid photoresist is pushed toward the edges by centrifugal forces
because of spinning. The frictional force of viscosity opposes the centrifugal force, which decreases as the
film thins. Moreover, evaporation of the resists increases the viscosity of the resists thus effects the
thickness of the coating.
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Thickness of the coating depends on the speed of spinner, viscosity of the resist, humidity, and
substrate topography as given in the following formula;17
ÃÁŽ8Â;*rr = Â

€:
V Ne^
È
Û <T: Û Ne:

[ 4.4-1 ]

with k being spinner constant, p being the resist solid content in the percentage, ω being the rotational speed
of the spinner in revolution per minute (RPM)/1000, and v being liquid photoresist viscosity. If the spin
speed is too high, it may result in nonuniform films. Our samples were spun coated at 4000 RPM for 30
seconds.
During the growth fabrication in our lab we used a positive photoresist, AZ 5214-E. Positive photo
resists develop more rapidly in the exposed region with a rate R which is ten times greater than the
unexposed rate R0. In the positive resist exposure, UV light makes the resists more soluble in the developer.
In the negative resist, the exposed region become harder to develop. While positive resist is removed from
the underlying material, negative resists remain on the surface of the substrate where it is exposed. AZ 5214E is capable of image reversal (IR), which results in a negative pattern on the mask. The image reversal
capability becomes active in exposed areas at temperatures above 110ºC and is obtained by a special
crosslinking agent in the resist formulation. When AZ 5214-E is baked, it turns to IR mode; in this mode
longer exposed areas will be crosslinked (harden) to a higher degree than those with exposed lower dose
based on their dissolution rates. After baking, when the samples are exposed a second time under the UV
light the longer exposed areas become crosslinked. Since in our case, the area which we have the contact
was exposed one time, photoresist in this area will be softer compared to everywhere else. Hence, when the
samples are developed, photoresist on the contact will come out yet will stay elsewhere. The final result
will be a negative wall profile ideally suited for lift-off. A schematic representation of use of positive and
negative resists are presented in the Figure 4.4-2.
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Figure 4.4-2: Schematic representation of the use of negative and positive photoresists.
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4.4.1.2 Post-Apply Bake
20 to 40% of solvent by weight will remain on the resist film after coating.15 To remove the excess
solvent, the photoresist is dried after spin coating in a process known as post-apply baking, soft bake or
prebake. An unbaked photoresist will lose solvent by evaporation at room temperature and as a result, the
properties of the film will change. The main reason for soft baking the samples is to stabilize the resist film
by reducing the solvent content. By removing the solvents, film thickness is reduced, post exposure bake
and development properties are changed, adhesion is improved, and the film becomes less tacky and thus
less susceptible to particle contamination. On the other hand, baking photoresist can results in some
negative effects. In temperatures higher than 70ºC, photoactive compound (PAC) may decompose and
crosslink the resist or it may oxidize. Consequently, it is important to optimize baking temperature. There
are several methods to bake the samples. In our lab, we used the most common one, an oven bake. Our
samples were soft baked at 110ºC for 60seconds. Since the baking is continuous as long as wafer is hot, it
is also important to control the cooling of the wafer. The average thickness of the resist after this coating
was approximately 1.4 μm.

4.4.1.3 Alignment and Exposure
After spin coating, the samples with resist on it was aligned and exposed to the radiation of a
mercury (Hg) arc lamp at a power of ~ 160 watt (measured at 400 nm) for 30 seconds. The alignment and
exposure tool in use is Karl Suss MJB3 photo-mask aligner as shown in the Figure 4.4-4. The photomask
is a quartz photoplate containing the patterns to be produced as presented in the Figure 4.4-3. Clear field
mask with the soft contact illumination mode is adopted in all of the fabrication processes (dark field mask
= opaque background and clear images; clear field mask = clear background and opaque images). It is
known that opaque regions on the mask block the UV light.
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Figure 4.4-3: Picture of the mask, which was used in our experiments.

Figure 4.4-4: Karl Suss MJB3 photomask aligner.
As we explained above, photoresist operates based on the change in the solubility of the resist in a
developer upon exposure to light. Normally, positive photoresist is not soluble in the developer unless it is
exposed to UV light in the range of 350-440nm. With the exposure it is converted to very soluble product
called carboxylic acid in the basic developer. Consequently, change in the energy of incident light will
result in variation in the solubility of the resist.
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Figure 4.4-5: Schematic diagram of three modes used in optical lithography namely; (a) contact (b)
projection and (c) proximity mode.
In general, there are three modes used in optical lithography: contact, projection, and proximity
mode.15 Each method has a different optical resolution based on the minimum feature size they can produce.
Figure 4.4-5 (a) demonstrates the contact lithography in which the mask is in contact with the photoresist
with an unchanged magnification. Although this mode yields a moderate resolution of about 1 μm or better
it may damage the mask due to the residues of photoresists, scratching, imaging of the undesirable particles,
etc. There are two approaches in the contact mode: soft contact with lesser pressure and hard contact with
higher pressure to keep the mask and photoresist in contact. In proximity mode, photo mask and resist are
separated by a gap as shown in the Figure 4.4-5 (b). Compared to contact mode this mode has a slightly
smaller resolution due to the diffraction of the light yet similar magnification. The highest resolution is
observed in the projection mode as shown in the Figure 4.4-5 (c) in which an optical system is used to
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separate the mask and the resist. Nevertheless, this method requires expensive equipment and complicated
set up.
The spatial resolution of the system is an important parameter in photolithography and defines the
minimum feature size (MFS) which depends on the optical elements, and radiation wavelength. Higher
resolution in optical lithography is achieved with a shorter wavelength exposure. According to the modified
Rayleigh criterion the resolution of the optical lithography system is obtained by using following
formulas;18
P*rô—õ%Žô; = Â< =
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here λ is wavelength, NA is the numerical aperture, k1 and k2 are process constants. While better resolution
can be obtained with the increase of wavelength and decrease of numerical aperture, depth of focus
decreases. In today’s lithography systems, wavelength of the radiation changes from blue wavelengths
(436nm) up to UV wavelengths (10-14nm).
Before the exposure of the photoresist with an image of the mask, the image on the mask must be
aligned with the previously defined patterns on the wafer. Since the tighter overlay controls the circuit
features, the alignment process is very important. When the light is exposed, it travels down through the
photoresists. In the case of reflective substrates, it is reflected back to photoresist and meets with incoming
waves. As a result, a standing wave pattern with high and low intensity is formed at different depths in the
photoresists. This pattern is replicated in the photoresist and causes ridges in the side walls of the resist.
Figure 4.4-6 displays the relationship between the exposure energy and the percent of resist remaining after
exposure and development.
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Figure 4.4-6: A representative graph displaying the relationship between the exposure energy and percent
resist remaining after exposure and development.

4.4.1.4 Post-exposure bake
After the exposure, the samples were hard baked at 100oC for 60 seconds for the IR to take place.
Later the samples were exposed without a mask for 60 seconds to make the previously unexposed area of
the photoresist soluble in the developer solution. It is known that ridges can be prevented via post-exposure
bake.15 The use of high temperature enables diffusion of PAC, thus the standing wave ridges were smoothed
out. Since high temperature baking has the same negative effects on post-exposure bake (PEB) as it has on
post-apply bake (PAB), it is important to optimize the temperature. Since the presence of solvents increase
diffusion, low temperature PAB results in greater diffusion for a given PEB temperature. The main
importance of PEB is to remove the effect of standing wave in a conventional resist.

4.4.1.5 Development
The samples were next developed in an AZ 726 MIF developer. The final result will be a negative
image of the mask pattern with the desired undercut as shown in the Figure 4.4-7 development is one of the
most important steps of lithography. In general, aqueous bases, such as tetramethyl ammonium hydroxide
(TMAH) are used as developers for common photoresists. The shape of the photoresist profile and the
linewidth control are determined by the characteristics of the resist-developer interactions. In terms of
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controlling uniformity of development and process latitude, the choice of the method of applying developer
is important. Batch development in which 10-20 wafers are developed simultaneously in a large beaker was
predominantly used in the past. Later, spin development in which developer is poured onto the rotating
wafer become famous. Using of this technique reduces the developer usage and results in more uniform
developer coverage. Puddle development is another method, which uses spinning of the wafer to spread the
developer. A convex puddle is formed on the wafer due to the surface tension of the developing agent. Once
developing time is completed, the wafer is rotated quickly to spin off the developer agent. Although this
technique also reduces usage of developer, it may results in over developed areas.

a

Soluble

Inert

b

c

Soluble

d

g

e

f

h

Figure 4.4-7: Illustration of image reversal lithography process (a) aligned and exposed to the radiation
(b) soluble portion after the exposure (c) inert exposed portion of the resist after hard backed (d) flood
exposure without the mask (e) resist not exposed to radiation at first place gets soluble (f) after
development the area exposed at first place remains g) sputtering deposition of the metals (h) lift-off.
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4.4.2 Plasma Processing
One of the most widely used chemical processes for thin film deposition and etching in
microelectronic industry is the plasma processing.19 Plasma processing relies on the creation and use of
plasmas to activate a chemical reaction at a substrate surface. It is believed that plasma based surface
processes are indispensable for manufacturing the large scale ICs. 20 In this dissertation, we will focus on
deposition processes.

4.4.2.1 Metal Deposition: magnetron sputtering
Sputtering is the deposition process using the irradiation of energetic species to deposit the film of
atoms from the surface material (target) onto the substrate. It was first observed by Bunsen and Grove in a
gas discharge tube.21 The basic principle relies on the irradiation of the cathode surface resulting in the
disintegration of the cathode materials. In a common sputtering system, positive ions are accelerated from
plasma to a target that has a negative potential with respect to plasma. A potential drop between the target
and plasma makes ions to have an enough energy to reach the target surface. Target surface is the source
of material from which films are grown. An energetic particle striking a solid can transfer its momentum to
the target and causes atoms to eject from the surface of the target. A schematic diagram of the principle of
sputtering is provided in the Figure 4.4-8.22 Removed particles which are known as sputtered species are
composed of highly energetic species. The energetic sputtered species lowers the temperature of the
synthesis. Sputtering deposition can be conducted either in a vacuum or at low pressure, preventing gas
phase collusion in the space between the target and the surface. Generally, argon is used as an inert gas
plasma for non-reactive sputtering, whereas a variety of gases can be used for reactive sputtering. Plasmas
of inherit gasses bombard the cathode which is designated as the target.
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Figure 4.4-8: Principle of sputtering.
Nowadays, magnetron sputtering systems at pressure 0.1Pa and with power densities higher than
30W/cm2 are used in industry. Magnetron sputtering is a high rate deposition method and can deposit films
over the large areas. Magnetron sputter deposition is a line of sight collisionless process and produces films
with compressive stress.23 Two main magnetron sputtering types are direct current (DC) and radio
frequency (RF) sputtering. While DC sputtering can be used to deposit metal thin films at high rates of
oxide or nitrides with a reactive background gas, RF sputtering can be used to deposit metal and insulator
thin films in inert or reactive atmospheres.23 Moreover, as DC sources can be built to supply higher power,
a higher deposition rate can be obtained through RF sources.
In DC magnetron sputtering, application of negative voltage on metal targets under a vacuum
condition creates a glow discharge in low pressure inert gas.24 A magnetic field parallel to the target is
applied. Consequently, the secondary electrons circle around the magnetic field and stay nearby the surface
resulting in an increase of the ionization efficiency. A magnetic field is generated by permanent magnets
behind the target. The use of a magnetic field in the magnetrons behind the metal target enables sputtering
to be conducted at low temperatures and voltages at a high deposition rate. The use of multiple magnetrons
allows for the uniform deposition of the large and complex shaped components.
The energy of the ions bombarding the substrates can be increased by applying the negative voltage
to the substrate. As a result of greater bombardment due to higher energetic ions, harder coatings with good
wear-resistance and adhesion to substrate are produced. When an electric field E is applied perpendicular
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to a magnetic field B, a drift develops in the direction perpendicular to both E and B. Consequently,
electrons move on a close path parallel to the target surface. Finally, a ring shaped zone of high density
plasma and a high sputtering rate is created via a high flux of electrons.22
Thin film deposition described in this work was done by the DC magnetron sputtering system as
shown in the Figure 4.4-9. The vacuum chamber consists of four sputtering guns which were equipped with
chimneys to facilitate the deposition and prevent cross-contamination. The samples were mounted on the
top rotational plate, which is about 15 cm from the target. First, the chamber was pumped down to a
sufficient base pressure of about 10-8 torr to remove the contaminants. Next, argon gas was introduced into
it at the rate of 100 sccm for 5 minutes to fill the chamber and waited for the argon pressure inside the
chamber to reach stability at 15 millitorr. After that DC voltage was applied between the target (cathode)
and the substrate (anode) to start the plasma process and the deposition. Chilled water lines were maintained
beneath the targets to cool them down during the sputtering process. Thin metal films deposited on the
photo-patterned samples as shown in the Figure 4.4-10 were followed by a short pre-sputtering to remove
the trapped impurities from the target surface.

Figure 4.4-9: DC Magnetron sputtering system for the metallic thin film.
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Figure 4.4-10: Picture of the devices after fabrication.

4.5

Rapid Thermal Annealing
Rapid thermal annealing (RTA) is a semiconductor fabrication process step, which serves to activate

implanted dopants and interfacial diffusing of metal contacts in multilayers, change states of grown films,
densify deposited film, and repair damage from ion implantation in order to change its electrical properties.
RTA has the advantage of reduced thermal budget, and rapid heating and cooling rates in the range of 30
to 500o/sec.25 In the RTA, a single wafer is heated at a time using either lamp based heating, a hot chuck or
a hot plate during a short duration of time. As soon as the wafer reaches the required temperature, it is held
there for a few seconds finally, quenched slowly. In order to create low resistance metal semiconductor
contacts, it is important to control some properties, such as temperature, ambient annealing gas, and time.
The temperature of the wafer is determined with an indirect sensor, based on the radiation emitted by the
wafer. The most common RTA ambient annealing gases are nitrogen (N2) and argon (Ar). RTA is required
to achieve ohmic behavior in the fabrication of AlGaN/GaN HEMTs.26 Ohmic behavior requires narrow
time-temperature process windows.
In our work, we used custom-made strip heater RTA system which consists of a vacuum chamber, a
variable transformer, and an infrared optical pyrometer. First, the samples were loaded into the chamber
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and the chamber and the chamber was pumped down a base pressure of 2×10-7 torr to remove the possible
moisture and contaminant gases. Once the research-grade nitrogen gas was filled into the chamber, the
current was ramped-up to anneal the samples at 750ºC temperature for 30 seconds with the samples in place
on the strip and gas flow on. After the removal of the current the temperature was immediately brought
down to room temperature. Figure 4.5-1 presents the picture of RTA system used in our experiments.

Figure 4.5-1: Rapid thermal annealing chamber with infrared pyrometer and carbon strip heating system
(top). Close up photograph of the carbon strip during annealing (bottom).
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4.6

Lift-off
Lift-off is a semiconductor processing step, which is used for patterning the metal deposited substrate.

In lift-off, metal deposited substrate is dipped into the solvent resulting in dissolution of photoresist. As a
result, the excess metal that is being deposited on top of the resist areas is lift-off. Duration of the lift-off
depends on the quality of the film. For example, in the cases where thick film is deposited on the substrate,
it takes longer to lift the metal off. In addition, properties, such as pre-bake and film deposition temperature,
exposure dose, and type of resist developer have an effect on the duration of the lift-off. In this dissertation,
acetone was used as a lift-off solvent. Furthermore, IR lithography process used in this dissertation, makes
the lift-off process easy by creating an undercut profile with a negative slope.
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Chapter 5
5
5.1

Optical Measurements
Introduction to Raman Spectroscopy
Raman spectroscopy is based on the inelastic scattering of light by elementary excitations, such as

phonons (quantized lattice vibrations) or plasmons (free carrier excitations) as a result of modulation of
electronic polarizability.1,2 In general, there are two types of scattering. If the scattered light has the same
frequency as the incident photons, it is called as Rayleigh (elastic) scattering. Several sharp peaks next to
Rayleigh lines are also observed due to the inelastic scattering of photons.3 If the scattered light has the
frequency ω0 ± ωm, it is called as Raman scattering. The higher frequency ω0 + ωm lines are called Stokes
(first order) and lower frequency ω0 - ωm lines are called anti-Stokes lines.3 These distinctive peaks define
a fingerprint-like identification to a molecule since they result from the change in vibrational, rotational or
electronic energy of the excited molecule.4 A schematic diagram of excitation state can be seen in the
Figure 5.1-1.
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Figure 5.1-1: Schematic diagram of excitation states. For the excitation energies smaller than the
electronic bandgap energy in a semiconductor electron-hole pairs will be excited to a virtual state
because of the lack of the real states for the excited electrons to occupy, excluding defect or impurity
levels. Resonant Raman effects can be observed in GaN by the use of 325nm ultraviolet excitations since
it is above bandgap energy.
In the Raman spectroscopy, the vibrational frequency Ûm is measured as a shift from the incident
beam frequency.3 The Raman intensity IRS can be approximated as follows for a simple oscillator-like
molecule vibrating with angular frequency ω;
Õn
"BQ È( -N •8ôr(ÛN ' ÛÄ ) % + 8ôr(ÛR + ÛÄ ) %™):
ÕJ

[ 5.1-1 ]
üý

here E0 is the vibrational amplitude, α is the molecular polarizability given by!n = nN + (üÐ )N JN + þ, and
üý

q is the nuclear displacement given by!J = JN 8ôrCWÛÄ %. If (üÐ )N equals to zero, the vibration is not

Raman-active. This equation indicates that Stokes and anti-Stokes emissions can be amplified by increasing
the field strength E0. In Raman spectroscopy, the exciting line ω0 is determined in a way that its energy is
far below the first electronic excited states. The Stokes lines are stronger than the anti-Stokes lines since
the population of the molecules at ω=0 is much larger than that at ω=1. As a result, in general, Stokes side
of the spectrum is measured in Raman spectroscopy.3
Certain symmetry properties are possessed in a crystal structure and these properties are expressed
by the mathematical theory of groups.1 For the study of 3-dimensional space, square matrixes are used and
these set of matrixes are called a representation of a group. Assigning the number “1” indicates a matrix
with one column and one row, and satisfies all of the group conditions i.e., A1. The wurtzite structures
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^
belongs to the space group $a\
containing the elements representing the translation reflection, and rotation

operations. Since momentum is conserved in the light scattering process, the first order Raman scattering
is produced by phonons with wavevector k~0 (Г point).2 In hexagonal structures, eight normal phonon
modes at (Ch< ÿC

< ÿC-< ÿC-: )

near k=0 are predicted by using the results of the theory of groups.5 The

use of circular addition symbols is to emphasize that this is not a usual addition. As we stated above, among
these modes, A and B are one dimensional irreducible representations, whereas E modes are two
dimensional representations. A representation is a set of matrices with one set of matrices for each element
of the group. For each letter representation, there are two phonon modes, which are transformed according
to their letter representations. It is found that one of the A1 and one of the E1 phonon modes of wurtzite
structure are acoustic modes of vibration, meaning that the atoms move in the same direction in the unit
cell. Acoustic phonons have the zero frequency phonon curves at Г point. The remaining six phonon modes
(h< ÿC

< ÿ-< ÿC-: )

are optical modes. Among these modes, while B1 and E2 are non-polar, A1 and E1

modes are polar and produce a net electric dipole in each unit cell.1 A frequency splitting between the
transverse (TO), and longitudinal (LO) optical vibrations is produced due to the presence of induced dipole
by the polar modes. In the TO mode, dipoles do not add each other, rather they sum along the direction of
propagation of LO mode. Non-polar modes do not show such a splitting. In GaN and AlN, the splitting of
the LO and TO modes causes a continuous variation of LO and TO frequencies between that of the pure A1
and E1 modes, with respect to c-axis, and with an angle θ of propagation. This can be expressed as, phonon
frequencies for GaN and AlN, at room temperature, as can be seen in the Table 5.1-2.
: (")
Û!¥¦
= •Ûœ| (¥¦) 8ôr"™: + •Ûš| (¥¦) rŽ;"™:
: (")
Û!~¦
= •Ûš| (¥¦) 8ôr"™: + •Ûœ| (¥¦) rŽ;"™:
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[ 5.1-2 ]
[ 5.1-3 ]

Table 5.1-1: Phonon frequencies given in (cm-1) for GaN and AlN at room temperature.6,7
Zone
Centers
GaN
AlN

E2 (low)

A1(TO)

E1(TO)

E2(high)

A1(LO)

E1(LO)

144
248

532
610

559
670

567
657

734
890

741
912

While the atomic displacements are along the c- axis for A1 and B1 modes, they are perpendicular
to the c-axis for the E1 and E2 modes. The displacement for the E2 and B1 modes are a comparison of atoms,
rather than a shear force which give rise to higher oscillation frequency. As a result, the two E2 and B1
modes are categorized as low and high. Moreover, although A1 and E1 modes are both Raman and infrared
(IR) active, the two B1 modes are neither Raman nor IR active and the two E2 modes are only Raman
active.8 A1 mode can be observed when the incident and scattered light have a parallel polarization, whereas
E1 mode is observed only in crossed polarization geometry. This means that in wurtzite structure, the Raman
tensor has only diagonal components for A1 mode, while in E2 mode both diagonal and off diagonal
components are observed in the Raman tensor.9 The scattered geometric and their theoretically allowed
modes in wurtzite structure are given in the Table 5.1-2.

Table 5.1-2: Raman configuration of allowed modes in hexagonal nitrides. The scattering geometry
described with conventional methods. The symbol on the left side of the parenthesis shows the direction of
incident light, while the symbol on the right side shows the direction of scattered light. Inside the bracket
from left to right the symbols show the polarization direction of the incident and scattered light,
respectively, and the bar above the symbol indicates the negative direction. The x and y axes are any two
perpendicular axes in the a- plane to the c-axis (z direction) of the wurtzite structure.1,2
CONFIGURATION

%
#($y $)#
%
#(&y &)#
%
#(&y $)#
#($y &)$
#($y $)&
&($y #)&b
&($y $)&b
&(#y #)&b
&(#y $)&b

MODE

A1(TO),E2
A1(TO)
E1(TO)
E1(TO), E1(LO)
E2
E2
A1(LO), E2
A1(LO), E2
E2
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Foreign signals induced by impurities can be also observed in Raman spectroscopy as well as
phonon signals related to lattice. Atomic oscillation produced by the replacement of impurity atoms with
heavier host lattice atoms is referred to as local vibrational mode (LVM). The LVM has a frequency above
the optical branch, yet still between the acoustic and optical branch of phonons. Point defects can also cause
a defect mode called the disorder-activated Raman scattering (DARS) mode. The peaks at 360 and
420cm-1 were assigned to LVMs due to Ga or N vacancies.2 Some researchers believe that the peaks at 300
and 670 cm-1 near the E2H peak and signals at 560 and 730 cm-1 near the A1(LO) peak should be assigned
to DARS because of phonon density state like characteristics.10

5.1.1 The stress effect
Changes in stress or strain can be observed via shift of the phonon frequencies of the material, so
the shift of the phonon frequencies depends on chemical bonding and atomic structure. Consequently, it is
of great importance to use Raman measurements to determine the stress and strain in III-nitride materials.
There are three typical stress situations for these types of materials: biaxial stress in the a-plane, uniaxial
stress along the c-axis and hydrostatic stress. These biaxial and uniaxial stresses are generally caused by
the lattice mismatch and difference in thermal coefficient between the hetero-epitaxial layers or between
the deposited layers. Native defects or incorporated impurities can distort lattice structure around them and
can result in hydrostatic stress.2 Under these deformations the space group symmetry of the wurtzite
structure is preserved, no phonon splitting occurs and only the frequency of the phonons shifts. Since the
atomic position is characterized by the two hexagonal lattice constants a and c, the strain tensor can be
obtained with following equations;11
µ‘‘ = µ’’ = (c ' cN )OcN
µ““ = (8 ' 8N )O8N
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[ 5.1-4 ]
[ 5.1-5 ]

A force acting in a certain direction applied to a unit area of the plane of the solid is called as a
stress component. All of the stress and strain components form a stress tensor, σ, and strain tensor, ϵ. The
stress (e.g. ž‘’ = ž’‘ )!and strain tensors follow the symmetry to eliminate effects of the rotational
torque.11,12 Hooke’s law, via the stiffness tensor Cijkl, connects the stress and strain tensors with following
equation;13
žG‹ = … $G‹Œ{ µŒ{
Œy{

[ 5.1-6 ]

Therefore, the in-plane strain ϵxx and ϵzz in GaN can be calculated from the stress σxx and σzz via equations
[ 5.1-7 ] and [ 5.1-8 ].14
:
C$<>
™µ
$>> ‘‘
= C$<> µ‘‘ + $>> µ““

ž‘‘ = ž’’ = •($<< + $<: ) '
ž““

[ 5.1-7 ]
[ 5.1-8 ]

where the elastic constants of GaN are C11=390 GPa, C12=145 GPa, C13=106 GPa, and C33=398 GPa.15 For
uniaxial stress along the c-axis ž‘‘ = ž’’ = 5y and for hydrostatic pressure!ž‘‘ = ž’’ = ž““ . The
frequency shift •Û'! !can be found by using Raman spectroscopy, and it can be given as follows;
•Û' = Cc' µ‘‘ + ¢' µ““!!
= !!Ccb' ž‘‘ + ¢b' ž““!!

[ 5.1-9 ]

where a & b, and c!
% & ¢b are deformation potentials in the case of given strain and stress, respectively. It is
usually assumed that a particular stress is present in a material system before obtaining the stress and strain
value by Raman spectroscopy.

105

Assuming this, the a-plane stress and strain via phonon frequency can be expressed as follows;16
•Û' = C•c' ' ¢' ($<> T$>> )™µ‘‘
= Ccb' ž‘‘

[ 5.1-10 ]

Piezoelectric polarization in the Ga- and N-face domains can be calculated by using Raman spectroscopy
and equation [ 5.1-11 ] as follows;
#‰Š = •*>< ' ($<>T$>> )*>> ™Cµ‘‘

[ 5.1-11 ]

where *>< = '5edU!$O9: and *>> = 5euv!$O9: ! are piezoelectric coefficients.17

Tensile or compressive stress of hexagonal GaN can be derived from the relative shift of the -:Ú

and A1(LO) peaks of GaN. Since the -:Ú mode generally gives the strongest signal and the frequency is
sensitive to biaxial strain in the c-plane, while biaxial strain of the hexagonal GaN layer is generally
obtained by observing -:Ú mode.6,17,18 The relative shift of the peak is the difference between the reference
point and the observed peak position. An increase in the phonon frequencies with respect to unstrained GaN
indicates compressive stress, whereas a decrease points to tensile stress. The values of 567.2 and 734.0 cm1

were used as the reference point which is the measure of unstrained GaN E2(2) and A1(LO) phonon

frequencies, respectively.6.17,19,20 The relationship between the frequency of the peak Û (cm-1) and the
Raman biaxial stress σb can be expressed as follows;
Ûœ ( = juveC ' UeCž¯
(()

8Ûš|()©)!! = vdUe5 ' Cevuž¯

[ 5.1-12 ]
[ 5.1-13 ]

here 4.2 and 2.76 cm-1 / GPa are the Raman biaxial pressure coefficients for the E2(3) 17,21 and A1(LO)22 mode
vibrations.
For GaN there is a well-known correlation between the free-carrier concentration, mobility, and the
plasma frequency. The LO phonon-plasmon (LPP) the coupled modes, ω+(LPP+) and ω-(LPP-) allow for
determining the free-carrier concentration of semiconductors using Raman spectroscopy.23 The coupling is
through the macroscopic electric fields of these excitations. There is a high dependency between the
plasmon frequencies on character of coupled modes. When plasmon frequency is lower than the uncoupled
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LO phonon frequency, the LPP+ mode behaves like a plasmon, while the LPP- mode is phonon-like.24 It has
been proposed that the frequency of the LPP+ mode increases with the carrier concentration, and eventually
at higher concentration, corresponds to that of the plasmon.2,18,25,26 If damping is neglected, the frequencies
of the LPP+ and LPP- modes can be calculated from equation [ 5.1-14 ].
:
Û±!

:
:
Û~¦
+Û‰:
Û~¦
+Û‰: :
<
=
! ± •(
!) ' Û‰: Û:¥¦ ™ Î:
C
C

[ 5.1-14 ]

where ωp is the plasma frequency, ωTO (533 cm-1)21,27 and ωLO (735 cm-1)21,25 are the TO and LO phonon
frequencies, respectively.
The free carrier concentration (n) can be calculated using equation [ 5.1-15 ].
UW;* : <Î
Ûx = (
) :
M* 9m

[ 5.1-15 ]

here ε∞ (5.35)20 is the high frequency dielectric constant and m*(0.2m0) is the effective mass of the free
carriers. A1(LO) phonon mode propagates in the direction of the z axis and the on-axis (z) electron mobility
(μ) can be obtained from equation [ 5.1-16 ] by using γ is the plasmon damping constant.
+=

*
9m 7

[ 5.1-16 ]

Raman spectroscopy can be used to obtain information about the crystal quality, the stress, the free
carrier charge concentration, the aluminum concentration, and the temperature related to vibrational states
of GaN, AlGaN and AlN.20 As a result, this information can be used for monitoring the growth process. In
Raman spectroscopy, the scattering efficiency in covalent crystals is higher than that of ionic crystals. Since
nitride semiconductors consist of ionic and covalent bonds, they are suitable for Raman spectroscopy.2 In
terms of Raman spectroscopy’s non-destructive, contactless, and superior resolution properties, it has an
advantage over the other methods. In addition, the presence of organic contaminants as small as 1μm, or
films as thin as 1μm on Si wafers can be identified via Raman spectroscopy.28 Moreover, this technique
does not require any special sample preparation, such as thinning or polishing.2
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CCD
Figure 5.1-2: Schematic diagram of Raman spectroscopy system.
For selective probing of phonon and material properties averaged over sample layer thickness or in
a surface layer, varying excitation wavelengths are used in Raman experiments.20 The material properties
of GaN, averaged over the sample layer thickness, can be probed by using visible illumination. UV
excitation wavelengths are used to probe surface properties since UV laser light is absorbed in the sample.29
Surface layer thickness examined by a laser can be calculated by using the absorption coefficient α at a
given wavelength with the equation of 1TCn. (i.e., at 325nm!1TCn = U5;9).30 To probe the surface layer
of AlxGa1-xN films of higher aluminum concentration, deep-UV micro Raman spectroscopy should be used.
In this experiment, Raman spectroscopy was performed at room temperature using the 441.563nm He-Cd
laser line (80mW).
The Raman system is home- made, and equipped with a Jobin Yvon spectrometer, as well as a
thermally-cooled charge coupled device (CCD) detector (2048 by 512 pixels). The excitation laser beam
was focused onto a small spot with a diameter of 5~10 µm. The laser enters the microscope through several
reflective mirrors and illuminates the samples. A laser filter was applied to the entrance of the spectrometer
to ensure that only the Raman signal is detected by CCD. High resolution scans were acquired from gratings
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of 3600 lines/mm with 0.2 cm-1 resolution. A schematic diagram of the experimental setup was provided in
the Figure 5.1-2.

5.1.2 Results and Discussion
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Figure 5.1-3: Raman spectra from two different samples collected at room temperature in a
backscattering configuration from the AlGaN/GaN HEMTs heterostructure on Si substrate.
Figure 5.1-3 shows the room temperature Raman spectra (after baseline subtraction) that were collected
from edge and center samples. These Raman spectra were collected in order to investigate the crystalline
quality, the residual stress, and the possible origin of the defects. Lorentzian functions were employed to
determine the peak positions and full-width-at-half-maximum (FWHM) of the Raman peaks. Wurtzite type
^
and has four atoms per unit cell. According to group theory, nine
GaN belongs to the space group!$a,

optical modes reduce to the following optical modes at the Г point of the Brillouin zone31:
A1(z)+2B1+E1(x,y)+2E2. Among these modes, the A1 and E1 modes are both Raman and infrared active, the
two B1 modes are silent, and the two E2 modes are Raman active.32 The A1 and E1 modes split into
longitudinal (LO) and transverse optical (TO) components due to their polarity. In this experiment, we
observed 2 peaks with the z (-,-) z backscattering geometry for each sample; E2(H) mode of GaN at around
569 cm-1 and A1(LO) mode of GaN at around 734 cm-1 for both of the samples. The Raman peak positions
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observed were in an agreement with the results of others.7,33,34 The A1(TO) was not observed, which may
indicate that c-axis of the layer is parallel to the growth direction.
Although the information on the crystalline quality can be obtained from the width of the E2(H)
peak, the type and level of stress can be derived from the E2(H) frequency.20 The FWHM values of the E2(H)
peak for the two samples were 13 cm-1, indicating that the two devices have a same crystalline quality. The
relative shift of the peak is the difference between the reference point and the observed peak position. The
value of 567.2 cm-1 has been used as the reference point6,19 which is the measure of unstrained GaN E2(H).
The relationship between the frequency of the peak Û (cm-1) and the Raman biaxial stress σb can be
expressed as follows;
Ûœ - = juveC ' UeCž¯
(()

[ 5.1-17 ]

where 4.2 cm-1/GPa is the Raman biaxial pressure coefficients for the E2(H).17,21 From the Raman
measurement, it was determined that the GaN layer is under compressive stress of 0.43 GPa. In conclusion,
it was found that both of the devices displayed similar crystalline quality and stress.

5.2

Introduction to Photoluminescence Spectroscopy
Luminescence is defined as the transition from a real excited electronic state to a lower energy state

by illuminating the light to the material. In the case of photoluminescence (PL), the excited electronic state
is created by the absorption of photon(s) from incident radiation.35 The conventional PL spectroscopy is
based on the measurement of secondary-emission spectrum at fixed parameters of the primary radiation.36
In the luminescence process, electron-hole pairs are generated with the incident light, which then return to
a lower energy state by the emission of the light by losing some of their energy (relaxation) and recombine.
In principle, PL signals can be observed for an incident light excitation with a photon energy greater than
the electronic bandgap of the material. In semiconductors, luminescence can be distinguished as intrinsic,
extrinsic and exciton.36 A radiative recombination is observed in the direct bandgap materials i.e., materials
in which the conduction and valance band extrema exist at the same momentum k position. This process is
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known as intrinsic. Radiative recombination is a process, which results in photon emission. Electron hole
pairs (EHPs) are produce at the same rate as the generation (i.e., one photon is emitted for each photon is
absorbed) during steady state excitation.
In indirect semiconductors, phonons are generated predominantly so, there is less likely to be
radiation recombination unless a highly localized center assists the phonons. This type of luminescence is
known as extrinsic. In reality, growth of a semiconductor without impurities (e.g. dopants) and defects is
almost impossible. Therefore, most of the semiconductors have shallow donor or acceptor energy levels in
the bandgap, and these are dominated by band to band transition at high temperatures. Nevertheless, freeto-bound transition can be observed through the radiative recombination of free electrons (free holes) with
holes (electrons) are trapped at the acceptor (donor) levels at adequately low temperatures. 13 Materials
containing defects have a strong tendency to be trapped at the ionized donor and acceptor sites, then return
to equilibrium.35 Finally, an exciton luminescence occurs due to the recombination of free, impurity-bond
or localized excitons.36 The simplest example of an excitation and recombination mechanism in
photoluminescence for a semiconductor with trap levels is given in the Figure 5.2-1.

b

d
Ec
hv2

c

hv1
a

e

hv1>hv2
Ev

Figure 5.2-1: Schematic diagram of the light excitation from a semiconductor. (a) absorption of an
incoming photon with an energy hv1 > Eg creating EHPs (b) the excited electron gives up energy to the
lattice by scattering until it nears the bottom of the conduction band (c) electrons are trapped until
thermally reexcitation (d) and (e) direct recombination of the electron with a hole in the valance band
and release of a photon with an energy hv2.
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Photoluminescence spectroscopy is a nondestructive and highly sensitive method to determine the
bandgap and impurity levels of semiconducting materials as well as their defect sites. In a typical PL
experiment, an excitation source of a specific energy transition is achieved via use of single unique
wavelength laser. The emitted spectrum of the light is observed as a plot of light intensity versus wavelength
by a photodetector. In wurtzite GaN, there are three type of excitation referred to as A (3.485eV), B
(3.491eV) and C (3.530eV) due to the split of the band into three states.37 Nonetheless, the presence of
donor levels make it difficult to observe these signals since donor bond excitation at 3.47eV typically
dominate in GaN.17 The values of band peaks might change based on the growth techniques, which are
used, and some of the values obtained by other researchers with different growth techniques were
summarized in the Table 5.2-1.
Electronic energy states near the middle of the band gap are referred to as deep level states and they
also cause radiative recombination. It is possible to observe PL signals from deep level radiative
recombination centers, even for the excitation energies below bandgap energy. Hence, PL spectroscopy is
an important technique to detect deep centers.

Table 5.2-1: Parameters of the PL bands in undoped GaN analyzed in Reshchikov and Morkoc
laboratory.38
PL Band
BLa
YLa

Growth Method
MOCVD
MBE

Peak Position(eV)
2.86
2.20-2.30

FWHM(eV)
0.34
04-0.5

GLa

HVPE

2,48

0.53

5.2.1 Experiment
Photoluminescence (PL) is an efficient tool to study the excited electronic states in solids. In many
cases, it has advantages in analyzing the fine structure of excited states over absorption or reflection spectra
because the luminescence intensity is determined both by the population of excited states and the optical
transition properties.36 In contrast to Raman measurements, which can use an excitation laser energy below
the band gap of GaN, preventing interference of the measurement technique with device operation, PL
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measurements must be taken using an excitation source with photon energy above the band gap of GaN.
The resulting light absorption may provide benefits by determining the properties of the device very near
to the AlGaN/GaN device channel.39 The PL measurement were carried out at room temperature using a
continuous wave He-Cd laser with 325nm line as an excitation source, and PL spectra was dispersed by a
2400 lines/mm diffraction grating. The PL signal was collected by an objective lens, directed to a
spectrometer, and detected by a CCD detector.

5.2.2 Results and Discussion

Edge Sample
Center Sample

70000

50000
40000

70000

Edge Sample
Center Sample

60000

Intensity Counts

Intensity Counts

60000

50000
40000
30000
20000
10000
0
3.30

30000

3.35

3.40

3.45

3.50

3.55

Wavelength (nm)

20000
10000
0
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
Wavelength (nm)

Figure 5.2-2: Typical room temperature PL spectra from AlGaN/GaN HEMTs heterostructure on Si
recorded under 325 nm laser line excitation. The inset shows the high resolution PL spectra of nearband-edge emission (NBE) with a maximum at 3.42 eV for Edge sample and Center sample.

Typical room temperature PL spectra for the piece of the HEMTs wafer investigated are shown in
the Figure 5.2-2. The PL spectra exhibit two main bands: a near-band-edge emission (NBE) with a
maximum at 3.42eV as well as a broad and strong blue luminescence (BL) band peaking at 2.79eV. The
near-band-edge emission peaks in high resolution PL spectra for edge sample and center sample are shown
in the Figure 5.2-2 is attributed to annihilation of free excitons.38,40 The spectrum is dominated by exciton
emission which is believed to be originated from the flat-band region of the GaN epitaxial layer. The
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presence of these unresolved excitonic transitions in edge and center samples reﬂects the high quality of
the hetero interfaces rather than the quality of the GaN layers alone.41 All of the PL spectra showed an
interference fringe pattern, which is attributed to the superposition of the light emitted from the contacts
and reflected by different heterostructure interfaces.42,43
The BL band peak position reported in this paper is similar to values obtained by other researchers,
which varies between 2.7 and 3.0 eV.38,44,45 Seager et al. attributed the BL band transition from CGa donor
to CN acceptor (DAP transition)

46

It is known that the spectral peak position of the BL shifts when the

intensity of the excitation laser is changed. However, in some circumstances, such as when the impurity
concentration is low, DAP transitions can still exist.45 In GaN PL spectra, the yellow luminescence (YL)
band38 is typically observed at around 2.2 eV. The YL peak can be attributed to carbon impurity,45 Ga
vacancy,47 Ga interstitial,48 N antisite,49 and substitution oxygen.50 Recently, some researchers showed that
yellow YL at ~2.2 eV and BL at ~2.8 eV is related to the hot-electron-induced kink51,52 and degradation53,54
effects in AlGaN/GaN HFETs. Nonetheless, no YL band was observed from our spectra, which can be an
indication of reasonably good equalities of HEMTs structure with the buffer layers used in this growth.55
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Chapter 6
6

Trap Characterization
Dynamic transient analysis is used to characterize the nature of the traps. There are many studies on

characterization of traps and defects in III-V devices on the semiconductor level. Some of the methods are
luminescence investigations,1 photoionization spectroscopy,2 surface potential analysis,3 deep level
transient spectroscopy (DLTS)4. Typically information, such as the changes of the device terminal
characteristics under the pulse condition5, the energy characteristics, the cross section of the traps 6, and
their decaying time constant2 can be obtained with the investigation of the traps. Moreover, surface potential
at the interface2 and thermal relaxation time of terminal currents of HFETs7 can be extracted.

6.1

Photoconductivity
Photoconductivity is of great importance for investigation of solids, and improving of device

performance. Photoconductivity emerged first in 1873 with the observation of the conductivity in Selenium
by W. Smith8 Later on, R.W. Pohl9 showed the similarity between the absorption of light, luminescence
and photoconductivity in terms of their dependence on photon wavelength. As we mentioned before,
electronic and optical properties of semiconductors are effected by imperfections, such as point defects,
dislocations, and interfaces. Although there are many ways to determine defect parameters, most of the
characterization techniques suffer from the limitations imposed by the normally small thickness of the
epitaxial layer. Consequently, on many cases optical characterization techniques, such as
photoconductivity, luminescence, and transient spectroscopy are more preferable compared to chemical
identification methods of defects.10 Information, such as the band-gap energy of bulk semiconductors,
excitonic transitions in low dimensional semiconductors, and the presence of crystal imperfections can be
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obtained via photoconductivity measurement. Change in the conductivity of a material system caused by
an excess of carriers generated by optical excitation can be defined as the basic process of
photoconductivity.11 Frequently photoconductive effect is confused with photovoltaic effect since both
processes have photogenerated excess EHPs. While in photoconductivity e-h pairs contribute to the change
of channel conductivity, in the photovoltaic effect, they contribute to the change of effective built in junction
voltage and junction capacitance.12 Photoconductivity converts the electromagnetic radiation into an
electrical current. In the simplest case of an intrinsic semiconductor, excited electrons at the conduction
band or holes at the valance band via optical excitation move freely in the semiconductor and contribute to
the conductivity. This kind of photoconductivity is known as the intrinsic photoconductivity.
For extrinsic photoconductivity, electrons can be excited from a bound state at donor levels into the
conduction band or from the valance band to acceptor centers in an n-type and p-type semiconductor,
respectively. Hence, it can be deduced that photoconductivity can occur only when wavelength of the
excitation radiation is large enough to exceed, the energy gaps involved.8 When light is only introduced to
source and drain, the photoconductivity effect is negligible compared to the photovoltaic effect because the
electric field in this area is small. If light is illuminated on the gate, a large electric field exists, and there
will be an increase in photoconductivity.13
Absorption processes for intrinsic photoconductivity and processes for extrinsic photoconductivity
where trap levels involved are demonstrated in the Figure 6.1-1. In this figure, I indicates band to band
transition, II represents a transition from the valance band to a trap level, and final III shows a transition
from a trap level to the conduction band.
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Figure 6.1-1: Schematic diagram of absorption processes for intrinsic and extrinsic photoconductivity.
Chang et al.14 summarized the possible mechanism with illumination in AlGaAs as follows;
i.

the photogenerated carriers due to the DX centers,

ii.

band-to-band electron-hole generation in the AIGaAs layer,

iii.

band-to-band electron hole generation in the bulk GaAs,

iv.

pumping of electrons from gate metal into the AIGaAs layer,

v.

pumping of electrons from 2DEG channel into the AIGaAs layer or bulk GaAs.

Some researchers claim that AlGaN/GaN materials have a similar illumination mechanism as AlGaAs.2
The dark electrical conductivity is given by the equation [ 6.1-1 ] in which e is the electron charge,
n and p are the free electron or hole concentration, which depends on material being doped or undoped, μn
and μp are the electron and hole mobility, respectively.10
ž = *(;7S + €7x )

[ 6.1-1 ]

Similarly, the excess carriers generated by the absorption of photons result in a change in the conductivity
of a homogenous material which is known as the photoconductivity, and expressed with following
equation;10
•ž = *(•;7S + •€7x )
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[ 6.1-2 ]

where Δn and Δp is the excess electron and hole concentrations, respectively. To calculate
photoconductivity by using above equation one should assume that excess carriers in semiconductors are
only a small perturbation to the values of n and p, and mobility does not change with the photoexcitation.
Photocurrent can be calculated by using photoconductivity as follows;
h
•" = Ïh = •ž @!
—

[ 6.1-3 ]

where, J is the photocurrent density, A is the cross-section of the semiconductor, •ž

is the

photoconductivity, l is the length of the semiconductor and V is the applied voltage. Photocurrent can be
measured, by applying end electrodes and a small field in the illuminated environment.

6.2

Persistent Photoconductivity
In a photoconductivity experiment, an increase in the photoexcited carriers is observed through a rise

in the photocurrent when the light is turned on. In the cases, where recombination of the electrons and
ionized donors can be prevented by the local potential barrier around the deep level traps, continues of
carrier concentration and so non- zero photoconductivity is observed when the light is turned off.15 This
phenomenon is known as persistent photoconductivity in which photoinduced conductivity remains after
the termination of illumination. The persistent photoconductivity (PPC) includes multiple processes, such
as photon absorption, carrier recombination, and transport.16 Figure 6.2-1 displays an example decay
characteristic of the current with applied bias
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Figure 6.2-1: Transient photoconductivity and exponential decay characteristics of current voltage graph.
Previously, the PPC studies have been performed on bulk GaN17 and AlGaN/GaN
heterostructures,18 and most of these studies were conducted under the above-bandgap UV illumination
with a fixed wavelength and energy greater than the bandgap.19 Chang et al.14 found that the decay of
photoconductivity in AlGaN is extremely slow and it takes from tens of minutes to several hours for the
conductivity return to its dark state after exposed to light. It has been claimed by many researchers that the
PPC effects in bulk GaN are caused by the deep level defects, such as DX-like and AX-like centers (where
D and A stands for donor and acceptor, and X stands for an unknown intrinsic defect at the time of
discovery) in n-type20 and p-type21 GaN, respectively. Li et al.21 attributed the increase of the PPC to the
photoionization of the deep level impurities, such as DX-like centers in the AlGaN barrier material. Reddy
et al.22 stated that if PPC arises from a DX-like defects, a steep rise in photocurrent is expected when the
photon energy equals the ionization energy of the deep level defects, followed by a saturation even with a
small increase in the photon energy. It was also suggested that the PPC effect can be attributed to
unintentionally incorporated cubic-phase crystallites in a hexagonal matrix23 or random potential
fluctuations due to the heterointerfaces.20
Lin et al.24 proposed that PPC effect in an AlGaN/GaN heterostructure can be understood as
follows. When electron-hole pairs are created in the AlGaN layer due to the photoexcitation, electrons travel
across the AlGaN/GaN interface and fall into triangular well in the GaN side, and they contribute to the PC
response. Similar explanation was proposed for Flourine (F) treated AlGaN/GaN HEMTs as follows.18 With
the illumination of the excitation source, the electrons trapped by deep level are excited (step 1 in the
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Figure 6.2-2); then photo excited electrons drift to the channel region (step 2 in the Figure 6.2-2) and
increasing the observed photocurrent by contributing to the 2DEG density. When the light illumination
turns off, photoexcited electrons will be recaptured slowly by these deep centers (step 3 in the Figure 6.22).

Figure 6.2-2: Schematic diagram of the motion of the careers in the presence of deep level defects.
In addition, some researchers25 claimed that both long and short decay time constants contribute to
the PPC of n-type GaN, which implies the presence of more than one types of PPC process. Although hole
trap contribution to the PPC is generally ignored, their presence was observed in n-type GaN.26

6.2.1 Experimental
The AlGaN/GaN epi-structure used in this work was an AlGaN/GaN HEMTs structure grown on
the p-type 6″ Si wafer via MOCVD. The structure consists of 0.25 µm AlN nucleation layer, multi-layered
AlGaN buffer with Al concentrations ranging from 20% to 75%, 1µm thick undoped GaN layer, 20nm
thick AlGaN barrier layers, and an ultra-thin (2nm) GaN cap layer. The details of the fabrication steps were
explained in chapter 4. An array of Schottky contacts composed of the DC magnetron sputtered Ni layers
with the diameter of 600μm were used. In this experiment, samples were chosen from the center and edge
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named as sample A and B, respectively. Samples A and B which were used in the time resolved
photocurrent experiment were utilized for the PPC experiment. -12 V was supplied to the Schottky contact
by a Keithley 6487 pico-ammeter/voltage. The excitation source was a Xenon lamp with wavelength of
700 nm.

6.2.2 Results and Discussion
Figure 6.2-3 (a) and (b) display the transient photo current of samples A and B, respectively
measured near the initial dark current equilibrium state and the final dark current state for the 7th consecutive
times at -12V with the exposure of the light at 700nm. For each measurement, the delay time (600s) before
starting the excitation, the excitation time (60s), and after exposure, the recovery time (600s) were kept
constant. As we can see from Figure 6.2-3 the PC transient characteristics are different for the initial and
the subsequent measurements. For sample A, initial current decreases down to 3rd measurement, it increases,
and decreases again. In contrast, final dark current is increasing up to 4th measurement and starts to decrease
again. Similar effects have been observed by other scientists as well.27 As suggested by Han et al.27 this
may indicate involvement of two mechanisms working together on the present photoconductivity. It should
be noted that, the changes mentioned here are small changes on the same order of magnitude. For sample
B, both initial dark current and final dark current increase with the growth of the number of measurements.
Moreover, at 700nm energy level of excitation is lower than the energy gap of GaN, yet we still observed
the increase in the conductivity indicating the persistent of current for a long period of time after the removal
of illumination. Similar effects have been shown before by other researchers as well.28 For both of the
samples the initial dark current level of the transient is always lower than that of the final dark current of
the same transient.
Because of the multiple exposure times and assuming the traps are not emptied, it is expected that after
each repetitive exposure there will be an increase in the final saturation current, which corresponds to initial
dark current of the consecutive measurement. The reason why this is not observed in the case of sample A
might be that most of the traps with activation energy higher than 1.77 eV( 700nm) might be emptied after
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the couple of first exposure at 700nm. For sample B, it takes more time for carriers to return to its original
dark current level. Therefore, it is expected to have a higher initial dark and final dark current with each
repetitive measurement. Furthermore while sample A reaches the highest current with the exposure of the
light after the 3rd measurements sample B reaches the same highest current after the 5th measurements. It
can be said that for both samples after several measurements all the traps are emptied. In general, as also
stated by Li et al.28 the conclusion can be drawn from Figure 6.2-3 might be the fact that the selectivity (or
sensitivity) of the dark current level of Schottky contacts fabricated from AlGaN/ GaN HEMTs
heterostructures will depend on the device history.
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Figure 6.2-3: Typical photoresponses of an AlGaN/GaN heterostructure measured under a successive
light excitation (λexc=700nm) with applied bias of -12V for (a) sample A
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Figure 6.2-3: Typical photoresponses of an AlGaN/GaN heterostructure measured under a successive
light excitation (λexc=700nm) with applied bias of -12V for (b) sample B.
Difference between initial dark current and final dark current in terms of number of measurements was
summarized in the Figure 6.2-4 (a) and (b) for samples A and B, respectively. The highest differences
observed at 4th and 5th measurements for samples A and B as expected from the above graphs. In both of
the graphs, there was an increase followed by a decrease and another increase. This might indicate that traps
are filled gradually and emptied at certain point, and retrapped again.
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Figure 6.2-4: Difference between initial dark current and final dark current in terms of number of
measurements for (a) sample A and (b) sample B.
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Figure 6.2-5: Photocurrent transient measured r the initial dark equilibrium state and after 7th
measurement for (a) sample A and (b) sample B, respectively at 300K. The solid decays are the least

Ó

squares fit of the photocurrent decay transients to an exponential function!"‰‰I (%) = "E + ("< ' "E )* (?.) .
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To identify PPC mechanism we formulated its decay and buildup kinetics. Figure 6.2-5 shows a
more detailed view of PPC behavior near the initial dark equilibrium state and after 7th measurement for
sample A (a) and sample B (b), respectively. In general, a stretched exponential function is used to define
PPC decay IPPC(t) for III-V and II-VI semiconductors.17,29,30
"‰‰I (%) = "E + ("< ' "E )* (?4T/)

0

[ 6.2-1 ]

However, as illustrated in the Figure 6.2-5, the PPC decay kinetics in this experiment studied here can no
longer be described by equation [ 6.2-1 ]. Instead, the observed PPC decay behavior follows;
4

"‰‰I (%) = "E + ("< ' "E )* (?/)

[ 6.2-2 ]

where Id is the initial dark current, I1 is the current level immediately after termination of excitation source,
τ is the decay time constant, and β is the decay exponent.
Decay times were derived as 53s and 224s for the first excitation of sample A and B, respectively.
For the last excitation of sample A and B, 604s and 352s were recorded as decay time constants,
respectively. Arslan et al.31 suggested that trapped photoexcited carriers are the origin of PPC and they
spatially separated by local potential fluctuations, resulting in suppression of the recombination. Polyakov
et al.32 indicated that PPC effect related to deep level defect centers and fluctuation effects can be
distinguished by observing quenching effect. In the case of observed quenching effects it is more likely to
observe for persistent photoconductivity related to potential fluctuations. Whereas there should not be
optical quenching by sub-bandgap light for persistent photoconductivity which is caused by DX centers.
Therefore, PPC effect observed here is more likely caused by DX centers. We suggest that differences in
the decay times might indicate the involvement of different traps. In summary, we observed that when we
increase the number of excitation decay time gets longer and longer. Similar trend has been observed by
other researchers as well.28 We believe that when the samples were exposed multiple times to the light,
previously excited carriers are excited again before they return to their original states.
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Figure 6.2-6: Characteristic parameters of PC transients vs pulsed illumination time. (a) The dark
conductivity level, and (b) the PC decay time constant, τ.

In the Figure 6.2-6, we replot characteristic parameters of PC transients for dark current level (a),
and the PC decay time constant (b), τ with respect to pulsed illumination time based on the fitted values of
decay characteristics. We were expecting they would follow similar characteristics as shown by other
researchers.28 Instead, our results demonstrated different behavior. Fitted dark current values for both
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samples A and B are almost constant by ignoring small fluctuations. Those small changes in the dark current
values follows with the fluctuations in the experiment. As we stated before, we observed an increase in the
values of τ with the increase of exposure time.
¯
Furthermore, we used following "‰‰I
to fit Figure 6.2-5, which is used to derive the PPC build up

¯
"‰‰I
kinetics in AlGaAs by other researchers33,34

¯ (%)
"‰‰I
= "E + ("Ä3‘ ' "E )(1 ' * ?ý4 )

[ 6.2-3 ]

where α is a constant, Id is the initial dark conductivity, and Imax is the PPC saturation level.
Both samples exhibit an initial fast increase followed by a steady enhancement. It has been claimed
that deep level impurities are the reason behind such a buildup behavior since electrons are slowly captured
by these centers.21,34 The widely used exponential fit showed good agreement for each transient on a linear
time scale. Furthermore, since the decay time constant of 600s is much higher than 60s of illumination time
one can conclude that PPC build up process is the main reason behind the dark pulsed illumination time
dependence of the dark level.28 Since excitation energy level is less than the energy gap of GaN, the energy
of the excitation photons is not large enough to generate electron hole pairs in the GaN layer. To investigate
the possible source of PPC effect further experiments under higher energy light illumination than the energy
bandgap of GaN were conducted.35 It was demonstrated that PPC buildup effect is contributed by the
transfer of photoexcited electrons from the deep level impurities in either GaN or AlGaN layers close to
the surface.
Another experiment was done to observe the effect of PPC. In this experiment, after initial current
was measured in reverse bias, the same experiment was repeated under dark condition for an hour by
repeating the measurement every 4 minutes. Figure 6.2-7 (a) shows the initial light photo current
measurements followed by 14 consecutive dark current measurements. By looking at the decrease in the
dark current with time we can say the effect of photo current persist. In the Figure 6.2-7 (b), nice exponential
decay of dark current is observed after the termination of the light. This also indicates the persistence of
photoconductivity.

132

Current (A)

2.5x10

-5

2.0x10

-5

1.5x10

-5

1.0x10

-5

5.0x10

-6

d1
l1
d2
d3
d4
d5
d6
d7
d8
d9
d10
d11
d12
d13
d14

0.0
-20

-15
-10
Voltage (V)

-5

0

a
2.4x10-5

Current (A)

2.0x10-5
1.6x10-5
1.2x10-5
8.0x10-6
4.0x10-6

l1

d3

d5

d7

d9 d11 d13 d15

Number of measurements
b

Figure 6.2-7: (a) Initial dark current followed by photocurrent measurement and 14 final dark current
measurements (b) Exponential decay of the dark current with time.
In summary, we investigated PPC effect on AlGaN/GaN HEMTs heterostructures. The PPC effect
is analyzed in the context of exponential decay and buildup then comparisons are made between the two
different samples. We observed that two samples showed different PPC characteristics after multiple
illuminations. This can be concluded as the selectivity (or sensitivity) of the dark current level of Schottky
contacts fabricated from AlGaN/ GaN HEMTs heterostructures will depend on the device history. It was
found that the decay of photoconductivity after exposure to light is extremely slow and it takes from tens
of minutes to several hours for the conductivity to return to its dark state for our samples. While the
exponential decay analysis is insufﬁcient to provide direct information on the nature of the PPC by
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formulating the PPC buildup and decay kinetics, we attributed PPC to the photoionization of deep level
impurities.

6.3

Photoionization Spectroscopy/ Spectroscopic Photocurrent Measurements
Ejection of an electron through absorption of a photon of electromagnetic radiation by quantum

system is defined as photoionization.36 In this case, energy of absorbed atom should be greater than the
lowest energy of the target atom or ion “S”. The absorption results in a higher state ionization S+ and
electron with a kinetic energy equal to the excess photon energy.37
ÁV! + 1 = 1 2 + *

[ 6.3-1 ]

Photoionization spectroscopy gained attention as a simple method for detecting excited atoms against the
background of unexcited ones in early 1970s by Letokhov.38 By studying the wavelength dependence of
the drain current recovery in more detail, Klein et al.39 successfully identified the signatures of specific trap
levels that are responsible for current collapse. The technique depends on the release of trap carriers
responsible for current collapse during illumination with light that reflects the photoionization spectrum of
the traps. It is believed that this spectrum can be used to identify the defects by relating increase in the
number of carriers ejected from the traps upon illumination to the increase in the current.
In this experiment, the device first is initialized by proximity illumination for reproducible
measurements of current collapse. A drain- source voltage is applied to fill the traps and the fully collapsed
drain current is measured both under dark and various wavelength λ illumination for duration t repetitively.
The difference between the dark and light-on drain current at a fixed drain voltage V0 is calculated for each
wavelength. The increase in the light on drain current compared to dark current represents the number of
ejected carriers from the traps upon illumination. In summary, this spectroscopy measures the increase of
the drain current in a fully collapsed device upon illumination with monochromatic light.

134

This study provides information on experimentally measured response function S(λ) which is
•3(')?3ØÒ45 ™

measured by normalizing the fractional increase!
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in the drain current, which reflects the

fraction of the traps emptied upon illumination by the total number of incident photon at each wavelength
ϕ(λ)t (photon/cm2) as follows;39,40
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where ϕ(λ) is the incident photon flux, t is illumination duration, ΔI(λ) is increase in the drain current upon
illumination and IDark is the drain current measured under dark conditions. If S(λ) is measured under the
following conditions; (1) the light illumination is weak (σϕ(λ)t6 1), where σ is the photoionization crosssection) and (2) the measurement of drain current increase is made at a drain voltage within the linear
regime of the I–V characteristic, and S(λ) is proportional to photoionization spectrum of the deep trap. By
using this information which is obtained from photoionization spectroscopy one obtains information about
absorption threshold energy, linewidth, absorption cross section and lattice coupling.41
One should note that obtaining photoionization spectrum from a trap in a FET structure through
direct optical measurement might be difficult. To produce a change in transmission of only 0.1% requires
a trap with a reasonably large cross-section (≈10−15 cm2) and at a substantial concentration (1017 cm−3), a
100 nm layer (i.e.,~1012 cm−2) neglecting background absorption from the thick sapphire or SiC
substrate.41 Klein et al.39 found two broad absorptions below the GaN bandgap corresponding to the
photoionization of carriers from two distinct traps that are located approximately 1.8 eV and 2.85 eV below
the conduction band, respectively are observed. While the trap at 1.8 eV is suggested to be related to
dislocations and grain boundaries39 and the trap at 2.85 eV is related to carbon (C) incorporation, which
increases as growth pressure decreases.42 Same broad trap-related absorptions and a rapid increase at the
GaN bandgap were shown in the photoionization studies on AlGaN/GaN HFETs.43 Reddy et al.22 observed
a spectral threshold at -1.6±0.2eV for the photoionization of a deep level defect, which is attributed to YL
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band in silicon doped GaN. Wolter et al. observed photoionization spectra thresholds in the region
hv > 2.5eV on MOCVD grown AlGaN/GaN HEMTs devices.44,45

6.3.1 Experimental
The layers of AlGaN/GaN HEMTs layers were grown on the p-type 6″ Si wafer via MOCVD. The
epilayer has the following structure as shown in the Figure 6.3-1.(a); (1) 0.25µm AlN nucleation layer, (2)
multi-layer AlGaN buffer layer with varying Al concentrations between 20% and 75%, (3) 1µm undoped
GaN layer, (4) 20nm AlGaN barrier layers, and (5) an ultra-thin (2nm) GaN cap layer.

a

Figure 6.3-1:(a) Schematics of sample and measurement configuration
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(a)Top/edge
(b)Center
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"
(c) Bottom
Major flat
b

Figure 6.3-1: (b) Configuration and naming direction of the wafer from top to bottom.
For device fabrication, the 6″ AlGaN/GaN HEMTs epitaxy wafer was diced into 1 x 1 cm individual
pieces, and three pieces from the top (sample A), center (sample B), and bottom (sample C) of the 6″
AlGaN/GaN HEMTs epitaxy wafer were chosen as shown in the Figure 6.3-1 (b). They were ultrasonically
cleaned in the organic solvents with the following order; acetone, TCE, acetone, methanol, and methanol
for 5 minutes in each solvent. After removing organic residues, the samples were placed in a mixture of
HCl and DI water (1:1 by vol.) and subsequently heated at 1109 for 10 minutes.
An array of the Schottky contacts were photolithographically constructed using DC magnetron
sputtering, followed by lift-off. The circular Ni layers with the diameter of 600µm and thickness of 20nm
were used as Schottky contacts. The spectroscopic photo I-V measurements were carried out at room
temperature. An Apex 150W Xenon lamp was used for optical illumination. Wavelength of the light was
changed from 800nm to 400nm by using a stepping motor controlled monochromator. The direction of the
varying wavelength was chosen in a way such that the higher energy levels excited with decreasing
wavelength. A Keithley 6487 pico-ammeter/voltage source was used to sweep the applied voltage from
– 20 to + 5V. The system was controlled by the LabVIEW program. A schematic diagram of the
spectroscopic photocurrent system is shown in the Figure 6.3-2.
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Figure 6.3-2: Schematics of spectroscopic photo I-V measurement system.
Reproducibility of the measurement was insured by bringing the device in the same state for each
measurement. This was accomplished by irradiating the device with a red light before applying the bias. It
is believed that this procedure led to reproducible results and presumably emptied all of the traps, thus
eliminating the depletion and returning the device back to the equilibrium condition.2

6.3.2 Results and Discussions
Figure 6.3-4 (a), (b), and (c) show the spectroscopic photo I-V data collected from samples A,B,
and C were taken from top, center, and bottom parts of the 6″ AlGaN/GaN HEMTs heterostructure. In these
graphs, we focused on the change of the photocurrent in reverse bias region since the dark current level is
lower in the reverse bias than that in the forward bias regime. All three samples displayed different
spectroscopic photo I-V characteristics. For all the samples lowest photocurrent was higher than the
observed dark current values. Tong et al.46 previously observed lower photocurrent values than the dark
current and they related this effect to the decaying PPC produced when sample was exposed to ambient
light. Sample A reached its highest photocurrent at 650nm (1.91eV) with the light illumination and
photocurrent reduced without following any pattern when the wavelength was changed. For sample B
photocurrent has jumped up to its highest photocurrent value at 700nm (1.77eV) and this time the
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photocurrent gradually decreased as the illumination wavelength decreases. Finally, in sample C the highest
photocurrent was achieved at 550nm (2.25eV) followed by at 500 and 700nm, and gradually decreased with
time.
The top sample showed the maximum current at 1.91eV, center sample reached the maximum
current at 1.77eV and bottom sample exhibited the maximum current at 2.25eV. With the application of the
bias hot carriers are trapped at the deep centers. Upon the illumination of the trapped carriers can be
photoionized and the spectral dependence of this effect might reflect the photoionization spectrum of the
trap.2 Photoexcitations belong to the electric active type of light absorption since they generate free charge
carriers, unlike the electric inactive type, e.g., excitonic absorption and internal defect absorption. Electric
active and inactive excitations can be distinguished by the demonstration of photocurrents with externally
applied electric fields.
Khan et al.47 observed the removal of the trapped electrons with the 1.91 eV (650 nm) radiation for
the AlGaN/GaN heterostructure insulated gate field effect transistors. Bouya et al.48 reported recovery of
the current collapse under monochromatic light near 1.75 eV (710 nm). Nakano et al.49,50 observed defects
at 2.2eV as well as the ones at 1.7eV and they were associated with threading dislocations and Ga vacancies
(VGa) for the AlGaN/GaN heterostructures.
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Figure 6.3-3: Spectroscopic photo I–V collected from device fabricated on (a) Sample A (top/edge) ( b)
Sample B (center) of 6-inch AlGaN/GaN HEMTs wafer.
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Figure 6.3-3: (c) Spectroscopic photo I–V collected from device fabricated on Sample C (bottom) of
6-inch AlGaN/GaN HEMTs wafer.
Before the measurement carried out with illumination by light of different wavelengths (λ) for
duration (t) of 15s, we applied voltage up to -20V and measured under dark conditions. The current (I) for
each measurement, in the case of light off and on is then extracted from the data at a chosen, fixed voltage
(V0) at -10V for both measurements. This difference was normalized relative to dark current by the total
number of incident photons at each wavelength, response function is obtained by using the equation
[ 6.3-2 ] mentioned above. Figure 6.3-4 displays the result of the response function S(λ) as a function of
incident photon energy (hυ). Samples A, and B had two peaks point followed by one another and sample C
showed one peak point at 2.3 eV. The peaks for sample A were at 1.7 and 2.1 eV, and sample B has peaks
at 1.9 and 2.3eV. These results showed similarities with our previous results as expected. Plotting the data
in terms of response function allows us to observe additional traps levels which are overshadowed by the
highest photocurrent values in our previous representation.
For samples A and B at wavelengths 650 and 700nm, the spectrum from the traps at 2.1 and 2.3eV
might overlap with the traps at 1.7 and 1.91eV. The contribution from the traps at 2.1 and 2.3eV might be
dominant at 590 and 540nm. One should note that response function is not sufficient to determine whether
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one of the traps in the Figure 6.3-4 is dominant in causing the current collapse phenomena generally
observed in these samples. Building on the conclusions derived by Klein et al.39, we can say that while
wavelengths higher than 650nm and 700nm the contribution from traps at 1.7 and 1.91eV is independent
from of that at 2.1 and 2.3 eV, for shorter wavelengths both traps contribute. Based on these results we
might say each sample has one common defect and based on the location of the defects in the sample they
may have additional defect levels.
Klein et al.39 obtained similar results and they referred to the trap level at 1.8eV as deep level trap.
Furthermore Reddy et al.22 and Hirsch et al.51 observed similar spectral dependences to that trap at 1.8eV
in their PPC studies on GaN. Biyikli et al.52 observed small amount of PPC at 2.3eV on their PPC studies
on AlGaN/AlN/GaN heterostructures. Meneghesso et al.7 came to the conclusion that traps found at 1.75,
and 2.32 eV were responsible for hot electron induced current collapse. This may indicate the traps we
observed at 1.7 and 1.9 might be responsible for PPC reported in these studies. Wolter et al.44 showed the
presence of hole traps in the GaN buffer at 2.1eV. Same trap energy (2.1eV) was related to the carbon (C)
impurities by Nakano et al.53 In addition, some researchers suggested that similar shapes in the spectral
response behavior might indicate the presence of same type of traps. 44 Based on this information, one might
say all 3 samples have same traps, in addition, samples A and B has additional trap different from what it
is already exists in sample C.
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Figure 6.3-4: Spectral dependence of the current collapse response function S(hυ).

Finally, we compared our experimental results with theoretical calculations of the defect formation
energies in GaN and AlGaN materials. Neugebauer and Van de Walle studied the defects with formation
energies below 3 eV (i.e., for the vacancies) for wurtzite bulk GaN.54 Figure 6.3-5 (a) summarizes all the
defect formation energies as a function of the Fermi energy for the nitrogen-rich case (μN=7›( ). Low
formation energies for vacancies was observed in which VGa has the lowest value. Energetically less
favorable behavior of antisites and interstitials was observed. Further investigations were conducted by
Neugebauer and Van de Walle indicated that silicon and oxygen donors also have a lower formation
energy.55 Figure 6.3-5 (b) summarizes all the defect formation energies as a function of the Fermi energy
for native defects (nitrogen and gallium vacancies) and donors (oxygen and silicon) in GaN. These results
suggest that the defects we observed based on their energy levels are most probably VGa because of their
lower formation energies at around 2eV.
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a

b
Figure 6.3-5: (a) Defect formation energies as a function of the Fermi level for all native defects in GaN
under nitrogen-rich conditions. The slopes of the defect formation energies characterize the charge state;
a change in the slope indicates a transition from one charge state to another. EF=0 corresponds to the top
of the valence band54 (b) Formation energy vs Fermi energy for native defects (nitrogen and gallium
vacancies) and donors (oxygen and silicon) in GaN.55
In addition, the formation energies of defects in AlGaN were investigated even though studies that
explicitly address point defects in alloys are rare to date. Bogusławski and Bernhol56 focused on identifying
trends in the formation energy of nitrogen vacancies in AlGaN alloys. They found that formation energy
differences between Ga- terminated vacancies and Al-terminated vacancies is 2.8eV in AlGaN. From this
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information, we might conclude that either Ga or Al- terminated vacancies exist in our system because the
energy difference between the observed peaks is less than 2.8eV. Since there is no detailed information
about alloys, the properties of native defects in AlGaN as a first approximation were derived by
interpolating between AlN and GaN. First-principles calculations of formation energies of native defects in
AlN were performed by Mattila and Nieminen,57 Gorczyca et al.,58 Fara et al.,59 and Stampﬂ and Van de
Walle.60 Figure 6.3-6 displays the defect formation energies as a function of fermi level for defects and
impurities in AlN under Al-rich conditions. Conclusions derived from these figures by these researchers
are that only vacancies have a low enough formation energy to occur in high enough concentrations to
affect the electronic properties self-interstitials and antisites in wurtzite AlN.

Figure 6.3-6: Defect formation energies as a function of the Fermi level for defects and impurities in AlN
under Al-rich conditions. (a) Donor impurities (O and Si) and the al vacancy, relevant for n-type doping.
(b) Mg acceptor, N vacancy, and Al interstitial, relevant for p-type doping. EF50 corresponds to the
valence-band maximum. Note the formation energy of Ali is signiﬁcantly higher in wurtzite AlN.60
In summary, 6″ AlGaN/GaN HEMTs heterostructures were investigated in terms of their defect
distribution within the wafer. Spectroscopic photo IV measurements revealed the presence of sub-bandgap
defects as well as their nonhomogeneous distribution across the wafer. The trap levels observed in our
devices were also reported elsewhere for AlGaN/GaN heterostructures. Among these reports, the traps at
1.7eV and 2.2eV are observed in the GaN buffer layer. Consequently, it is more likely that the traps
observed in our devices are also mainly located in the GaN buffer layer. Plotting the results in terms of
response function revealed the presence of similar trap energy levels in all three samples, as well as
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additional trap energies. In addition, we compared our results with the theoretical values of defect formation
energies. We concluded that observed defects based on their activation energy levels are more likely due to
the vacancies in GaN or in AlGaN. To investigate the location of these traps, further studies were conducted
below. In conclusion, it was demonstrated that spectroscopic measurements can be a very useful diagnostic
tool for the quick evaluation of the nature and distributions of surface defects in the AlGaN/GaN HEMTs
wafer industry.

6.4

Depth-resolved ultra-violet spectroscopic photo current-voltage measurements
Many studies have been done to determine the location of traps in GaN based transistors.

Khan et al. 47 were first to correlate current collapse phenomena with electron trapping in the gate insulator
near the drain edge of the gate. Binari et al.61 state the idea of hot electrons trapped in GaN buffer layers of
GaN based MESFETs causing the current collapse is for the first time in 1997. Li et al.28 attributed trap
locations inside AlGaN/GaN HFETs with in the AlGaN barrier layer. Some researcher related the current
collapses in GaN MESFET to the presence of the traps within the semi-insulating GaN layer.61 Smith et
al.62 showed that while negative charges are trapped at or near the AlGaN/GaN heterojunction interface,
positive charges are trapped at the AlGaN surface and within the GaN buffer layer in their study on
AlGaN/GaN FET. Their observations are confirmed by other scientist.63 Nguyen et al.64 determine the
presence of the traps in the AlGaN barrier layer or at the AlGaN surface.

6.4.1 Experiment

This experiment demonstrates the application of the depth-resolved UV spectroscopic photo I-V
(DR-UV-SPIV) with ultra-violet (UV) light illumination for analyzing the depth-dependent electricallyactive defect distributions along the epi-layer growth direction. This method is based on the fact that the
penetration depth of light varies as a function of the wavelength for a semiconductor with above-bandgap
illumination. Thus, by changing the wavelength of the light, the thickness of the region which is probed
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will vary. In general, as the wavelength of the photon increases (as the photon energy decreases), the
penetration depth of the photon increases (absorption coefficient decreases), probing more deeply into the
bulk. Since the energy of the photon illuminated is higher than that of the bandgap, it is expected that all of
the defect states in the bandgap are photoionized. It is expected that the use of this technique will shed light
on the depth-dependent information in the electrically active defect distribution. The information will be
useful for the AlGaN/GaN HEMTs wafer vendors for rapid diagnostics of the wafer.
We used the AlGaN/GaN HEMTs layers grown on the p-type 6″ Si wafer via MOCVD. The
epilayer has the following structure; (1) 0.25µm AlN nucleation layer, (2) multi-layer AlGaN buffer layer
with varying Al concentrations between 20% and 75%, (3) 1µm undoped GaN layer, (4) 20nm AlGaN
barrier layers, and (5) an ultra-thin (2nm) GaN cap layer.
For device fabrication, the 6″ HEMTs epitaxy wafer was diced into 1 x 1 cm individual pieces, the
piece from the center of the 6″ HEMTs epitaxy wafer were ultrasonically cleaned in the organic solvents
with the following order; acetone, TCE, acetone, methanol, and methanol for 5 minutes in each solvent.
After removing organic residues, the samples were placed in a mixture of HCl and DI water (1:1 by vol.)
and subsequently heated at 1109 for 10 minutes.
An array of the Schottky contacts were photolithographically constructed using DC magnetron
sputtering, followed by lift-off. The circular Ni layers with the diameter of 600µm were used for Schottky
contact. DR-UV-SPIV measurements were carried out at RT. An Apex 150W Xenon lamp was used for
optical illumination. Wavelength of the light was changed from 280nm to 400nm by using a stepping motor
controlled monochromator. The direction of the varying wavelength was chosen in a way such that the light
would penetrate deeper into the samples bulk with increasing wavelength. A Keithley 6487 picoammeter/voltage source was used to sweep the applied voltage from - 20 to + 5V. The system was controlled
by the LabVIEW program.
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6.4.2 Results and Discussion

The variation of the band-gap energy of AlxGa1-xN at T=300 K as a function of the Al concentration
“x” in the solid solution can be approximated by the following formula;65,66
-¡(†) = † · ! -¡ š{› + (1 ' †) · ! -¡Y3› ' ¢†(1 ' †)

[ 6.4-1 ]

where “x” is the Al mole fraction (0.25), Eg (x) is the band-gap of the AlxGa1-xN, EgAlN is the band-gap
energy of the AlN (6.2 eV)46,67,68, EgGaN is the band-gap energy of the GaN (3.43eV)10,13 ,69, b is the bandgap bowing parameter where 1 was used.70,71,72,73 The band-gap of Al0.25Ga0.75N was calculated to be 3.89
eV which is in good agreement with the experimental value reported by Shan et al. (3.88eV for
Al0.20Ga0.80N).69
According to the Beer-Lambert rule;
"
= -†€•'n · &™!
"N

[ 6.4-2 ]

here α is the absorption coefficient, d is the distance from the surface of the material, and I and I0 are the
intensity of light measured at the depth and at surface d, respectively. Penetration depth (PD) is defined as
a distance from the surface when the intensity of light has decayed to 1/e (~37%) of the original. Thus,
penetration depth can be calculated from the absorption coefficient as follows;
1
#÷ = !
n

[ 6.4-3 ]

Since the absorption coefficient is a function of wavelength of the light, the PD is as well. The absorption
coefficient can be calculated from the extinction coefficient K;
n=

UWl
!
ö
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[ 6.4-4 ]

Figure 6.4-1 shows the calculated PD as a function of the wavelength and energy for GaN and
Al0.25Ga0.75N. In this evaluation, the absorption coefficient determined from the transmission measurement
by Muth et al.74 was used to calculate the PD as described above. The non-zero absorption coefficient for
below band-gap excitation is possibly produced due to the absorption of light by in-gap states. As can be
seen from the Figure 6.4-1, PD in AlGaN and GaN increases with the increasing wavelength of light, and
exhibit an abrupt increase starting from around 320 nm and 360 nm for AlGaN and GaN,
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Figure 6.4-1: Penetration depth as a function of wavelength and energy for GaN (blue/square) and
Al0.25Ga0.75N (orange/circle).
Figure 6.4-2 (a) and (b) show the spectroscopic UV photo I-V data collected from the devices
located on 2 different regions (hereafter to be referred to as device A and device B) on the piece chosen
from the center of the 6″ AlGaN/GaN MOCVD-grown HEMTs on a Si wafer, respectively. For the
spectroscopic UV photo I-V characterization, we preferred monitoring the change in the reverse bias
photocurrent rather than the forward bias photocurrent due to a lower level of dark current at the reverse
bias. Although these two devices displayed similar dark current characteristics (not shown here), they
showed strikingly different photo I-V characteristics in terms of their spectral responses. For device A
(Figure 6.4-2 a), the photocurrent at 290 nm was slightly higher than the dark current. The photocurrent
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showed a jump at 300 nm with the UV illumination and reached the maximum with 370 nm (3.35 eV). For
device B (Figure 6.4-2 b), the photocurrent at 280 nm was much higher than the dark current and the
maximum photocurrent was observed at 310 nm (4 eV) UV illumination. The spectral response of the
photocurrent is related to the in-gap states or traps located at different depths in the epi-layer structure.
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Figure 6.4-2: Spectroscopic UV photo I-V collected from (a) sample A and (b) sample B on the piece
chosen from the center of the 6 in. AlGaN/GaN MOCVD-grown HEMTs on a Si wafer, respectively.
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Figure 6.4-3: Power of the Xenon lamp used in this experiment as a function of wavelength.

In order to make sure that sub-gap traps exist, visible photo I-V measurement was performed with
the sub-bandgap light illumination. We observed the spectral response of the photo current from these
samples, which can provide the evidence for the presence of the traps. In the sub bandgap spectroscopic
photo current measurement section, visible photo I-V measurement was reported on two different samples.
One of the samples showed the maximum photocurrent at 750 nm, and the other one exhibited the maximum
photocurrent at 650 nm, the peak of the energy level of trap locations showed a reasonable agreement with
those measured by other workers47,75 Variations of spectral responses from different areas in the wafer are
presumably related to the local traps across the wafer.
Figure 6.4-4 shows the normalized current as a function of wavelength for sample A (square) and
B (circle). To normalize the figures we measured the power of the Xenon lamb and it was plotted in the
Figure 6.4-3 as a function of wavelength. As can be seen from Figure 6.4-2 and Figure 6.4-4, the device B
has more defects close to the interface of the 6″ AlGaN/GaN MOCVD-grown HEMTs on a Si wafer while
device A has predominant defects deeper into the bulk.
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Figure 6.4-4: Normalized current as a function wavelength for samples fabricated on device A (square)
and device B (circle) of the piece chosen from the center of 6 in. HEMT wafer.
In summary, we demonstrated the applicability of DR-UV-SPIV technique for analyzing the depthdependent distribution of the deep level traps in AlGaN/GaN HEMTs epi-structures. Deep-level defects in
the AlGaN/GaN HEMTs devices result in undesirable current collapse issues which limit actual device
performances at high frequencies. Therefore, it is necessary to investigate deep level defects in the
AlGaN/GaN HEMTs structures. The AlGaN/GaN HEMTs structures used in this study were grown on a
6″ Si wafer by MOCVD. A monochromatized UV light illumination from a Xe lamp was used to perform
the DR-UV-SPIV measurements. We observed variations in the depth-dependent defect distribution across
the wafer detected by the DR-UV-SPIV measurement. In addition to previously demonstrated spectroscopic
photo-IV measurement with the sub-bandgap excitation, the DR-UV-SPIV measurement can be performed
to make a quick analysis of the depth-dependent electrical homogeneity of the electrically-active defect
distribution in the AlGaN/GaN HEMTs epi-structure grown on a Si wafer with least sample preparation.
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6.5

Voltage dependent spectroscopic photo current-voltage measurement

6.5.1 Experiment

The same experimental setup and devices as in our previous experiments were used to investigate
voltage dependence of spectroscopic photocurrent measurements.

6.5.2 Results and Discussion

Figure 6.5-1 illustrates the bias-dependent spectral responsivity of the Ni Schottky contact on
AlGaN/GaN HEMTs structure under the illumination. 280nm to 400nm wavelengths for above bandgap
measurements were used to perform photo response measurement. While there are four peaks at 280, 310,
340 and 370nm appearing in the spectra for sample A, two sharp peaks at 290 and 310nm were observed
for sample B. Kumar et al.76 associated the peaks at 280nm and 290nm with the intrinsic transitions above
the band edge of AlGaN and the peak at 340nm with intrinsic transitions above the band edge of GaN.
Since current/power values for the zero bias are much smaller compared to the same values at higher
voltages, the relationship shown in the Figure 6.5-1 appears linear. When it is plotted itself, it follows a
similar pattern as other voltages. As a result, one can say that responsivity spectra do not depend on the
device bias.
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Figure 6.5-1: Voltage dependent spectroscopic UV photo I-V collected from (a) sample A and (b) sample
B on the piece chosen from the center of the 6 in. AlGaN/GaN MOCVD-grown HEMTs on a Si wafer,
respectively.
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For both samples, we did not observe a relationship between the applied bias and current/power
values. The voltage-insensitive photocurrent characteristic of the AlGaN/GaN heterostructure can be
interpreted as arising from a significant density of trap states with fast trapping of the charges such that the
mean-free path of the charge carriers (the distance traveled before being trapped) is less than the thickness
of the active layer, as suggested by Li et al.77 It is suggested that the recombination of trapped charge
transport would be limited by the time spent traveling between the traps that should show a voltage
dependence in the case of rapid detrapping and in the absence of efficient recombination of trapped charge
transport. For further investigation, time dependent photocurrent experiments were conducted to observe
the decay dynamics.
Kumar et al.76 observed an increase in their responsivity measurements with the increase of reverse
bias voltage. The values of the responsivity were estimated to be higher than the theoretical value (i.e.,
:0.22 A/W at an incident wavelength of 280 nm); when reverse bias was applied at 1 V and at an incident

wavelength of 340 nm, it was higher than the theoretical value78 (i.e., :0.27 A/W) at –2 V bias. The
AlGaN/GaN Schottky contacts showed a considerable internal gain. Such a gain has been widely observed
in various photodetectors, and considered to be advantageous for required high responsivity application.79
Several theories have been suggested to explain the gain mechanism, such as photoconductive gain80,
avalanche carrier multiplication,81 and trapping of photocarriers at the semiconductor/metal interface.82
Since we already observed the presence of the traps, we propose that the trapping of photo-carriers at the
semiconductor/metal interface could be a possible mechanism for the observed gain.
The possible energy band diagram of the AlGaN/GaN HEMTs heterostructure for Schottky contact
is displayed in the Figure 6.5-2. According to Kumar et al.’s76 theory, the photo-excited electrons from the
absorption region of AlGaN will be moved to the conduction band and driven to the quantum well at the
interface. The photo-excited electrons in the GaN layer absorption region near the interface are forced to
move into the quantum well by the built-in electric field at the interface. Since photons can travel deeply
into the GaN layer, the photo-excited electrons may generate in the deeper side of the GaN layer and they
may also partly reach into the quantum well due to the built-in electric field influence by diffusion.
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Consequently, there will be fewer excitation energies than those in the band gap of bulk GaN and the photoexcited electrons in the non-depleted region will recombine after some time. Based on this theory it is more
likely that contributions to photocurrent in these structures are mainly due to the carriers generated in the
AlGaN and GaN layers mainly.

Depletion due to the Schottky barrier

Lowered barrier due to the carrier trapping

AlxGa1-xN

Ec
Ef
GaN
Ev

Figure 6.5-2: Schematic energy band diagram of an AlGaN/GaN HEMTs heterostructure for a Schottky
contact inspired from Kumar et al.76
We also calculated depletion width under applied voltage changing between -5V and -20V for
different doping concentration by using equation [ 6.5-1].83
CM2 (¶G ' @s‘4 )
kL = X
!
JKE

[ 6.5-1]

where MQ is the permittivity of GaN (7.88x10-13F/cm)84, ¶G is the built in potential, Vext is the applied
external bias, q is the electron charge and Nd is the doping concentration. We used five different doping
concentration as 1x1015, 5x1015, 1x1016, 1x1018, and 1x1020 cm-3. ¶G is calculated as follows;
¶G = ¶S ' (;Ä ' <2 )
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[ 6.5-2]

where J¶S = §!-. TC« ' ¶A , <Q !(4.1eV)85 is the electron affinity of the semiconductor, ;Ä (5.24eV)86 is
the work function of the metal. ¶A is calculated for different doping concentrations as follows;
J¶A = ÂÃ—;(KL T;G )

[ 6.5-3]

where k is the Boltzmann constant, T is the temperature, ND is the doping concentration, ni (1.9x10-10 )87 is
the intrinsic carrier concentration of the semiconductor. The calculated depletion widths for voltages
between -5V and -20V, and for doping concentrations between 1015 and 1020 cm-3 were summarized in
Table 6.5-1. According to results in this table, depletion with decreases from 4x103 nm to 60nm with the
increase of the doping. We also observed that depletion width of different doping concentrations increases
with the increase of the applied voltages. We compared our depletion width results to the penetration depth
values of GaN and AlGaN given in Figure 6.4-1. We concluded that for doping concentration higher than
1x1015 cm-3 (i.e. 5x1015) penetration depth is higher than the calculated values of depletion width. Further
research is required to understand the exact correlation of relative difference between penetration depth and
depletion width and photocurrent increase.
In conclusion, bias dependence of AlGaN/GaN heterostructures under light illumination were
investigated. Observed voltage independent photocurrent increases were related to density of trap states
with fast trapping of the charges such that the mean-free path of charge carriers is less than the thickness of
the active layer. Higher responsivity values than usual were observed, suggesting that a small internal gain
exists within the structure. The internal gain phenomenon is described by Schottky barrier lowering due to
photo-generated carriers that are trapped at the semiconductor/metal interface.
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Table 6.5-1: Summary of the calculated depletion width in nm for different doping concentration and
applied biases.

6.6

Applied

ND=1x1015

ND=5x1015

ND=1x1016

ND=1x1018

ND=1x1020

Voltage

cm-3

cm-3

cm-3

cm-3

cm-3

-5V
-6V
-7V
-8V
-9V
-10V
-11V
-12V
-13V
-14V
-15V
-16V
-17V
-18V
-19V
-20V

2012.114
2243.472
2453.106
2646.184
2826.102
2995.232
3155.31
3307.649
3453.274
3593.002
3727.496
3857.304
3982.883
4104.621
4222.852
4337.861

895.3078
999.244
1093.344
1179.963
1260.645
1336.465
1408.208
1476.47
1541.712
1604.303
1664.542
1722.676
1778.911
1833.423
1886.359
1937.85

631.6915
705.33
771.9758
833.3084
890.4264
944.095
994.8727
1043.182
1089.35
1133.64
1176.264
1217.396
1257.183
1295.749
1333.2
1369.627

622.3998
697.0207
764.3913
826.2871
883.8589
937.9034
988.999
1037.581
1083.989
1128.489
1171.3
1212.601
1252.54
1291.245
1328.822
1365.366

61.29674
68.86111
75.67308
81.92056
87.72423
93.16707
98.30903
103.1951
107.86
112.3314
116.6315
120.7786
124.788
128.6725
132.4431
136.1092

The time-dependent evolution of the photoconductivity/ Transient Photoconductivity

There are many techniques to measure the photoconductivity. In this work, we will focus on transient
photoconductivity measurement. Transient spectroscopy relies on the trapping and de-trapping of charge
carriers.10 In this measurement, excess charge carriers are produced with the illumination of the light and
when the light is switch off the photoconductivity decays exponentially. To observe the transient
photoconductivity one can either record the voltage drop across the load resistor by a bandwidth
oscilloscope or can record the current drop by time via a computer program.10 Transient spectroscopy is
more suitable for studying defects in epitaxial layers and give more information activation energies, cross
sections, and density of individual defects.10
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For an n type semiconductor with a steady state photocurrent ΔI0, photoconductivity is expected to
decay exponentially to zero when the illumination is suddenly removed at!% = %N . The time dependency of
the photocurrent can be described as follows;10
•" = •"N •1 ' ¾¿À!(%T,x )™ !!!!!!!!!!!(5 = % = %N )

•" = •"N >1 ' ¾¿À§%T,x «?¾¿À!•'(% ' %N )O,x ] (% ð %N )

[ 6.6-1 ]
[ 6.6-2 ]

where ,x is a time constant and it can be determined via transient behavior of the photoconductivity in the
absence of the traps.88 In this case, the photoconductivity decay contains only a fast component which
corresponds to radiative recombination from conduction band to valance band.10 Since there is slower
release rate of the traps in the case of the presence of the traps, a single exponential decay is not enough to
describe the transient photoconductivity.10 Consequently, in the presence of traps photoconductivity decay
can consists of several decay mechanisms with different time constants. In these cases, photoconductivity
decay curve fitting can be expressed as the sum over exponential functions each characterized by a different
time constant. Erol and Çetin stated that in the photoconductive decay curves which can be expressed by
two exponential function while initial fast decay corresponds to recombination of photoexcited carriers,
slower decay exponential is due to the thermal release of electrons from traps.10
The time-dependent evolution of the photocurrent decay upon the termination of the excitation has
been also analyzed with a stretched-exponential function.18,18 Lin et al.29 stated that the long-term relaxation
does not follow an exponential function. Instead, it can be described by the stretched exponential relation
as follows;24
"(%) = "N !*†€!•'(%T,)ý ™

[ 6.6-3 ]

where t is the time, τ is the characteristics time constant for decay of photocurrent, α is the stretching
exponent (0 < α < 1), and I0 is PPC level at the moment light excitation is turned off (current immediately
after the termination of excitation). The stretching exponent α can take a value between 0 and 1, and will
be unity when simple exponential decay is expected.89 Since the physical signiﬁcance of α is not clear,
caution needs to be exercised in its interpretation. However, it may be suggested that the origin of the decay
processes are different for various α values.90
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There are several reasons that can explain non-exponential photocurrent transient; Mitrofanov et
al.91 suggested that electrons are trapped on various separate trap levels where the transient is a sum over
exponential decays with different rates and amplitudes. Another possibility might be that the trapping
centers form a continuously distributed energy levels and electrons are captured into all the levels of the
trap distribution. In this case, one generally observes a stretched exponential response for the transient
characteristics. Finally, if the decay process is assisted by an electrical field, the non-uniform field
distribution in the structure results in variation of the charge-carrier release rate from the traps.

6.6.1 Sub bandgap time resolved photocurrent measurements
6.6.1.1 Experiment and Results

In this experiment, the time-resolved photocurrent (TRPC) spectroscopy which exploits the PPC to
elucidate the nature and distributions of electrically-active deep level traps. A wavelength of the subbandgap light was varied to selectively de-trap the charge carriers trapped in deep level traps with different
activation energies. After the analysis of the decaying spectra, a correlation between the wavelength of the
illuminated light and parameters of decay characteristics were made. We showed that the traps whose detrapping energies are the same can exhibit different PC decay dynamics. Therefore, the analysis of time
transient behavior of PC decay can shed light on origin/nature of the deep level defects.
The AlGaN/GaN epi-structure used in this work was an AlGaN/GaN HEMTs structure grown on the
p-type 6″ Si wafer via MOCVD. The structure consists 0.25 µm AlN nucleation layer, multi-layered AlGaN
buffer with Al concentrations ranging from 20% to 75%, 1µm thick undoped GaN layer, 20nm thick AlGaN
barrier layers, and an ultra-thin (2nm) GaN cap layer. The details of the fabrication steps were reported
previously.35 An array of Schottky contacts composed of the DC magnetron sputtered Ni layers with the
diameter of 1mm were used. The two devices (hereafter to be referred to as samples A and B with the same
dark current characteristics were chosen for the analysis.
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The spectroscopic photo I-V measurement and the time-resolved photocurrent (TRPC) spectroscopy
were performed at the room temperature with a varying wavelength. An illumination was provided by an
Apex 150W Xenon lamp. Details of the spectroscopic photo I-V measurement process can be found above.
For the TRPC experiment, an optical pulse was generated by a mechanical shutter. The light was dispersed
by a monochromator, providing excitation wavelength in the range of 400-800 nm with 50nm wavelength
step for each measurement. The monochromatized light was focused onto the Schottky contacts through
optical lens. The photocurrent was measured using Keithley 6487 Pico-ammeter/voltage source with top
Schottky contact reverse-biased with respect to the bottom ohmic contact. The entire measurement process
was controlled via LabVIEW and the spectra was recorded by a computer. The sample was kept under the
darkness at room temperature for 24 hours prior to the light illumination to ensure that the measurement is
not affected by decaying photocurrent generated from previous or unwanted light exposure.
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6.6.1.2 Results and Discussion

Figure 6.6 -1 (a) and (b) show the spectroscopic photo I-V data collected from samples A and B,
respectively. Sub-bandgap light with varying wavelength was used to produce the photocurrent. As can be
seen from the figure, those two devices respond to the different wavelengths in a similar fashion.
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Figure 6.6-1: Spectroscopic photo I-V data with sub-bandgap excitation for (a) sample A and (b) B.
Figure 6.6-2 (a) and (b) show the normalized TRPC spectra of samples A and B, respectively. Overall, it
was found that in all the studied AlGaN/GaN HEMTs epi-structures the photocurrent decay after light
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exposure is extremely long, ranging from tens of minutes to several hours for the current to return to the
level of dark current. A sub-bandgap PPC effect is obviously observed from all of the samples. PPC effect
is a light induced enrichment in conductivity and the photoconductivity persists for a long time after the
termination of illumination.19 The PPC includes multiple processes, such as photon absorption, carrier
recombination and transport.16

Current (Normalized)

1.0

800nm
750nm
700nm
650nm
600nm
550nm
500nm
450nm
400nm

Sample A

0.8
0.6
0.4
0.2
0.0
0

200 400 600 800 1000 1200
Time (Second)

a

Current (Normalized)

800nm
750nm
700nm
650nm
600nm
550nm
500nm
450nm
400nm

Sample B

1.0
0.8
0.6
0.4
0.2
0.0
0

200

400

600

800

1000

1200

Time (Second)

b

Figure 6.6-2: Room temperature PPC decay kinetics of the Al0.25Ga0.75N/GaN/Si heterostructure as a
function of excitation wavelength for (a) samples A and (b) sample B.
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Previously, PPC study have been performed on bulk GaN17 and AlGaN/GaN heterostructures, and most
of these studies were conducted under the above-bandgap ultra-violet (UV) illumination with a fixed
wavelength. It has been claimed by many researches that PPC effects in bulk GaN is caused by the deep
level defects, such as AX-like center in p-type GaN or DX-like and AX-like centers in n-type20 and p-type21
GaN, respectively. Li et al.1818 attributed the increase of PPC to the photoionization of deep level impurities,
such as DX-like centers in the AlGaN barrier material. Reddy et al.22 stated that if PPC arises from a DXcenter like defect, a steep rise in photocurrent is expected when the photon energy equals the ionization
energy of the deep level defects, followed by a saturation even with a small increase in the photon energy.
It was also suggested that the PPC effect can be attributed by the unintentionally incorporated cubic-phase
crystallites in a hexagonal matrix23 or random potential fluctuations due to heterointerfaces.20 In addition,
some researchers claimed that both long and short decay time constants contribute to the PPC of n-type
GaN, which implies the presence of more than one type of PPC. 25 Although hole trap contribution to PPC
is generally ignored, their presence has been observed in n-type GaN.26 In this investigation, we used the
wavelength-dependent persistent photocurrent decay to elucidate the nature of sub-bandgap defects in
AlGaN/GaN heterostructures grown on 6 inch Si wafers.
The time-dependent evolution of the photocurrent decay upon the termination of the excitation has been
analyzed with a stretched-exponential function. 18,18 Lin et al.29 stated that the long-term relaxation does not
follow an exponential function. Instead, it can be described by the stretched exponential relation,
"(%) = "N !*†€!•('%T,)ý !

[ 6.6-4 ]

where t is the time, τ is the characteristics time constant for decay of photocurrent, α is the stretching
exponent (0 < α < 1), and I0 is PPC buildup level at the moment of light excitation is turned off (current
immediately after the termination of excitation).
In this investigation, the following expression of combined exponential and stretched exponential
functions were used to ﬁt the experimental data of Figure 6.6-1 (a) and (b);
"(%) = h + •*†€!('(%T,< )™ + $•*†€!('§(%T,: )ý «™!
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[ 6.6-5 ]

here τ 1 and τ 2 are decay time constants for exponential and stretched exponential functions, respectively,
A is a constant for fitting adjustment, and the pre-exponential factors B and C are measure for relative
contribution of exponential and stretched exponential functions to the fit. Each decay curve was normalized
to unity at t = 0 which is the moment when the light excitation is terminated. In addition, the dark current
was subtracted. All samples displayed diverse transient photocurrent dynamics when reaching their
saturated dark current levels. A least square fit to the experimental data was performed to determine the
decay exponent α, pre-exponential factors B and C, and decay time constants τ 1 and τ 2. Figure 6.6-2 shows
the decay time constants τ1 and τ2 as a function of wavelength. Slow decay is followed by fast decay and
such a behavior was observed by other researchers.17 Both fast and slow decay time constants vary with
wavelength, which implies that both the decay processes are governed by light activated process. It was
observed that fast decay exhibited exponential behavior while the slow decay displayed non-exponential
behavior.92 We also observed that τ2 values are generally higher than τ1 values. Therefore, it can be
conjectured that fast and slow decay can be associated with exponential and stretched exponential
behaviors, respectively.
There are several reasons that can explain non-exponential photocurrent transient; Mitrofanov et al.91
suggested that electrons may be trapped on various separate trap levels, where the transient is a sum over
exponential decays with different rates and amplitudes. Another possibility might be that the trapping
centers form a continuously distributed energy levels and electrons are captured from all the levels in the
trap. In this case, one generally have a stretched exponent for the transient character. Finally, if the decay
process is assisted by an electrical field, the non-uniform field distribution in the structure results in
variation of the release rate.
Although the two samples show similar characteristics for wavelength-dependency on photocurrent
generation (Figure 6.6-1), they exhibited a dissimilar time-dependent photocurrent decay dynamics. This
implies that TRPC spectroscopy can be used to distinguish the traps which have different origins but have
the same de-trapping energy. Since the PPC decay rates in device A and device B are different, it implies
that the underlying trapping mechanism responsible for the PPC effects is also different.91
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Figure 6.6-3: Decay time constants for (a) exponential and (b) stretched exponential functions.
Figure 6.6-4 (a) shows the fitted values of the stretching exponent α for samples A and B also the
values plotted as a function of wavelength. The stretching exponent α can take a value between 0 and 1,
and will be unity when simple exponential decay is expected.89 Since the physical signiﬁcance of α is not
clear, caution needs to be exercised in its interpretation. Nonetheless, it may be suggested that the origin of
the decay processes are different for various α values.90 Moreover, equal values of α were observed for both
samples at 700 and 750nm. This might be related to the fact that both samples have the highest photocurrent
at 700nm.
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Figure 6.6-4 (b) demonstrates the voltage dependence of α at 700nm. While smaller voltages α
values showed similar trend for both samples A and B, for higher voltages different trends were observed
for two samples. Furthermore same values of α was observed for both samples at -10V. Monroy et al.93 did
not observe any dependence of bias on photocurrent decay for their AlGaN photodetectors. In our
experiment, different voltage values, except 10V, used than the one this is used in AlGaN photodetectors
experiment. This may tell us that different biases might affect the photocurrent decay. The dependence of
exposure time on α was analyzed to acquire the accurate exposure time, as shown in the Figure 6.6-4 (c). It
was showed that both samples have similar characteristics of α values at for higher exposure time constants.
Similar α values for both samples were observed for 60s exposure time, as a result 60s exposure length
were used in our measurements.
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Figure 6.6-4: Stretching exponent as a function of (a) wavelength
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Figure 6.6-4: Stretching exponent as a function of (b) voltage and (c) exposure time.
The pre-exponential constants for the exponential and stretched exponential functions (B and C)
indicate relative dominancy between the exponential and stretched exponential components. Wavelengthdependent variation of B and C for samples A and B are shown in the Figure 6.6-5 (a) and (b), respectively.
Our results indicated that stretched exponential has shown the dominant characteristics for both of the
samples. In the Figure 6.6-5 (c) and (d), the effect of each exponential according to change in wavelength
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was plotted for each sample. While pre-exponential constants of stretched exponential function showed
similar wavelength dependency for both samples, different wavelength dependence of pre-exponential

Pre-Exponential Factors B & C

constants of exponential function were observed for samples A and B.
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Figure 6.6-5: Pre-exponential factors (a) B&C for sample A (b) B&C for sample B

169

Pre-Exponential Factors C

1.4
1.3
1.2
1.1
1.0
0.9
0.8
0.7
0.6

C for Sample B
C for Sample A

0.5
400

500

600

700

800

Wavelength (nm)
c

Pre-Exponential Factors B

0.9

B for Sample B
B for Sample A

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
400

500

600

700

800

Wavelength (nm)
d

Figure 6.6-5: Pre-exponential factors (c) B for sample A&B and (d) C for sample A&B.
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In conclusion, TRPC spectroscopy with a variable-wavelength sub-bandgap light excitation was used
to study the dynamics of the decaying photocurrent generated in the heterostructures of the AlGaN/GaN
HEM) layers. The two samples show similar characteristics for wavelength-dependency on photocurrent
generation were shown different TRPC spectra, which means that TRPC spectroscopy can be used to shed
light on elucidation of underlying mechanisms (different origins) responsible for PPC effect. We
demonstrated that the TRPC spectroscopy is useful for AlGaN/GaN HEMTs wafer vendors as a diagnostic
tool for assessment of wafer quality in terms of the distribution of electrically active defects.

6.6.2 Above bandgap time resolved measurements
6.6.2.1 Experiments

A similar experiment was conducted for two different sets of wavelengths one between 220 nm
(5.63 eV) and 300 nm (4.13eV) which are above bandgap of both GaN (3.4 eV= 360nm) and Al0.25Ga0.75N
(3.89eV= 319nm), and the other between 320nm (3.87eV) and 360nm (3.44eV) which are above the only
the bandgap of GaN.

6.6.2.2 Results and Discussion

Figure 6.6-6 (a) and (b) show the time resolved spectroscopic photo I-V data collected from samples A
and B, respectively, under the illumination of the light between 220nm and 300nm. For the clarity of the
graphs, we omitted every 50 points in the graphs. The equation [6.6-5], sum of exponentials with up to two
components, was also used to ﬁt the experimental data of Figure 6.6-6. After the dark current was
subtracted, each decay curve was normalized to a unity at t = 0 which is the moment at which the light
excitation is terminated. Two devices showed different decay characteristics to the light illumination with
the wavelengths ranging between 220 and 300nm.
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Figure 6.6-6: Room temperature PPC decay kinetics of the Al0.25Ga0.75N/GaN/Si heterostructure as a
function of excitation wavelength for (a) sample A and (b) sample B.
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Figure 6.6-7 (a) and (b) show the decay time constants τ1 and τ2 as a function of wavelength. As in our
previous results slow decay is followed by fast decay and such a behavior has been observed by other
researchers.17 Both fast and slow decay time constants vary with wavelength, which implies that both the
decay processes are governed by light activated process. It was observed that fast decay exhibited
exponential behavior while the slow decay displayed non-exponential behavior.92 We also noticed that τ2
values were generally higher than τ1 values. Therefore, fast and slow decay can be associated with
exponential and stretched exponential behaviors, respectively. Furthermore, while two samples display
similar fast decay characteristics, their slow decay characteristics differ a lot. This might indicate that while
they have similar band to band transition characteristics, they have different slow decay characteristics due
to the involvement of different trap levels.
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Figure 6.6-7: Decay time constants for (a) exponential
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Figure 6.6-7: Decay time constants for (b) stretched exponential functions.
Figure 6.6-8 shows the fitted values of the stretching exponent α for samples A and B and the values
plotted as a function of wavelength. As we stated before, the physical signiﬁcance of α is not clear, and
hence, caution needs to be exercised in its interpretation. However, it may be suggested that the origin of
the decay processes are different for various α values.90 In contrast to sub bandgap measurement we did not
observed similar values of α for two samples. For sample A, most of the values of α are closer the unity,
except two wavelengths at 270nm and 290nm. The values of α being equal to one indicates that sample A
might be also represented by the sum of two exponential function instead of the sum of exponential and
stretched exponential functions. Furthermore similar values of α for different wavelengths in sample A
might indicate the involvement of the similar type of defects or only the band to band transitions. If the
observed effects for sample A are dominated by band to band transitions, after comparing these results to
sample B one can conclude that sample B might have contribution of additional factors, such as deep level
impurities other than band to band transitions.
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Figure 6.6-8: Fitted values of the stretching exponent α for samples A and B and the values plotted as a
function of wavelength.
As we stated before, the pre-exponential constants for the exponential and stretched exponential
functions (B and C) indicate relative dominancy between the exponential and stretched exponential
components. Wavelength-dependent variation of B and C for samples A and B are shown in the
Figure 6.6-9 (a), and (b), respectively. Our results indicate that while stretched exponential had shown the
dominant characteristics for sample B, exponential decay was more prevalent for sample A. These results
support the observation that the values of α being equal to unity actually means the involvement of
exponential decays instead of stretched exponential. In the Figure 6.6-9 (c) and (d), the effect of each
exponential according to change in wavelength was plotted for each sample. Both pre-exponential constants
of stretched exponential function and exponential function showed different wavelength dependencies for
both samples. Despite the fact pre-exponential constants of stretched exponential are bigger for sample B,
in sample A pre-exponential constants of exponential function are higher compared to the values of sample
B. In fact, these results prove that for sample A, exponent function is more dominant compared to stretched
exponent function.
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Figure 6.6-9: Pre-exponential factors (a) B&C for sample A (b) B&C for sample
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Figure 6.6-9: Pre-exponential factors B (c) B for sample A&B and (d) C for sample A&B.
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Figure 6.6-10 (a) and (b) show the spectroscopic photo I-V data collected from samples A and B,
respectively, under the illumination of the light between 320nm and 360nm which are below the bandgap
of GaN but above the bandgap of AlGaN. Although for the clarity of the graphs we omitted every 50 points
in the graphs as we did for the previous graph, the decay characteristics for different wavelengths were not
as distinguishable as those in other graphs. Equation [6.6-4] , the sum of exponentials with up to two
components, was also used to ﬁt the experimental data of Figure 6.6-10 (a) and (b). After the dark current
was subtracted, each decay curve was normalized to a unity at t = 0 which is the moment at which the light
excitation is terminated. For the wavelength measurements of 320 and 360nm, two samples showed
different decay characteristics. Li et al.28 explains the mechanism of the above band excitation at 337 nm
as follows;
i.

PC increases in the GaN layer with the photoexcitation of the charge carriers (electrons and
holes).

ii.

Due to the electric field inside the interface depletion layer, photoexcited electrons and holes
in the GaN layer are quickly separated and display a recombination of photoexcited charge
carries, which causes the decay after illumination.
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Figure 6.6-10: Room temperature PPC decay kinetics of the Al0.25Ga0.75N/GaN/Si heterostructure as a
function of excitation wavelength for samples A (a) and B (b).
Figure 6.6-11 (a) and (b) show the decay time constants τ1 and τ2 as a function of wavelength. As in our
previous results slow decay is followed by fast decay and such a behavior has been observed by other
researchers.17 τ1 values for both of the samples are similar, except at 340 nm (3.64 eV) the values of τ1 for
sample B show a higher value. In contrast, τ2 values of sample A show differences for each wavelength, as
similar values of τ2 for sample B were observed. This might indicate that slow decay of sample A and fast
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decay of sample B are governed by light activated process. For sample B although the τ1 and τ2 values look
almost equal there should be only one decay, yet our mathematical analysis showed that two decay
components gave a better fit. Furthermore the actual values of τ1 and τ2 are quite different from each other.
Therefore, we can conclude both samples A and B still have a fast decay followed by a slow decay.
In our measurements with illumination of light whose wavelength is changing between 220nm and
300nm, we had concluded that sample B has additional defects. The decay values of sample B are less
wavelength dependent for the wavelengths of 320 and 360nm. This may imply that those additional defects
referred to in the previous experiment might come from GaN layer since their effect was not observed for
the wavelengths below the energy bandgap of GaN. To further investigate the source of the defects depth
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Figure 6.6-11: Decay time constants for (a) exponential
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Figure 6.6-11: Decay time constants for (b) stretched exponential functions.
Figure 6.6-12 shows the fitted values of the stretching exponent α for samples A and B and the
values plotted as a function of wavelength. It was stated before, that different α values might indicate that
the origin of the decay processes are different. For sample A, most of the values of α are closer to the unity,
except two wavelengths at 335nm and 360nm. The values of α being equal to one indicates that sample A
might be also represented by the sum of two exponential functions instead of the sum of exponential and
stretched exponential functions. These results are similar to the ones that we observed for wavelengths
above the bandgap of AlGaN.
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Figure 6.6-12: Fitted values of the stretching exponent α for samples A and B and the values plotted as a
function of wavelength.
Figure 6.6-13 (a) and (b), respectively, displays the wavelength-dependent variation of B and C for
samples A and B. While the stretch exponent is more dominant in sample B, the exponent function is more
dominant is sample A. These results support the fact that α values are close to unity for sample A. In the
Figure 6.6-13 (c) and (d), the effects of each exponential according to change in wavelength were plotted
for each sample. While pre-exponential constants of stretched exponential function showed similar
wavelength dependency for sample A, for sample B similar values were observed for the pre exponential
function and the exponential function.
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Figure 6.6-13: Pre-exponential factors (a) B&C for sample A (b) B&C for sample B
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In summary, time resolved spectroscopic photo current voltage measurements were conducted for
both below and above bandgap wavelengths including the range from 220nm to 800nm. For each
wavelength range, we observed differences between both samples and measurements. The results indicate
that TRPC measurements are wavelength dependent. Based on the involvement of different trap centers
decay characteristics can display differences from sample to sample. We conclude that the TRPC method
can be used to distinguish two or more samples that have similar structures but different defect involvements
with minimum sample preparation.

6.7

Effect of Solution on spectroscopic photo current-voltage measurements

AlGaN/GaN wide bandgap semiconductors are of interest due to their ability to ability for high
temperature/frequency operation, high electron mobility as well as hardness and resistance to chemicals
Moreover, AlGaN/GaN heterostructures even work in hostile and toxic environments since they have a
high physical and chemical stability.94 It is also known that because of the effect of the surface potential on
its sheet carrier density AlGaN/GaN heterostructures are very promising candidates as sensors for ions,
polar liquids and gases. Investigation of the surface and defects of the AlGaN/GaN heterostructures are
important from the standpoint of semiconductor physics and design of semiconductor devices. Since both
unsteady and uncontrollable surface/interface defects result in the unstable operation of semiconductor
devices, it is important to investigate the properties of the surface and effect of the defects on device
operation.
Many studies have been done to investigate the interaction of light with solid liquid systems.95,96 The
nature of the absorption mechanisms of photons by heterogeneous systems results in differences in such
interactions. Photoexcitation of delocalized electronic states with the absorption of the light is associated
with (i) luminescence and energy and/or electron transfer along the layer of adsorbed molecules, or to
molecules in the liquid phase or to the bulk of the solid, (ii) photoconductivity, (iii) formation of defects by
trapping of carriers, by intrinsic defects, and by impurities or by utilizing the type of electronic excitation
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that displaces lattice ions to irregular positions, and (iv) by secondary chemical processes in which absorbed
energy or charge transfer toward the surface.97,98 Based on the initial and final electronic states involved in
the light induced electronic transition, three cases can occur as (i) intradefect transition, in which both states
are localized, (ii) band to band transition in which both states are delocalized, and (iii) defect level to band
transition in which initial state is delocalized, but final state is localized.97 Emeline et al. 97 give transfer of
the electrons in the dopant transient metal ions in a sea of anionic ligand fields as an example of intradefect
transitions. In our case, band to band transition is less likely to occur since excitation energy is less than the
energy band of the top layer material. In the 3rd case, excitation of the electronic subsystem of the solids
with the light which has energy in the range below the impact displacement energy threshold results in the
generation of free electrons and free holes. Under steady-state conditions, a certain concentration gradient
of carriers is generated in the semiconductor, and the concentration of the electron and hole at the surface
of the crystal is altered.99
The effect of certain chemicals on photogeneration of defects for different semiconducting materials
has been studied by many researchers. However, to the best of our knowledge, the effect of different
chemicals on photogeneration in AlGaN/GaN HEMTs heterostructures has not been studied yet.
Considering the increase in the areas and the applications that AlGaN/GaN HEMTs heterostructures were
used, it is also important to investigate defects in these materials under different conditions. Therefore, in
the present work we have studied the photogeneration of defects which occur under steady-state excitation
of the AlGaN/GaN HEMTs heterostructures and their relationship with photochemical reactions that take
place at solid/liquid interfaces in polar liquid. Studies on influence of polar liquids (acetone (CH3COCH3),
methanol (CH3OH), and deionized (DI) water) on the photo responsivity of solid/ liquid interfaces were
undertaken to explore the correlation between the surface chemistry and the nature of preexisting or
photogenerated defect centers. It is known that the chemical species were attracted by an electrostatic thin
film on the surface of a semiconductor.100 Also, attraction of these species results in the creation of surface
defects that acquire the role of surface traps and are called chemisorbed particles.99,101 In general,
chemisorbed defects cannot be distinguished from the defects of historical origin other than being able to
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escape from the surface to enter the has phase.99 These surface charges either from adsorption or historical
origins give rise to bending of the energy bands in the layer of the semiconductor near the surface and
change the electrical conductivity of the surface.99 In our experiment, we see that the manner in which
chemisorption influences the conductivity depends on the nature of the absorbed particles (acceptor or
donor particles).
Analyses were undertaken on the nature of the traps at the AlGaN/GaN HEMTs heterostructures
both before and after the solution treatment. A comparison of the results reported in the literature was also
presented. Our results show that different photocurrent spectra have resulted when different polar liquid
were applied. However, it was shown that there is no correlation between the polarity and the concentration
of polar liquid and the amplitude of the photocurrent output. It was concluded that the increase in the
photocurrent imply that defect levels are also photocatalytically active.

6.7.1 Experiment

The AlGaN/GaN epi-structure used in this work was an AlGaN/GaN HEMTs structure grown on
the p-type 6″ Si wafer via MOCVD. The structure consists of a 0.25 µm AlN nucleation layer, a multilayered AlGaN buffer with Al concentrations ranging from 20% to 75%, a 1µm thick undoped GaN layer,
20nm thick AlGaN barrier layers, and an ultra-thin (2nm) GaN cap layer. The details of the fabrication
steps were reported previously. An array of Schottky contacts composed of the DC magnetron sputtered Ni
layers with the diameter of 600µm were used. A sample from the middle of 6″ Si wafer was chosen. The
same experimental set up as in our previous experiments was used. The spectral response between 800 and
400nm wavelengths was provided along with the applied voltage between 0 and -20V. After the probes
landed on the sample, the liquid was dropped on the device slowly. Figure 6.7-1 represents a schematic
diagram of the heterostructure and liquids that were used in our experiments.
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Figure 6.7-1: AlGaN/GaN HEMT structure expose to different polar liquids under light illumination.

6.7.2 Results and Discussion

Figure 6.7-2 illustrates the spectral responsivity of AlGaN/GaN HEMTs structure with Ni Schottky
contacts under the illumination inside different chemical solutions, such as acetone (b), methanol (c), DI
water (d), and in ambient air (a). Wavelength of the light was varied from 800nm to 400nm to perform the
sub-bandgap photocurrent measurement. Initially, measurements were performed without using any
chemicals at room temperature. Figure 6.7-2 shows changes in photo IV spectra from the HEMT structure
as the different polar liquids are introduced to the surface. The spectroscopic photocurrent measurement
was repeated with different chemical solutions by using the same experimental set up. We observed the
highest current at 750nm, which is consistent with our previous measurements in an ambient air. After the
sample was kept under dark conditions for 48 hours CH3COCH3 was poured and the second measurement
was conducted. 700nm was recorded as the highest photocurrent measured inside the CH3COCH3.
Observation of the highest photocurrent at a different energy level than its clean-air value, might be an
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indication of the presence of new defect levels in the same quantity. One should take caution before deriving
any conclusion since our previous measurements on the similar sample in similar air conditions showed the
highest photocurrents at 750, 700, and 650 nm. Therefore, one might conclude that although they occupy
different positions in the energy spectrum they may have the same nature as the original levels. Although
the amplitude of photoresponse values in the CH3COCH3 and in the clean-air looks similar when we took
a closer look at it, we observed slight increase in the values of responsivity in CH3COCH3. Other researchers
observed a decrease in their dark current measured inside CH3COCH3 relative to the ones inside the clean
air.

102,103

Therefore, this may indicate there might be an additional current increase due to a chemical

reaction as a result of interaction of light with CH3COCH3.
Next, the sample was left to dry for 48 hours under dark condition and the third measurement inside
the CH3OH solution was taken. It was observed that the photo IV data collected with CH3OH exhibits an
entirely unique peak structure in comparison to the data collected from samples with other liquids. For this
measurement, the highest photo current was observed at 400nm (3.4 eV), which was not observed in our
previous spectroscopic photocurrent measurements. Similar results have been observed by other
researchers. For instance, a Q-DLTS measurement was conducted on AlN Quantum Fingerprint sensors
exposed to vapors from methanol and a trap was observed at approximately 3.2eV.104 Finally, the sample
was left to dry for 48 hours and the photo response of the samples with the DI water was collected. 700nm
was also recorded as the highest photocurrent inside DI water as it was inside the acetone. As we mentioned
above since it is an expectable wavelength for this sample there may not be additional contributions in
terms of defects other than the increase in the photoresponsivity. The order of the solutions was chosen in
the same order as we used in the cleaning procedure.
While in air and acetone, photo responsivity of the sample are similar in terms of their photocurrent
intensities. The intensity of the photocurrent was 10 times higher in methanol and 20 times higher in DI
water than the intensity values obtained in the ambient air and the acetone. Rothenberger et al.104 related
the amplitude of responses to the amount of alcohol vapor in the chamber. This may not be the case in our
experiment since the same amount of liquid were used in each time. Furthermore, Hong et al.105 suggested
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that decrease in the emission intensities with higher oxygen pressure might result from the decrease of the
oxygen vacancies. By using similar logic, one can conclude that the decrease in the intensity of the photo
current might result from the increase in the defect concentrations. Among these polar liquids, acetone
exhibits the highest dipole moment (2.7 Dy), followed by DI water (1.9 Dy) and finally methanol (1.7 Dy).
We have not observed any correlation between the magnitude of the changes in photocurrent and the dipole
moment of the liquids. Similar results have been observed by Pearton et al.106 and they indicated that this
may suggest steric hindrance effects or the exact orientation of the molecule when it adsorbs on the surface
must play a role. There is still much to understand about the mechanism of the current changes in relation
to the adsorption of the polar liquid molecules on the AlGaN/GaN surface. Unfortunately, at this point, we
are not yet able to explain the change in the amplitude of the photocurrent signal quantitatively. Neuberger
et al.102 related the individual current levels to the differences in dipole moment and molecular structure.
Mehandura et al.103 stated van der Waals type interactions between the molecules result in surface changes
which are induced by polarization in AlGaN/GaN heterostructures and result with changes in the induced
electron density in the two dimensional electron gas that resides just below the AlGaN/GaN interface.
Furthermore, we realized that after vaporization of each individual liquid the dark current returns
slowly to its initial clean-air value. Hence, we believe that this process might be reversible and the effects
observed are due to the liquids. Volkenshtein99 stated if there is an involvement of photoadsorption, the
process is irreversible based on the data collected by other investigators. This may indicate that even if there
is an additional amount adsorbed that appears on the surface with the nation of the light, it will leave the
surface after removal of the light.
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Figure 6.7-2: Spectroscopic photocurrent measurements (a) in ambient air (b) in acetone
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Figure 6.7-2: Spectroscopic photocurrent measurements (c) methanol (d)DI water.
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In conclusion, photocurrent intensity was affected by the type of the solution in which the
measurement taken. The samples which were exposed in DI water and acetone, had a similar peak structure
that differs significantly from the one which was exposed in methanol. This effect may be the result of the
different trap origins which were identified from the photocurrent characteristics of AlGaN/GaN
heterostructures. It has been shown that there is no correlation between the polarity and the concentration
of polar liquid and the amplitude of the photoresponse output. It was concluded that the increase in the
photocurrent imply that defect levels are also photocatalytically active. The results might suggest the
possibility of functionalizing the surface for application as biosensors regarding similar photoresponses of
AlGaN/GaN HEMTs structure inside different polar liquids (i.e., acetone and DI water).

6.8

Temperature dependence spectroscopic photo current-voltage measurements
As stated before, studying wide bandgap materials for high power and high temperature applications

is of great interest.107 It is important to study the Schottky barrier height of the metal on the AlGaN/GaN
structure for device designs since it controls the two-dimensional electron gas density at the AlGaN/GaN
interface. Therefore, in this section, we have studied Schottky barrier height of Ni contact on AlGaN/GaN
heterostucture.
The electrical characteristics of metal contacts to AlGaN/GaN have been examined by numerous
research groups. The mechanism of leakage current through AlGaN/GaN Schottky interfaces is discussed
using temperature dependent current voltage (I–V–T) measurements.108 It was found that the barrier
thinning caused by unintentional surface-defect donors enhances the tunneling transport processes, leading
to the large leakage currents through GaN and AlGaN Schottky interfaces.109 In the present study, Schottky
contacts on AlGaN/GaN HEMTs heterostructures were formed, and the temperature dependent photo IV
characteristics of the obtained Ni Schottky contacts were measured over the temperature range 25–125ºC
with a temperature step of 25ºC.
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6.8.1 Experiment

The AlGaN/GaN epi-structure used in this work was an AlGaN/GaN HEMTs structure grown on
the p-type 6″ Si wafer via MOCVD. The structure consists of a 0.25 µm AlN nucleation layer, a multilayered AlGaN buffer with Al concentrations ranging from 20% to 75%, a 1µm thick undoped GaN layer,
20nm thick AlGaN barrier layers, and an ultra-thin (2nm) GaN cap layer. The details of the fabrication
steps were reported previously. An array of Schottky contacts composed of the DC magnetron sputtered
Ni layers with the diameter of 600µm were used. A sample from the middle of the HEMT on 6″ Si wafer
was chosen for this investigation. The same experimental set up as in our previous experiments was used.
The spectral response between 800 and 400nm wavelengths was provided along with the applied voltage
between 0 and -20V. A homemade heater plate was used to heat the samples. The temperature of the heater
plate was changed from 25ºC to 125ºC by using a Powerstat type 116 variable autotransformer variac. In
this section, dark current photoresponse properties are discussed with regard to the carriers transport
mechanisms across the AlGaN/GaN HEMTs heterostuctures at various temperatures. The sub bandgap
photo IV was measured under light illumination in which hυ<Eg of GaN at different temperatures between
25ºC and 125ºC.

6.8.2 Results and Discussion

The temperature dependent dark I-V characteristics were obtained to elucidate the current transport
mechanism and are displayed in the Figure 6.8-1. The dark current in reverse bias regime relatively
independent of bias voltage change for the samples measured below 100ºC. On the other hand, there was a
sharp increase in the reverse current with increasing negative bias for the sample measured at 100ºC and
125ºC. Overall, dark current in the reverse bias regime increases with increasing temperature from RT to
125ºC. Since the diameter of the Schottky contacts are large enough, it is appropriate to use one-dimensional
current transport theory.110 Furthermore, Wang et al.110 previously determined that the characteristic energy
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level, E00 is smaller than kT (~25meV at RT) for similarly structured circular Shottky diodes. Hence, the
forward I-V of the vertical Schottky contacts in the dark at different temperatures was analyzed by the
thermionic emission (TE) theory which is given by;111
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where n is ideality factor, and Is is the saturation current with the following expression;111
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where A is the contact area, A* is the effective Richardson’s constant, and ϕBn is the Schottky barrier height
(SBH).
The experimental values of barrier height and ideality factor were obtained from the intercepts and
slopes of the ln(I) vs. V plot obtained in forward bias regime at each temperature. The barrier heights were
determined using the theoretical value of the Richardson constant which is 26.4 Acm-2K-2 for GaN.112 The
observed temperature dependence of SBH between 0.45eV and 0.48eV is shown in the inset of
Figure 6.8-1. Dogan et al.108 explained the decrease in the SBH with the decrease in the temperature by the
discrepancies of lateral distribution of barrier height. This observed phenomenon in real Schottky diodes
generally is attributed to the Schottky barrier height inhomogeneity.113 The ideality factor of the Schottky
contact was unreasonably high for both reverse and positive voltages and the Schottky barrier height was
around 0.475 eV at RT. Theoretically, a linear temperature dependence of SBH was expected, and yet we
did not observe that. Therefore, it is hard at this time to make quantitative comparisons between the results
presented here and values reported in the literature. In general, SBH values obtained in this experiment
were smaller than the values obtained by other researches.114,115

195

In addition, the Arrhenius plot was used to further study the current transport characteristics. Barrier
height can also be obtained by rearranging the equation [ 6.8-2 ], as follows;111
"N
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Figure 6.8-1 (b) shows the plot of ln(I0/T2) versus 1000/T from which activation energy can be
deduced. In theory, ln(I0/T2) is expected to be inversely proportional to 1000/T. However, experimental
results showed linear proportionality. SBH and A* can be determined from the slope and intercept of the
ln(I0/T2) versus 1000/T plot, respectively. The value of A* at RT was 14.23 Acm-2K-2 and was in good
agreement with the value of 11.2 Acm-2K-2 which were obtained by Schmitz et al.116 On the other hand, we
should note that the measured value was lower than the theoretically calculated value of 26.4 Acm-2K-2.
Some researchers explained the variations between the obtained and the theoretical value of the Richardson
constant via the temperature dependence of the barrier height due to the presence of surface
inhomogeneities in the GaN semiconductor layer.117 Others related the low values of A* to either electron
tunneling through the interfacial barrier or a decrease of effective contact area.112 SHB was calculated to
be 0.99eV at RT, which is in good agreement with the values obtained by other researchers.116 The inset of
the Figure 6.8-1 (b) shows the temperature dependence of the ideality factor for both forward and reverse
bias characteristics calculated using the following expression;
+; =
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[ 6.8-4 ]

For the reverse bias, the ideality factor decreased with increasing temperature. On the other hand,
in the case of forward bias it increased with increasing temperature. Such temperature dependency has been
observed by other researchers and it is believed that it may be resulted from the presence of surface
inhomogeneities in the GaN semiconductor layer.118 The abnormal values of the ideality factor were
obtained. This result could be a consequence of the collection of insufficient data with higher voltage steps.
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Figure 6.8-1: (a) Dark I-V characteristic of device B as the temperature was elevated from RT to 125°C
The inset shows the temperature dependence of the apparent barrier height for the Schottky contact. (b)
The conventional activation energy ln(IS/T2) versus 1000/T plot with inset of ideality factor for negative
(black) and positive (red)biases.
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Temperature dependent photo current (PC) spectra that were measured at various voltages are shown in the
Figure 6.8-2. Initially, we measured the sub-bandgap photo IV of the sample at room temperature without
turning the heat on. We observed the highest photo current at 700nm. After that, the sample was heated up
to RT (RT=25ºC). We still observed the highest photo current at 700nm, and responsivity of the sample
was lowered to one third of the initial measurement. A relatively linear behavior with increasing
temperature was observed at various voltages. This linear dependence on the voltage is attributed to the
competition between the drift and diffusion of photogenerated free charges to the electrode.119 Temperature
was further increased to 50ºC and the highest current was observed at 800nm. For the next two
measurements up to 125ºC, the corresponding wavelength for the highest observed photo current remained
at 800nm, even though the responsivity of the sample increased significantly. At 125ºC, 650nm was
recorded as the wavelength where the highest current was detected. In our previous sub bandgap
measurements, the wavelength of the highest photocurrent were related to the energy level of the defects.
Consequently, additional defects were observed in the phototocurrent measurements due to the temperature
increase which thermally activates the localized carriers to overcome the potential barrier increases.120
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Figure 6.8-2: Spectroscopic photocurrent measurements a) at room temperature (RT) 25ºC (b)50ºC
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Moreover, at this temperature (125ºC), responsivity of the sample increased almost 25%. Since
more carriers start to occupy the extended states of the upper part of the bandgap with the increasing
temperature, an increase in carrier density with temperature is expected. Therefore, an increase in
responsivity with temperature is also anticipated. To explain this behavior, we used a model developed by
Miczek et al.121 In this approach, they suggest that at the zero bias EF at the AlGaN/GaN interface (EF0) is
below the step in the ηe(E) curve and the interface charge might be frozen. This state is known as occupied
state in which both acceptors and donors cannot emit electrons since they are below EF0, even in the cases
where EF is lowered via the application of negative bias. At higher temperatures, applying the negative bias
causes the emission of electrons from the deeper acceptor states. The effect is demonstrated schematically
in the Figure 6.8-3.
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Figure 6.8-3: (a)Schematic view of the AlGaN/GaN interface at RT for a gate bias slightly below zero and
without electron emission from the interface states beneath the zero gate bias Fermi level (EF0). The ﬁlled
circles represent occupied states, and the empty circle the unoccupied state (b) A similar view at 125 °C.
The arrows indicate the electron emission from the interface states to the GaN conduction band.
The temperature dependent PC spectra measured at zero bias and -20V bias are shown in the Figure
6.8-4 (a) and (b), respectively. According to these figures temperature dependence below 100ºC is relatively
compared to temperatures higher and equal to 100ºC. Figure 6.8-4 also confirms that, the PC signals
increase abruptly with the increase of temperature. As defined previously, the strength of the PC is
determined by the charge carriers which have escaped from the traps inside the material at a certain sub
bandgap energy level. In the case of the escape of the carriers, acceleration of the carriers occurs by the
built-in electric field and it results in collection of the carriers by the top and bottom electrodes, which
manifest in increase in PC signals. As a result, competition between the recombination rate and escape rate
from certain energy levels determines the collected PC strength.122
The escape of carriers from the traps can consist of two processes: (i) light absorption provides
enough energy to carriers to escape from traps (field emission FE) (ii) thermionic emission helps carriers
to escape from the trap level to the conduction band. Consequently, the total escape rate may be given
by1Î,s2/ = 1Î,G{ + 1Î,4z , where τil and τth are illumination stimulated and thermionic emission lifetimes.
At high temperatures competition between the escape and recombination rates increases when the carriers
start to be activated. Accordingly, the collected PC signals become more intense. Similar effects have been
observed by other researchers.122
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In the Figure 6.8-5 (a), PC collected as a function of voltage at various temperatures with 700 nm light
illumination is reported. The responsivity increases from 0.2 to 0.5 A/W as the temperature increases from
RT to 75ºC and reaches 23A/W at 125ºC. For different temperatures, some common characteristics can be
noted. At smaller voltages, a sharp increase in PC was observed whereas PC increases more slowly at higher
voltages. Again, this graph confirms the increase of PC with the increase of temperature. For voltages up
to -3V, it was fitted with TE. For voltages higher than -3V, thermionic field emission (TFE) was used to fit
the graphs.123
The TFE current density is given by124
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where M2 is the dielectric constant, m* is the electron effective mass, and h is the Plank constant. E00 reflects
the tunneling probability. Unfortunately our attempts to fit this data with TFE model were not successful.
We also plotted responsivity versus voltage for various temperatures under constant light illumination at
700nm in the Figure 6.8-5 (b). It should be noted that the photoresponsivity still shows a thermal stability
as the temperature increases from RT to 75ºC. An increase in the responsivity was observed as the
temperature further increases to 125ºC (25 A/W at −20 V). Similar effects have been observed by other
researchers.122
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Sang et al.123 defined the ratio of the net photocurrent to dark current as the photo to dark current
ratio (PDCR). PDCR variation as the measurement temperature at 0V and -20 V was displayed in the
Figure 6.8-6. The obtained PDCR values were as high as 5.5 for -20V and 4.5 for 0V when the sample was
illuminated at 700nm. We observed that PDCR values decrease from 2.2 at RT to 0.4 at 125ºC under -20V.
Although the values of PDCR changes between RT and 125ºC, they stayed almost similar at these specific
temperatures. The variations of the PDCR value with temperature for different devices were also observed
by other researchers.125
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Figure 6.8-6: The PDCR variation as the measurement temperature at 0V and -20 V.
In summary, the temperature dependent photo current voltage characteristics of AlGaN/GaN HEMTs
heterostuctures with Schottky contact were analyzed. The anomalous temperature dependence of SBH,
ideality factor and Richardson constant calculated from the I-V-T characteristics based on TE. The barrier
height increased and the ideality factor decreased with increasing temperature. Such a temperature
dependence of the barrier height was attributed to the presence of barrier-height inhomogeneities at the
Ni/GaN interface. TFE and TE tunneling mechanisms were used to interpret the photocurrent gain at reverse
bias from RT to 125ºC. For voltages lower than -10V, we observed a better fit with TE. Nonetheless, our
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fits for higher voltage values for TFE were unsuccessful. Increase in the photocurrent is related to the
presence of the traps.
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Chapter 7
7

Conclusions

As a conclusion, surface/ interface defects and their distributions in AlGaN/GaN high electron
mobility transistors HEMTs heterostrucures grown on 6◌֞ Si wafers have been investigated by using
optoelectronic spectroscopic techniques. For the measurement two samples from the edge and center of the
6◌֞ wafer was chosen and the results of the experiments for these samples were compared to make a
qualitative analysis of surface/interface defects in these wafers.
Raman spectroscopy displayed that two samples have a similar crystalline quality and stress.
Photoluminescence measurements revealed that samples possessed strong near band edge peak at around
3.42 eV and broad blue luminescence. No yellow luminescence band was observed. The spectroscopic
photo current-voltage measurements with sub-bandgap illumination exhibited the presence of sub-bandgap
defects with different activation energies for each sample. In addition, observed persistence
photoconductivity effects showed that the sensitivity of the dark level of Schottky contacts fabricated from
AlGaN/ GaN HEMTs heterostructures will depend on the device history.
The depth-resolved ultra-violet spectroscopic photo current-voltage (DR-UV-SPIV) measurements
revealed that the depth dependent distribution of the defects for these samples are different. Time-resolved
photocurrent (TRPC) spectroscopy exhibited dissimilar time-dependent photocurrent decay dynamics
implying that TRPC spectroscopy can be used to distinguish between the traps that have the same detrapping energy but have the different physical origins. The variation of the photocurrent in different
solutions was observed and was attributed to the differences in dipole moment and molecular structure of
the solution used. The temperature dependent photo current voltage characteristics of AlGaN/GaN HEMTs
heterostuctures revealed the presence of the additional traps which are activated by temperature.
In summary, it was demonstrated that even though electrically active defects for two devices on the
same pieces of AlGaN/GaN HEMTs heterostructures cannot be distinguished in Raman spectroscopy and
217

PL measurements, they can be differentiated by using the spectroscopic photo I-V with sub-bandgap
illumination, DR-UV-SPIV, and TRPC spectroscopy measurements. As a result of the experiments which
was completed during this dissertation, it was revealed that spectroscopic photo I-V measurements can be
used to assess the uniformity of in-depth and spectral distribution of sub-band gap point defects across the
AlGaN/GaN wafers, respectively.

7.1

Future work

The research work illustrated in this dissertation focused primarily on the investigation of the
uniformity of large diameter AlGaN/GaN HEMTs heterostructures in terms of their defect distributions. As
we stated before, this information will be useful for wafer vendors. However, it would be more useful, if
we could give more information about the nature of the defects. For this purpose, several methods can be
applied to determine the nature of the defects.
First, AlGaN/GaN HEMTs heterostructures will be grown layer by layer, and spectroscopic
photocurrent experiments will be repeated for each layer. Based on the information obtained from this
experiment, we will be able to tell where the defects are produced inside the structure. In the literature,
there are many theoretical works that give the energy level of the defects for specific materials that exist in
our heterostructure. Therefore, we will derive the information on the nature of defects by comparing the
experimental results with the theoretical work.
Next, we will implement specific types of ions which are believed to be responsible in the observed
current increase in our experiment, to the structure and we will repeat the experiment. We believe with this
experiment, we will be able to determine the nature of defects that are possibly involved in the increase of
the photocurrent. In addition, we will conduct mobility experiments to determine whether these defects are
electron or hole types by looking at the increase or decrease in the mobility.
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Finally, we had radiated our samples with a Co60 gamma ray source. We will repeat similar
experiments on the same samples and we will observe the effect of radiation on the defects. We believe that
this experiment will be very useful to investigating the device performance for space applications.
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Appendices
Appendix A
Consistency and repeatability of the time dependent decay experiment

To observe the consistency and repeatability of the time dependent decay experiment two additional
experiment were conducted. Both experiments were conducted at 700nm exposure wavelength and -12V
applied bias. For the first experiment we consecutively repeated the time resolved photocurrent experiment
for 8th times for both of the samples and we observed the difference between the two samples .In the second
experiment we repeated the same experiment 3 times with 10 days waiting time between each experiment.
Li et al.1 stated that the sensitivity, dark level, and decay time constant of Schottky contacts fabricated
on AlGaN/GaN HEMTs epi- layers will depend on the device history. Hence, the time resolved decay
transient experiment was repeated for 3 times with 10 days intervals and decay characteristics for each day
were plotted as a function of time in the figures below for samples A and B, respectively. As seen in these
figures, time decay constants of the samples are very close to each other. As a results, if someone waits
long enough between the measurements, the data can be reproducible. Furthermore, fabricated Schottky
contacts showed a very low dark current sometimes even smaller than 0.1μA at -12V. According to Monroy
et al.2 it is an indication of high quality Schottky barriers.
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Figure: Decay characteristics of sample A (a), and B (b) measured 3 times with 10 days intervals.
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Appendix B
Responsivity and quantum efficiency

In our graphs, for current divided by power we prefer not to use responsivity for the clarification.
However, we are aware that current divided by incident power can be used as responsivity. In this section,
responsivity is explained. In semiconductor photodetectors, the creation of electron hole pairs occurs with
the absorption of the photons in the semiconductor. By the use of electric field, due to either the built in
voltage or the applied voltage, these photogenerated carriers are separating, which results in a current
increase that is proportional to the photon flux. In semiconductor physics, different parameters are used to
define the properties of these detectors, and responsivity is one of them. The ratio between the photocurrent
and the incident optical power is defined as responsivity Ri. It is determined by the quantum efficiency, η,
(number of electron–hole pairs generated per incident photon) using the following expression;
P' =
FG

"xz
öF
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*
#Rx4 Á8
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ö

here, λ is the radiation wavelength, h is Planck constant, c is the speed of light, and e is the electron charge.
In our experiments, a relatively high spectral responsivity (A/W) was observed. It is not uncommon to
observe high responsivity in GaN and related materials. High responsivity values are observed by other
scientists.3,4, 5 In addition, Wu et al. ascribed the high responsivity to the trapping effects.6
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Appendix C
X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) studies the energy of atomic core levels via the Einstein
photoelectric equation!,s = ÁH ' -¯ , here ,s !is the kinetic energy of the photoemitted electron and -¯ is
the binding energy of the core level.7 Atoms are measured at slightly different binding energies since atoms
in different chemical environments experience different chemical shits. As a result, XPS can characterize
the different types of biding sites for similar atoms, and measure their abundance by measuring relative
intensities of XPS emission from different species.
In this experiment, we compared two AlGaN/GaN HEMTs heterostructures, one with a GaN top
layer and with a AlGaN top layer to observe differences in terms of involvement of chemicals on them.
Elemental compositions were analyzed using XPS. During our research, we tried to investigate the energy
levels, physical locations, and physics origins of surface/interface defects in AlGaN/GaN heterostructures.
We thought that if we observed a difference in terms of the involvement of chemicals in AlGaN/GaN, we
might come with conclusion on the physical origins of these defects in AlGaN and GaN layers.
The figures below display the XPS results obtained from samples with a GaN (a) top layer and a
AlGaN top layer (b). The tables below the figures show the percentage of elemental composition on these
samples. Both of the samples had the same type of elements, such as Ga, Al, C, O, Co, and Zn on their
surfaces. The percentages of the elements in of each the sample were very similar. Hong et al.8 showed the
adsorption of the oxygen on the AlGaN surface by comparing the ratios of the O1s and Ga2p peaks in two
different samples. They concluded that oxygen binding on AlGaN released the donor-like traps due to the
loss of nitrogen during the fabrication process. In our case, both of the samples exhibited similar O1s and
Ga2p ratios. Researchers attributed the shift of the Fermi level toward the conduction-band edge which
results in a reduction of the surface barrier height in the AlGaN/GaN heterostructure, to the shift of Ga3p
peak.9,10 It was observed that Ga3p peak has the same binding energy.
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In conclusion, XPS measurements were performed to investigate the differences between AlGaN and
GaN layers in terms of their elemental compositions. It was determined that both samples exhibit similar
elemental compositions. Consequently, we could not obtain any useful information to determine the origin
of the defects in these samples because there was no difference in the results.

Element

XPS Surface Elemental Composition (at %)
Ga
Al
C
O
4.7
9.9
51.8
30.7

Co
2.0

Zn
0.9

a
Figure: XPS spectra of (a) GaN top layer. The table below the graphs show the percentage of elemental
composition on this sample..
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Element

XPS Surface Elemental Composition (at %)
Ga
Al
C
O
3.6
26.6
37.5
28.9

Co
2.4

Zn
1.0

b
Figure: XPS spectra of (b) AlGaN top layer AlGaN/GaN HEMTs heterostructures. The table below the
graphs show the percentage of elemental composition on this sample.
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Appendix D
Scanning Electron Microscope (SEM) Measurements

Scanning electron microscopy (SEM) uses methods based on the injection of charge carriers by the
electron beam in the SEM to measure properties of semiconductors, such as carrier lifetime or diffusion
length, or to study surface topography by imaging methods. 11 By using SEM we aimed to observe defects
and differences in their distributions in samples that were chosen from different locations in the
AlGaN/GaN wafers. Unfortunately, the collected images were too similar to identify the defects. We were
not able to identify the defects.
The cross-sectional SEM micrograph for samples were taken from the center (a) and edge (b) piece of 6◌֞
AlGaN/GaN HEMTs heterostructure grown on Si substrate. The presence of different interfaces can be
clearly seen from the cross sectional view in the figure.
Nonetheless, it is hard to tell which layers corresponds to which layer since we cannot observe the
entire layer that we have in our structures. It seems like the layer close to the Si substrate (AlN in our
structures) has trapezoid shaped islands which results in the rough morphology of this layer. Similar shapes
of islands in AlGaN/GaN heterostructures have been observed by other researchers.12 The other layers
grown on this layer look smoother. Ishikawa et al.12 attributed the presence of the trapezoid-shaped islands
to the coalescence of the AlGaN crystals does not occur perfectly in the AlGaN growth stage. In our case
the coalescence of crystals might exists in AlN layers. According to these images, it appears that the crystal
quality is gradually improved from the AlN bottom layer to the GaN top layer.
In conclusion, SEM images of the samples that were used in the DR-UV-SPIV measurements were
taken to investigate the defects. Unfortunately, we were not able to identify defects and their locations by
SEM image. We observed that towards the surface crystal quality of the growth increased.
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Si

a

Si

b

Figure: SEM image of AlGaN/GaN HEMTs heterostructure chosen from the (a) center and (b) edge of 6◌֞
wafer.
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