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Abstract

Gallium nitride (GaN) has unique inherent properties such as ionic-covalent bond, large
direct bandgap, excellent thermal stability, high threshold displacement energy and higher break-
down field. Also, the relatively low phonon loss and a high threshold for electron-hole pair gener-
ation upon ionizing radiation make GaN and its alloys a prominent candidate for the applications
in a high radiation environment. Aluminum gallium nitride/gallium nitride (AlGaN/GaN) hetero-
structure system possesses a unique interface driven characteristic with high electron density and
high mobility at the interface which gives additional radiation hardness to the AIGaN/GaN system.
The study of gamma-ray and proton irradiation provides better insight into device response and
defect creation for practical applications of AlGaN/GaN HEMTSs in radiation environments.

In this work, a detailed investigation was performed on the direct-current (dc) electrical
performance and optical characteristics of pristine and irradiated AlIGaN/GaN HEMTs with 120
MRad dose of ©°Co-gamma-rays (y-rays) in one experiment, and 100 keV protons with fluences
1x10%, 1x10'?, and 1x10* protons/cm? in another. A slight degradation of dc characteristics was
observed for the devices fabricated on gamma-ray irradiated HEMT epi-layers, indicating the pres-
ence of radiation-induced defects. No additional irradiation induced strain was detected from com-
paring the Raman peak frequency position of pristine and irradiated samples. However, full-width-
at-half-maximum (FWHM) of the Raman and near-band-edge PL peaks increased after irradiation,
which suggests the degradation of crystal quality. The spectroscopic photocurrent-voltage (SP1V)

study with sub-bandgap and above bandgap illumination confirmed the pre-existence of sub-



bandgap defects in the heterostructure and revealed the possibility of their re-arrangement or the
introduction of new defects after gamma-ray irradiation.

Proton irradiation-induced effects on HEMTs was studied by emulating a certain space
radiation environment using relatively low energy (100 keV) proton beam. Proton irradiation-in-
duced sub-gap traps were detected by SPIV measurements. Raman study revealed that proton ir-
radiation had induced strain relaxation on the HEMTs epi-layers. No substantial change in the
crystal quality of epi-layers was indicated from Raman and PL studies. Charge carrier density was
increased for the samples irradiated with 1x10%2 and 1x10** protons/cm? fluences, estimated via
Raman spectroscopy and the charge-control model analysis. The magnitude and direction of tran-
sistor threshold voltage shift were also dependent on proton fluence. Overall, degradation of tran-
sistor output characteristics of the fabricated HEMTs was observed as the proton fluence increased.

Based on the level of performance of the irradiated devices, it was concluded that Al-
GaN/GaN HEMTSs is relatively resistant to high dose (120 MRad) gamma-ray irradiation, but it
can introduce additional traps or re-configure the pre-existing traps, and affect the electrical and
optical characteristics of HEMTs. Additionally, the relative degree of influence on the material/de-
vice characteristics by 100 keV protons was not severe. Therefore, it can be suggested that the
AlGaN/GaN HEMTs have high endurance for exposure to relatively high fluences of low-energy

proton beams.
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Chapter 1

Introduction

I11-V nitride semiconductors such as GaN, InN, AIN, AlGaN have been considered as one
of the most important groups of semiconductors beyond Si. 111-V nitrides possess several intrinsic
material properties such as a strong chemical bond?!, large direct bandgap?, high displacement
threshold energy?, ultrafast carrier relaxation time*, high breakdown field®, and high electron mo-
bility®, which make them suitable for power electronic and optoelectronic applications. As a third-
generation semiconductor, GaN and its alloys made a possible demonstration of the most efficient
blue-laser diode’ and the field effect transistor with highest output power density®, as well as high
temperature, high power, high frequency, and harsh radiation environment performance and many
more, have been anticipated with growing power electronics market requirements.’

This thesis explores the radiation response and reliability of AIGaN/GaN High Electron
Mobility Transistors (HEMTs) grown by metal-organic chemical vapor deposition (MOCVD).
Electrical and optical characteristics of gamma-ray and proton irradiated HEMTs were analyzed.
In this introductory chapter, a brief survey of radiation study performed on AlGaN/GaN HEMTs
is outlined. To provide better insight into the practical space applications and other high radiation
environments, a detailed systematic investigation was performed on irradiation-induced damage
and defects.

The history of synthesis of GaN goes back to 1930s when Johnson et al.1°, Von R. Juza
and Harry Hahn made the first attempt by flowing ammonia (NHs) through gallium at high tem-
peratures.*! They produced small needles and platelets. Later in 1959, Grimmeiss and Koelmans

used the same technique and could produce small crystals of GaN to study the photoluminescence



(PL) spectra.'? Maruska and Tietjen in 1969 accomplished a breakthrough in the growth of single
crystal GaN using chemical vapor deposition (CVD) technique.®® In the early days of the 1960s
and 1970s, GaN production methods suffered from heavy oxygen and water contamination. All
the efforts to make GaN at that time have resulted in a highly conducting n-type material, even
without doping, and encountered difficulties in p-type doping. Therefore, not much attention was
paid to the matter until the 1980s.1* GaN device fabrication again progressed after a turning point
of successful growth of high-quality single crystal GaN by Asif Khan’s group in 1983 using low-
pressure metal organic chemical vapor deposition (LPMOCVD) technique®® and by Yoshida et al.
who reported an improvement in GaN growth quality using AIN as the buffer layer.'® In 1986,
Amano et al. reported the highly improved surface morphology, as well as optical and electrical
properties of GaN films grown on sapphire substrates by MOCVD.!" The buffer layer acted as a
nucleation layer and decreased the interfacial free energy to facilitate two-dimensional growth by
changing the properties of the surface. The doping of wide-bandgap materials encounters difficulty
due to the probability of native defects formation that can dominate the electronic point defect
chemistry. Intrinsically, GaN grows as n-type with a direct bandgap? of 3.47 eV; but to fabricate
semiconductor devices, electronic properties must be controlled and controlling carrier concentra-
tion plays a major role. It was believed that the n-type nature of GaN was due to nitrogen vacancy’s
(V) donor behavior. The GaN community was facing difficulty in achieving a high conductivity
p-type GaN. A big breakthrough was achieved on GaN study when Akasaki’s group announced
the low resistivity p-type GaN samples formed by activating Mg-doped sample with a low energy
electron beam irradiation ((LEEBI) using a scanning electron microscope®® in 1989. Later, Naka-

mura established a simple technique of thermal annealing in inert gas or vacuum environment to



improve the conductivity of p-type GaN.® The first nitride blue light emitting diode (LED) con-
taining PN-junction was reported by Amano et al.*® in 1989. And in 1991, Nakamura et al. pre-
pared a bright and highly efficient blue LED using Mg-doped GaN as a buffer layer following the
standard thermal annealing technique.?° Since then, much work has been performed by Akasaki,
Amano and Nakamura and their teams. In acknowledgment of their pioneering and tremendous
work in this field, the Nobel Prize in Physics 2014 was awarded to all three of them.

The AlxGaixN is an alloy of aluminum nitride (AIN) and GaN with aluminum molar frac-
tion given by x. The reports??? on the growth of AlGaN films can be found as early as 1977 and
1978. Following the progress in crystal growth techniques, the quality of AlGaN films was
improved by adopting molecular beam epitaxy (MBE)?® and MOCVD techniques.2*After all these
progresses on GaN and AlGaN crystal growth, in 1991, Khan et al.?® reported the first evidence of
a two-dimensional electron gas (2DEG) formation at an AlxGai.xN/GaN heterojunction interface
grown by MOCVD technique on a sapphire substrate. In 1993 and 1994, Khan et al. reported the
GaN-based first metal semiconductor field-effect transistor (MESFET)?® and heterostructure field-
effect transistor (HFET)?’ on a sapphire substrate. Since then, GaN-based devices began to be
fabricated more routinely, and excellent progress has been made in the development of GaN tech-
nology. GaN devices then faced the need of a more suitable substrate. In 2000, Kaiser et al. suc-
cessfully transferred the AlGaN/GaN HEMT technology to silicon substrates using MOCVD tech-
niques.?® Nowadays, despite the challenges in managing the large lattice mismatch and thermal
mismatch between GaN and Si, which can lead to more defects, crack-free GaN epitaxial films
can be successfully grown on Si to manufacture power devices with low ON-resistance, low leak-
age, and small dynamic ON-resistance degradation.?® The ability to grow GaN on Si facilitates the

cost competitiveness of manufacturing power devices.



I11-nitride compound semiconductor materials have large band gaps ranging from 3.4 eV
to 6.1 eV and strong atomic bonds such as 8.92 eV/atom for GaN and 11.52 eV/atom* for AIN
whereas Si, has 2.30 eV/atom.3! The high bond strength, as well as remarkably high thermal and
mechanical stability of these semiconductors confer them relatively high threshold displacement
energy.® Wide bandgap of IlI-nitrides helps to minimize the problems associated with the
unwanted optical or thermal generation of charge carriers. With all these advantageous material
properties, GaN-based devices offer great potential for operations in a wide range of temperature3?
33(-223°C -1000°C) and pressure (0-5 kbar)3* and in harsh radiation environments. Therefore, these
materials are viable to operate in extreme environments including vulnerable radiation exposure
without the need for the cumbersome and expensive heating/cooling systems and/or radiation
shielding.

The major focus of this research is on AlxGai1xN/GaN heterostructures constructed as
HFETSs, also called HEMTSs. A heterojunction, in general, is an interface composed of two different
semiconductor materials. The difference in bandgaps of two materials in contact can lead to unique
physical properties and can be exploited for particular applications. The heterojunction formed at
the interface between AlGaN and GaN is featured for its unique properties such as high electron
mobility and density. In a series of development from the first generation (Si/Ge) and second gen-
eration (GaAs/SiC) semiconductors, the power electronics industry has adopted Gallium Nitride
as the most promising candidate. Among other promising, yet not completely developed I11-N
based technologies, AIGaN/GaN HEMTs have made significant progress over the past decades.®
The wide bandgap, high breakdown field, high electron saturation velocity, high thermal conduc-
tivity, high gain, and high electron mobility enable AIGaN/GaN heterostructured devices to per-

form reliably in commercial and military applications which demand high voltage, high current,



high efficiency, high temperature, and high radiation tolerance.® Fig. 1.1 illustrates the potential

applications of GaN-based power devices.
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Fig. 1.1. Potential applications for GaN-based power devices.
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As the current technology demands for the reliable study reports on potential semiconduc-
tors to be used in radiation environment as a part of space exploration and the terrestrial applica-
tions, the studies of radiation-induced effects on GaN-based devices have attracted a significant
interest of the scientific community. Although there are quite a few reports published on the study
of ionizing radiation effects, only a limited number of data exists on the non-ionizing radiation
exposure study on AlGaN/GaN HEMTSs. In various studies about the radiation effects by different
groups, different techniques were employed to analyze the outcomes of the device level perfor-
mance and irradiation-induced defects. The following table summarizes the prior and contempo-
rary studies on radiation studies of GaN-based semiconductor devices.

Table 1.1: Summary of prior and contemporary state-of-the-art in radiation studies of GaN-based
electronic devices.

Semiconductor materials and Radiation  Energy/Source  Dose/Fluence Ref
electronic devices exposed to

AlGaN/InGaN/GaN Protons 2 MeV 2.31+0.23 MRad/1.68x  [36]
commercial LEDs 102 cm



GaN Film

GaN/AlIGaN/InGaN
commercial blue LEDs
InGaN LEDs

AlGaN/GaN HEMTs

AlGaN/GaN HEMTs
AlGan/GaN HEMTs

AlGaN/GaN HEMTs
AlGaN/GaN HEMTs
AlGaN/GaN HEMTs
AlGaN/GaN HEMTs
GaN Schottky diodes

AlGaN/GaN Schottky diodes

GaN/InGaN quantum wells

AlGaN/GaN HFETs

AlGaN/AIN/GaN/Sapphire,
AlGaN/GaN/Sapphire and
AlGaN/GaN/ Si and In-
AIN/GaN/Sapphire Hetero-
junctions

GaN Film
GaN/AlGaN/InGaN
commercial LEDs
AlGaN/GaN HEMTs

AlGaN/GaN
InGaN quantum well LEDs

GaN Film

Protons

Protons

Protons

Protons

Protons
Protons

Protons
Protons
Protons
Protons
Electrons
Electrons
Electrons

Electrons
Electrons

Electrons
Electrons

Gamma-
rays

Gamma-
rays
Gamma-
rays

Gamma-
rays

2 MeV

2 MeV

40 MeV

1.8 MeV

40 MeV

15, 40, and 105
MeV

3 and 6 MeV
5 MeV

17 MeV

100 keV

1 MeV

1 MeV

10 MeV

0.45 MeV
10 MeV

2.5 MeV
300-1400 keV

GOCO

GOCO

GOCO

80Cco 700 keV
and 0.9 keV

10°10% cm™

10110% cm?

5 x10%-5x10%° cm™

1x10% cm?

5 x10%and 5 x10%° cm?

Up to 10'3 cm™

Upto 5 x10' cm?

2 x10"and 5 x10 cm?

Up to 1x10% cm?

1 x (101,102, 10%cm)

5x10% cm
5x10%° cm™

10%°, 10%and 5 x10%6-
5x10Y cm

Up to 3.67x10'° cm™

2x10%°-3.33%10% cm™

4x10'® cm™
(1-13)x10%* cm™2

5, 30, 45 and 70 kRad
Up to 10 MRad
150-2000 MRad (Si)

1.34 x10'° cm™

[37]

[38]

[39]

[40]

[41]
[42]

[43]
[44]
[45]
[46]
[47]
[48]
[49]

[50]
[51]

[52]
[3]

[53]

[54]

[55]

[56]



equivalent

electrons

AlGaN/GaN HEMTs Gamma-  %Co Up to 600 MRad [57]
rays

GaN Schottky diodes Gamma-  %Co 21 MRad (Si) [58]
rays

GaN Film Gamma-  %Co 3 x10%° cm™ [59]
rays

AlGaN/GaN Schottky diodes Gamma-  ®Co01.33 MeV Upto 1 MRad [60]
rays

AlGaN/GaN HEMTs Gamma-  %Co 120 MRad (Air) [61]
rays

GaN Schottky and Ohmic Neutrons 1 MeV Up to 2.6x10% cm [62]

diodes

GaN Schottky diodes Neutrons - Up to 2.8 x10% cm [63]

AlGaN/GaN and Neutrons - 1.6x10'! cm?and [64]

19 -2

AlIN/GaN HEMTS and 6 x10% cm

MOS-HEMTs

AlGaN/GaN, Al- Neutrons 2 MeV 1-3x10'° cm? [65]

GaN/AIN/GaN and In-

AIN//GaN HEMTs

AlGaN/GaN HFETs Neutrons 1 MeV Up to 6x10*2 cm™ [66]

AlINN/GaN HEMTs Neutrons - 1.2x10* cm™ [67]

As can be seen from Table I, l1I-nitrides have attracted significant interest in the radiation

studies, and various types of radiation exposure have been tested for the device performance of
GaN-based electronics. The main focus of the radiation-induced effects on Ill-nitrides is on pro-
tons, neutrons, electrons, and gamma-rays. For the development of semiconductor technology in
the radiation hard electronic applications, the research is still not mature, and electronic devices
still need to be tested with different aspects of radiation exposure in the real situation. Despite the
remarkable advances in optoelectronic and power electronic device performances of GaN and I11-

nitride based HEMTs, further developments of the next generation GaN technology depend on



advances in areas such as novel materials and structures, growth and integration optimization,
high-quality, low-cost substrates, device reliability, new device functionalities, etc. With regards
to the reliability and the stability of AlGaN/GaN HEMTs, most of the different areas of research
rely on the ability to suppress the crystal defects and to mitigate their effects in device performance.
However, due to the lack of inexpensive large area GaN substrates, AIGaN/GaN HEMTSs are usu-
ally grown on foreign substrates like sapphire®®®, Si, and SiC. Therefore, due to the lattice and
thermal mismatch between the epi-layers and the foreign substrates, a high density of defect for-
mation is possible in the epitaxial structures like AlGaN/GaN HEMTSs. Researchers are trying to
exploit polarization engineering to develop novel materials and structures based on unconventional
crystal orientations to improve the device performance, reducing defect density and meeting spe-
cific application requirements. However, due to the novelty of the materials and difficulties in
characterizing the defects, the required information about the presence, origin, and behavior of
defects in these materials have not been widely reported and not fully understood.

Deep level defects on GaN-based devices can be created and/or modulated under the oper-
ational conditions, leading to the instability in performance or even catastrophic failure. Such an
issue can be more severe when the AIGaN/GaN HEMTs are deployed for the applications in space
crafts, communication satellites, as deep traps are created in the device as a result of exposure of
the device to the high energy particle radiation in space. Deep level defects are mainly point defects
such as Ga or N vacancies and also displacement damage can occur in the lattice.%® Comprehensive
understanding of the deep level defects and their role in device performance is essential for the
further development of GaN technology.

This dissertation work intends to introduce a new technique called spectroscopic photocur-

rent-voltage (SP1V) to characterize the as grown defects across the nitride wafers and apply this



technique to identify how the high energy particle radiations can influence the spectral location
and distribution of the deep level defects in AlGaN/GaN HEMTs. The main goal of this thesis is
to fill in the gap for the information about defects characterization induced by high dose gamma-
ray and low energy proton irradiations. Chapter 2 introduces the fundamental properties of GaN,
its crystal structure and device physics of AIGaN/GaN HEMTSs. In chapter 3, processes and physics
of experimental techniques used for device processing and electrical characterization, is discussed
in detail. Radiation environments, nature of radiation and the possible effect of radiation in elec-
tronics are explained in chapter 4. Chapter 5 is written to describe the material characterization
techniques used in this dissertation work and their operational principles (including related phys-
ics) is presented in this chapter. Chapter 6 investigates the possible effects of high dose (120
MRad) gamma-ray irradiation on AIGaN/GaN HEMTs heterostructures. The effects of low energy
(100 keV) protons, with three different fluences, on HEMTs were examined and the introduced
defects were characterized. The results are presented in chapter 7. Finally, chapter 8 provides a
summary of the analysis of the defect characterization of gamma-ray and proton irradiated HEMTs

and presents a proposal for future directions.
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Chapter 2

Material Properties and Related Physics

2.1 Overview of GaN Material
2.1.1 Crystal Structure

GaN is a binary compound semiconductor and belongs to 111-VV semiconductor family.
Wourtzite, zincblende, and rock salt are the three crystal structures that this wide bandgap (3.47
eV)! semiconductor exists in. The zinc-blende structure of GaN is metastable, and the rock salt
structure can be produced only under very high pressure? of approximately 37 GPa. At high pres-
sure, the wurtzite structure goes into structural phase transformation and converts to a six-fold
coordinated rock salt structure. The lowest energy state for the bulk GaN does not exist in a cubic
phase.? Therefore, the wurtzite structure is commonly abundant as it is thermodynamically stable
at ambient conditions and easiest to grow. Among other forms of GaN, the wurtzite structure is
preferred for research and technological applications. We focus our discussion on wurtzite struc-
ture in this work because our devices used for the research are of the wurtzite structure.

The general structure of the ideal wurtzite unit cell structure is hexagonal and consists of

two interpenetrating hexagonal close-packed (HCP) lattice parameters ao and co with their ratio:

Co/a0 = f8/3 = 1.633 where c is the height of a hexagonal cell.* The basis of a unit cell for the

wurtzite GaN belong to four atoms, two being nitrogen and two gallium atoms as shown in Fig.
2.1 (a). In GaN crystal, Ga and N atoms are tetrahedrally bonded to four atoms (Ga & N). On the
same plane, each side of the bonds are connected to the same type of atoms. Therefore, two distinct
phases as shown in the schematics in Fig. 2.2, (Ga-face and N-face) of wurtzite GaN exist. The

Ga-face corresponds to the [0001] and N-face corresponds to the [0001] of Miller indices.®
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Fig. 2.2. Crystal structures of wurtzite GaN: (a) Ga- face polarity [0001] (b) N- face polarity
[0001]. The structures were generated by VESTA.®

Table 2.1 shows the summary of lattice parameters of wurtzite I11-nitrides at 300 K. From
the table; it is clear that the GaN is more close to the ideal wurtzite crystal structure compared to
other Il1-nitrides. The degree of deviation from ideality determines the strength of polarization in
I11-nitrides.

Table 2.1: Structural parameters, thermal expansion coefficients and lattice mismatch with
respect to common substrates of wurtzite I11-nitrides’ at 300 K.

Lattice Parameter Ideal Crystal AIN  GaN InN
ao (A) - 3.112 3.189 354
co (A) - 4982 5.185 5.705
Co/ao (expected) - 1.601 1.625 1611
Co/ao (calculated) 1.633 1.619 1.633 1.627
Thermal expansion Oa - 4.2 5.59 5.7
cofficient (CTE) (x 108 K™?) ac 5.3 317 37
Lattice mismatch with (%)  a-Al20s - 125 1438 25.4
6H-SIC 1.0 3.3 14.0
GaN -2.4 - 10.6
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2.1.2 Polarity of GaN Crystal

None of the three structures (wurtzite, zinc blende, and rock-salt) of GaN possess a center
of inversion, i.e. in the closed packed plane, the position co-ordinates (x, y, z) is not invariant to
the position (-x, -y, -z). As a result of the lack of inversion symmetry, the wurtzite GaN crystal
exhibits two different polarity corresponding to (0001) (c-plane) and (0001) (a-plane) basal planes.
The polarity of the GaN depends on whether the Ga-atoms or N-atoms of GaN forming the crystal
face the substrate. It has been studied that the two different polar faces have a vast difference in
their growth and surface properties. When three of the bonds on Ga-atom with tetrahedral coordi-
nation face towards the substrate, the polarity is called Ga-face. Similarly, when three bonds face
towards the growth direction, the polarity is called N-face as shown in Fig. 2.2. The growth and a
variety of properties of the material such as etching, defect formation, plasticity, and piezoelec-
tricity depend on its polarities. The crystal symmetry dictates the spontaneous polarization, the
cubic zinc-blende structure forbids the spontaneous polarization, whereas the wurtzite structure
permits it. On the other hand, both structures exhibit piezoelectric polarization. Since the co/ao
ratios of AIN, GaN, and InN are not equal to the ideal value, and there is an absence of internal
electric fields, in the absence of external fields, the total macroscopic polarization (P) of a solid is
given by the sum of spontaneous polarization (Psp) and the piezoelectric polarization (Pp,).
2.1.3 Spontaneous Polarization

Spontaneous polarization arises due to the asymmetry of the wurtzite crystal. The lack of
inversion symmetry of the wurtzite structure and the characteristics feature of the ionic bond be-
tween Ga and N atoms in GaN contributes to a naturally distorted crystal structure which exhibits

a permanent polarization along the c-axis even in the absence of strain and external fields.® This
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permanent polarization is recognized as spontaneous polarization (Psp). Since GaN wurtzite struc-
ture has two faces (Ga-face and N-face), the direction of spontaneous polarization is also different
in those faces. In Ga-face structure, polarization has the direction away from the surface and to-
wards the substrate whereas crystallographic c-axis and the internal electric field point away from
the substrate towards the surface. The polarization-induced lattice charges are negative at the sur-
face and positive at the substrate interface. On the other hand, for N-face structure, charges at the
surface are positive and negative at the substrate interface, and the directions are inverted.

The magnitude of spontaneous polarization can be estimated using the sheet charge density
for GaN to be -0.029 C/m? corresponding to ~3 MV/cm of the internal electric field.® The surface
charge density caused by the spontaneous polarization is estimated to be in the order of 103 cm™.
The charges are fixed and are large enough to drastically affect the electrical properties of the
material at surface and interfaces. The direct consequence of this large polarization and the corre-
sponding surface density is the emergence of a large internal electric field which is hidden into the
system as a result of crystal structure. This field has a strong influence on the band diagrams,
charge accumulation and depletion, and band profile. Spontaneous polarization parameters for I11-
nitrides are listed in Table 2.2. For stable wurtzite Il1-nitride structures, the deviation in the struc-
tural deformation along the c-axis results in a large spontaneous polarization. As can be seen from
Table 2.2, it is negative for all 11I-nitrides and the magnitude increases from GaN to InN to AIN
following the deviation of co/ao ratio.

The spontaneous polarization can be estimated using the method below?; assuming that all
the forces acting on a point charge are Coulombic, the distance between the top N atom and the
central Ga atom (the bond length along c- axis) denoted by ug can be calculated in units of co using

the following equation:
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3(0.5—UO)C0 — 1 (2.1)

2 3 2,2
[#0/3+(0.5-ug)2]2  Ho"C0

For the tetrahedron bonding, the net dipole moment is Ze(uy-0.375)c,, wWhere Z is the
effective charge of the metal atom. The net dipole moment per unit volume gives the polarization.
In the case of unstrained material, this polarization is called spontaneous polarization (Psp) and is
equal to;

__ Ze(up—0.375)cy

Py = et (22)
24

Using a, and c, for GaN and from Table 2.1 and Z=3 for Ga the Ps, for GaN is estimated

to be -0.029 C/m2.

Table 2.2: Spontaneous polarization sheet charge density for 111-nitrides.°

Material AIN GaN InN
(Cm? (Cm? (Cm?)

Psp -0.081 -0.029 -0.032

Psp -0.090 -0.034 -0.042

In the case of AlGaN/GaN heterostructure, as mentioned above, Ga-face GaN and AlGaN
will have a negative spontaneous polarization whereas the N-face materials will have positive Psp.
Spontaneous polarization of ternary alloys can be calculated by the linear combination of binary
endpoints with regard to mole fraction. Therefore considering, AlGaN follows the Vegard’s law,

the spontaneous polarization of AlxGai-«N can be expressed as;!

Piran () = xPih + (1 = x)PShy (2.3)
- - 1_ lpsp _ _T _ IPSD
+o -
Ir. T
Substrate Substrate
Ga-face [0001] N-face [0001]

Fig. 2.3. Directions of polarizations in Ga- and N- faces relaxed AIGaN/GaN heterostructures.
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2.1.4 Piezoelectric Polarization

Piezoelectric polarization (Pp;) is the polarization field that results from the lattice
distortion of the crystal induced by an externally applied stress and strain as a result of lattice
mismatch during the epitaxial growth. While the spontaneous polarization is associated with a
relaxed crystal, the applied external strain to the film would further change the net dipole moment,
the lattice parameters a, and c, leading to the piezoelectric effect. Due to the differences in lattice
constants of AIN, GaN, and AlGaN, growing AlGaN on GaN leads to tensile strain? in AlGaN
resulting in a charge sheet at two faces of the crystal and the piezoelectric field will be in the same
direction as the spontaneous polarization. In the case of compressive stress (increase in cy/a,
ratio), piezoelectric and spontaneous polarization will be in the opposite directions, therefore net
polarization will be decreased. Similarly, in the case of tensile stress (decrease in cy/a, ratio), the

net polarization will be increased. The polarization field increases with the Al content in AlGaN.

Fig. 2.4. Piezoelectric and spontaneous polarization fields for AlGaN grown on GaN.

The piezoelectric polarization of the crystal (Ppz) is given by the product of piezoelectric
coefficients e;; and stress tensor o;;. For wurtzite crystal structure along [0001] direction (z-axis),
Ppz can simply be written as;

By, = e3¢, + e31(&x t &) (2.4)
where &, is the strain along c-axis and €, = ¢, is an isotropic in-plane strain.

Strain components are related by the elastic coefficients by the relation:
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& = —2& (c13/¢33) (2.5)
The in plain strain in terms of lattice constant is given by;
& = & =(a—ag)/ag (2.6)
where a is the in-plane lattice constant and a, is its equilibrium value.
Combining the above equations, the strain induced piezoelectric polarization along the z-

axis of wurtzite 111-V semiconductors is given by:

C13
By, = 2(e3; —e33 c_)(a —ag)/ag (2.7)
33

Since es; is always negative for wurtzite nitrides making (es; — es33 21—3) < 0. Therefore,
33

under tensile stress, the piezoelectric polarization is negative and positive for the compressive
strain. Same as spontaneous polarization, the piezoelectric polarization for alloys can be obtained
by linear interpolation of the moduli of the binary constituents. Thus, Pp, of AlGaN is given by;
Ppz(AlGaN) = x Ppz(AIN) + (1 — x) Ppz(GaN) (2.8)

It is important to note that the piezoelectric polarization along [111] direction in zinc-
blende 111-V semiconductors has been studied in details,*® but the low piezoelectric constants of
the material system make the structure unattractive to perform band-engineering.

The net polarization of AlGaN/GaN heterostructure is given by the sum of spontaneous
and piezoelectric polarizations:

Pnet = Psp + Ppz (2.9)

2.1.5 Physical Properties of GaN Compared to other WBG Semiconductors

The physical properties that make the IlI-nitrides suitable for high frequency and high
power applications are large bandgap, high breakdown field, high thermal conductivity, high

charge carrier density and mobility, high saturation velocity and strong chemical bond. On the
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other hand, the figure-of-merits (FOM) which is a calculated number in order to quantify the per-
formance of semiconductor devices is also higher for GaN compared to most of the other WBG
semiconductors and Si.

Basic material properties at room temperature and FOM for IlI-nitrides and other wide
bandgap semiconductors are listed in Table 2.3.14151617.18 EQM is calculated based on the most
relevant properties for particular applications such as high power and high-frequency applications
and gives a rough measure of the relative strength of the material.

Table 2.3: Material properties at room temperature and FOM for Ill-nitrides and other wide-
bandgap semiconductors.

Parameters Si GaAs AIN  InN 4H-SiC GaN Diamond
Crystal Diamond Zincblende Wurtzite Wurtzite Hexagonal Hexagonal, Diamond
Structure cubic

Density 2.328 5.32 3.26 6.81 3.21 6.1 3.515
(g/cmd)

Melting 1415 1238 2200 1100 2830 2573 4373
Point (°C)

Thermal 15 0.46 2.85 2 2.3-49 13-23 6-22
Conductivity

(W/cm.K)

Bandgap (eV) 1.12 1.42 6.2 0.65 3.26 3.44 5.46-5.6
Dielectric 11.7 12.9 8.5 15.3 10.0 9.5 5.7
Constant

Electron 1500 8500 300 3200 1000 1250 2200
Mobility AlGaN/GaN:

(cm?/V.s) 2100

Hole 450 400 14 220 150 200 1800
Mobility

(cm?/V.s)
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Breakdown 0.3 0.4 8.4 1.2 3 4 10
field (MV/cm)

Saturated 1 1 14 2.5 2.7 2.7 1.56
Electron Ve-

locity  (x10’

cm/s)

JFOM 1 1.8 5120 58 400 1600 81000
(Relative to Si)
BFOM 1 14.6 32158 46 548 1507 25106
(Relative to Si)

The Johnson’s FOM is calculated based on the critical electric field and saturation electron
drift velocity in defining a measure of the high-frequency capability of a material and is given
by.19

2.2
ECvs
412

JFOM = (2.10)

where E. is the critical electrical field, v; is the saturation electron drift velocity.
Moreover, the Baliga’s FOM takes into account the dielectric constant, carrier mobility, and elec-
tric breakdown field to measure the high-power handling capability and to minimize conduction
losses in power field effect transistors (FETSs) and is given by;°
BFOM = suE3 (2.11)

where ¢ is the dielectric constant and g is the mobility.

For GaN, both the JFOM and BFOM are more than 1000 times higher than Si and JFOM
is about four times higher than SiC and BFOM is about three times higher. From these figures, it

is clear that for high power and high-frequency applications, GaN is a highly promising candidate.
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Overall, because of the intrinsic material properties, GaN possesses several advantages

over many other wide bandgap semiconductors. In summary, the main advantages of GaN material

properties can be listed as below:

R/
L X4

The chemical bonding in GaN is an ionic-covalent bond. Strong bond means it is harder
for an electron to jump from one site to the next ultimately leading to the wider
bandgap. This leads to a lower intrinsic leakage current and higher operating tempera-
ture.

High electric breakdown fields resulting from large bandgap of GaN permits the de-
vices to sustain high DC and RF terminal voltages.

To achieve high currents and sustain high-frequency operations, high charge carrier
mobility and high saturation velocity are desirable. Although GaN does not have
relatively high mobility (1250 cm?/V.s) but has a high value of saturation velocity at
high electric field. The AlGaN/GaN heterostructure which possesses the 2DEG at the
interface has much higher mobility.

The thermal conductivity of a semiconductor is important to determine the power dis-
sipation in the devices. Poor thermal conductivity can result in the degradation of de-
vice operation at elevated temperature. The high thermal conductivity of GaN can help
easily extract the heat from the devices and is beneficial for the design of high power
devices.

Dielectric constant indicates capacitive loading of a transistor which affects the device
terminal impedances. WBG semiconductors have the comparatively lower dielectric
constant compared to conventional semiconductors. GaN has about 20% lower value

of dielectric constant than those for conventional semiconductors. Which means for a
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given impedance; GaN devices can be about 20% larger in the area. As a result, the

increased GaN area permits the generation of larger carrier density and higher micro-

wave output power.
2.2 AlGaN/GaN Heterostructures and HEMTSs Device Overview
2.2.1 Band Structure

In general, a heterojunction is an interface between two dissimilar materials. In semicon-

ductors, it is referred to a junction between two different monocrystalline semiconductor materials
with different electronic properties but the similar crystal structures. In the case of homojunction,
the energy bandgap does not vary across the junction, but in a heterojunction, there will be a vari-
ation in energy gap between two different semiconductors. These variations leverage the degree
of freedom in independent control of majority and minority charge carrier flow. When two differ-
ent semiconductors are brought into physical contact for example, through epitaxial growth of one
semiconductor on top of another semiconductor, the Fermi level in two semiconductors must be
equal and constant under the equilibrium conditions. When two semiconductors with different
bandgaps are in contact, carriers will flow across the junction, building space and interface charges
until the Fermi energy is same everywhere in the material. There is also band discontinuities in the

alignment of the two structures, which results in band bending to align the Fermi level of the

heterostructure.
EO Eo J EO
EC
"""""" E; E. ¢ Ec
------------------------- EF
EV EV f
n-AlGaN Intrinsic-GaN n-AlGaN Intrinsic-GaN

Fig. 2.5. Band diagram of an AlGaN/GaN before and after Fermi level alignment.
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The resulted net polarization as described above exerts an electric field that causes bands
to bend such that the conduction band is close to the Fermi level at the heterojunction. Bands at
two sides are connected by means of some kind of cusp or notch and junction, and the nature of
cusp or notch depends on the details of the system. In the case of AIGaN/GaN heterostructure, the
band alignment falls under the type-I category known as a straddle. The structures are created by
growing wide bandgap AlGaN barrier layer (doped or undoped) on top of a smaller bandgap un-
intentionally doped relaxed GaN layer. Figure 2.6 shows the schematics of cross-section of Al-
GaN/GaN heterostructure and the corresponding energy band diagram. When the differing band
gap materials (AlGaN and GaN) brought into contact, the energy band offsets and difference in
band gaps between two materials causes the conduction band to instantaneously drop below and
then gradually rise toward the Fermi level. Consequently, a small triangular quantum potential
well near the boundary of the interface forms as shown in Fig. 2.6 (b) where the electrons are

accumulated.

Barrier Layer (AlGaN)

: Channel Layer (GaN)

Buffer Layer
Nucleation Layer
Substrate

(a) (b)
Fig. 2.6. (@) Schematics of a cross-section of AIGaN/GaN heterostructure (b) energy band dia-
gram of the heterostructure.
In this potential well, electrons are free to move parallel to the interface but are tightly

confined in the perpendicular direction. The electrons in this region appear to be as a two-dimen-

sional sheet. Therefore they are referred to as 2-dimensional electron gas (2DEG). The confine-
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ment of the channel electrons in the quantum well granting two-dimensional feature strongly en-
hances the mobility of the structure because it eliminates the need for carriers to travel through the
lattice in which they can easily be scattered by lattice atoms and bulk carriers. The 2DEG charac-
teristics at quantum well can be greatly controlled by altering the gate voltage. The presence of
2DEG is one of the biggest advantages of such a heterostructure and is introduced without inten-
tional doping to compensate the polarization induced positive sheet charge.?! This peculiar feature
of this heterostructure is being used in the fabrication of innovative device called HEMT which

remains in the center of attraction in electronic applications.

2.2.2 HEMT Device Overview

As mentioned earlier HEMT stands for High Electron Mobility Transistor, and this is a
member of the family of field effect transistors (FETs). The structure is also known as MODFET
(Modulation-Doped Field Effect Transistor), MISHEMT (Metal Insulator High Electron Mobility
Transistor) and HFET. At the heterostructure, the conduction band of the barrier layer is higher
than that of the channel layer and because of the large discontinuity in conduction band, carriers
diffuse from the large bandgap (AlGaN) (can be doped or undoped) to the narrow bandgap (GaN)
layer at which heterointerface a channel of 2DEG is formed in a triangular quantum well. This
2DEG formed at the triangular potential well is the hallmark of a HEMT. The 2DEG sheet charge
carrier concentration can be controlled by applying the voltage through a Schottky barrier gate
formed on the barrier layer. Another feature of this modulation doping is that the channel carriers
are spatially separated from the rest of the carriers and have high mobilities because there is no
impurity scattering.

The AlGaN/GaN HEMTSs are currently grown? on Si, sapphire,® SiC,?* and GaN% sub-

strates. Except for GaN substrates, the main growth challenge is due to thermal expansion and
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lattice mismatch. However, although GaN substrate does not have this problem, this substrate
remains undesirable because of the small size and extremely high cost. Intermediate nucleation
buffer layers are grown between the substrate and the channel layer to prevent the cracking of GaN
grown on foreign substrates (except sapphire), governed by a tensile strain due to lattice mismatch,
On top of the buffer layer, a GaN layer is grown mostly along the [0001] direction to benefit from
the spontaneous polarization of the c-plane within the GaN wurtzite crystal, and a channel is
formed within this layer; therefore it is called the channel layer. A layer with the higher bandgap
and the lesser electron affinity (AlGaN) is grown on top of the channel layer and referred to as a
barrier layer. This barrier layer can be either doped or intrinsic. Due to the conduction band offset
and the difference in the polarization between the AlGaN and the GaN layer, a potential quantum
well will be created underneath the hetero-interface, trapping the electrons inside, and conse-
quently creating the channel. The depth of the well is associated with the difference in electron
affinity.

Figure 2.7 shows a conventional Schottky gate AlIGaN/GaN HEMT device structure. The
source and drain terminals constitute an ohmic contact metallization, and the gate contact is made
of Schottky contact metallization. Electrons flow from a source contact (S) to a drain contact (D)
through a very low resistance of 2DEG formed at the interface of AlGaN and GaN, when a voltage
(Vps) is applied between them. The amount of current (Ips) flow is modulated by the voltage ap-
plied at the gate (G). The HEMT devices that we are considering in this study are "normally-on”
devices in which 2DEG exists without an applied voltage at the gate. In such a device, current will
flow between the source and drain as long as a voltage is applied between the source and drain
contacts. Biasing the gate to an increasingly negative voltage will decrease the electric field

through AlGaN causing the depth of penetration of the triangular well to lessen until the pinch-off
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voltage (Vro) is reached, at which time a 2DEG no longer forms, and the channel no longer passes
the current, effectively switching off the device. On the other hand, when the gate voltage is
increased, the electric field steepens, deepening the triangular energy well which in turn raises the
number of available energy states for carriers traveling through the 2DEG and increase the density
of carriers in 2DEG. Therefore, for a given drain-source voltage the amount of current will in-

crease.

8 parer Laver asciary B
Barrier Layer (AlGaN)

Channel Layer (GaN)

Buffer Layer
Nucleation Layer
Substrate

Fig. 2.7. A conventional Schottky gate AIGaN/GaN HEMT schematics.

The modulation of Ips can be explained with the help of a simple model shown in Fig. 2.8
and described below. The AlGaN layer is supposed to be n-type with a doping concentration of
Np. The valence band offset between GaN and AlGaN layer is considered as AE, the Schottky

barrier height @, and the net polarization charge density g,,,,.

' yy
@, \ Vi

v. 7af] p——Ec

1T E;
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AlGaN GaN

Fig. 2.8. AlGaN/GaN heterojunction band with applied gate bias.
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For the heterostructure under study, assuming the potential well to have only two quantum
levels, Eo and Ei1, which are relevant for the operation of the device, since all other levels are
always above the Fermi level. A self-consistent solution to the Poisson and Schrodinger equation

gives us the 2DEG density (cm) in terms of the energy levels as;?

ngs = DkT {[1 + exp (EFk_T,E())] [1 + exp (EFk_TEl)]} (2.12)

where D = % is the density of states of the 2DEG gas at the 2-dimensional potential well, k is

Boltzmann’s constant, T is temperature and E is Fermi energy.

Shottky gate on the AlGaN layer results in depletion beneath the gate. If the AlGaN layer is thin
or when a sufficiently large negative gate voltage is applied, the gate depletion and junction de-
pletion regions overlap. Neglecting interface states, the 2DEG density can be further written as;

Ep

&
ng = E(VGS — VTH — ?) (213)

where Vs is the gate-source voltage, e is the electronic charge, t is the thickness of the AlGaN
barrier layer and ¢ is the dielectric constant of AlGaN.
The gate voltage under which the 2DEG in the channel is depleted and generated is defined as the

threshold voltage (Vrn) and is given by?’:

eNpt?
VTH = (pb - AEC - (214)
2¢
2
where the term Vpy = 61\;0; is called the pinch-off voltage, N, is doping concentration in the

doped AlGaN layer. In the case of not intentionally doped AlGaN (barrier) layer Vp, = 0.
In Equation 2.13, Fermi energy is a function of Vgs, which is always very small as compared to
the other terms. Therefore, we can obtain 2DEG carrier density using the following approximate

result from equation 2.13:
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&
ns = ot Ves — V) (2.15)
If we take into account the polarization charge density (,,,), the expression for the thresh-

old voltage can be modified as?;

eNpt? oyt
VTH=<pb_AEC_ D _p_Ol

2.1
2¢€ £ (2.16)

At the threshold voltage, the 2DEG occupies the lowest energy level and coincides with
the Fermi level. With the voltage Vos applied if Ves > V1h, the 2DEG is in a continuous state and
the device is turned on; if Vs < V1H, the 2DEG is depleted and the device is turned off. For the
weak inversion case (close to pinch off), the Fermi level is below most of the allowed energy
states. The carrier density is small in the 2DEG. In this case, the Fermi energy and the 2DEG

density can be expressed as?®:

n
Ep = kT In (ZD;T) (2.17)
e(Ves — V.
ng = 2DkTexp (%) (2.18)

After past the weak inversion region (close to pinch off), the device starts to operate in the
strong inversion region. In this situation, the sheet carrier density is much higher, and the Fermi
level is much higher in the potential well. Conventionally, the threshold voltage is defined as the
beginning of the strong inversion region. In this case, the Fermi level and the sheet carrier density

are given by the following expressions?:

Ep = = (2.19)
2D
2¢eD

s = T 502Dt Ves — Vru) (2.20)
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Since HEMT is a field effect device, its DC behavior is characterized by output channel
current (also called as a drain current) Ip which is controlled by the channel potential Vc(x), after
the 2DEG is formed. The output current is typically proportional to the channel width W which
can be derived by multiplying the carrier density by carrier velocity and the gate width W of the
transistor as;

I, = ens(x)Wv(x) (2.21)
where v(X) is the electron velocity. The velocity depends on the electric field in the channel similar
to the MOSFET operation.

As we increase the electric field, at some point the drain current saturates and, the saturated
electron velocity approaches to infinity. The applied voltage at this point is called the knee voltage.
At very high fields, the velocity reaches its saturation level vs, but below this limit, the velocity is
limited by mobility. The electric field at which the velocity saturates is defined as the critical field
Ec. The electron velocity can be written as follows for different electric field regimes:

v =uE, for E < E (2.22)

v=uv, forE>E; (2.23)
where u is the mobility of the electrons in the channel. The drain current for the electric field less

than the critical field is given by:

ave

I = uW 5 (Vs = Ve (O =Vrm) 5 (2.24)

C = f is called the dielectric capacitance per unit area.

In the linear region of operation, the drain current is proportional to the sheet carrier density, chan-
nel length, and the electric field. The potential gradient in the above expression can be

approximated and written as follow*°;

Ip = u=5 Wos = Vo) (Ve (L) = Ve (0)) (2.25)
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where L is the gate length.

When the voltage is applied across the channel, there will be a voltage drop at the resistive
segments of the drain and source. The electric field is proportional to the drain voltage and the
sheet carrier density depends on the applied gate voltage. Therefore, the above expression can be
modified to include the effects of drain and source excess resistances Rp and Rs respectively. For

V:(0) = Rglpg and V(L) = Vps — Rplps equation 2.25 can be written as;

Vbs Lt
— = R¢+ Rp +
Ips $ DV wpewes-vrm

(2.26)

The mobility can be obtained from the reciprocal of the slope of the plot of bs ys, —2— from

Ips (Ves—VTH)
equation 2.26. The calculation of mobility from this method neglects the interface states. And the
transconductance gm Which describes the modulation of the drain current by gate-source voltage is

given by:

alp
Im = (0Vas) at constant Vj, (2.27)

We fabricated circular transistor devices following the Corbino geometry to avoid mesa isolation
(Fig. 3.10, next chapter). The outer ring with radius R> was used as the source and the inner cir-
cle of radius R1 was used as the drain. Due to the Corbino geometry of the devices, the channel
width -to-length ratio (aspect ratio) was defined through effective W /L = 2r/In (R,/R;).%
2.2.2.1 Breakdown for AlIGaN/GaN HEMTs

When the drain is stressed with a high voltage and the gate voltage is below the threshold
voltage, HEMT devices get into the block region. In this case, the GaN region is depleted from the
drain to the gate. This depleted region helps to sustain the high voltage. The high critical field (3.3
MV/cm)® of GaN gives the ability to handle the high voltage and can be used to design the high-

efficiency power devices. Under the drain voltage stress, if the local electric field in the device is
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higher than the critical field, the device will break down. If the breakdown occurs in the GaN or
AlGaN regions, the electrons generated can destroy the 2DEG in the heterojunction. In this con-
dition, the on-resistance of the device would sharply increase, and the device failure will occur.
Since the gate contact of HEMT is a Schottky type, it will have higher leakage than the
MOS and junction devices in the reverse bias condition. To restrain the early breakdown phenom-
enon and to increase the breakdown voltage, several methods such as gate/source electric field
plate®*3 and air bridge field plate® are proposed to depress the surface electric field.
2.2.2.2 Capacitance-Voltage Characteristics
The charge in the metal-semiconductor junction can be modulated by changing the applied
voltage between them. The ratio of change in charge due to the change of voltage is defined as the
capacitance and is written as:

_4
S av
To measure capacitance, a small AC voltage signal dV at a certain frequency is first applied, and

C (2.28)

the corresponding charge modulation dQ is measured.

The total charge in the semiconductor is given by?:

kT
Q = gNpW = j 20 (Vi = Vet = )| (2:29)

where Np is the donor concentration, & is a dielectric constant of a semiconductor, Vi is the built-
in potential, Vext is the external applied potential and W is the width of the depletion region, and

for a homogeneously doped Schottky contact it is defined as:

W = 2‘gs(v Vore) (2.30)
- CIND bi ext .

The depletion capacitance (per unit area) at given depletion width is expressed as follows:
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Es

C =
w

(2.31)

For the depletion region where the space charge is uniformly distributed, the depletion capacitance

as a function of applied dc bias (Vext) can be derived using Poisson’s equation as;

gsqND €s
C= == (2.32)
kTN W
2 (Vo = Vext =)

For a heterostructure with 2DEG, at the zero external bias, the capacitance across the depletion

space charge is given as:

dQ &
C=A—=A— 2.33
av t (233)

where t is the distance of the Schottky gate from the 2DEG (thickness of the AlGaN barrier layer).
It is assumed that at zero volt applied bias, the depletion region slightly touches 2DEG.
Equation 2.32 can also be written as;

kT
1 2(Vor=Vew =)
== 1 (2.34)
c? €sqNp

As C—lz is measured as a function of applied voltage, therefore if the doping concentration is homo-
geneous, it should be linearly dependent on the bias voltage. Hence, the doping concentration can
be determined from the slope of the following equation:

2 -1

Np = qes [C”th (%)] (2:35)

The built-in potential V},; is determined from the extrapolation to C—lz = 0. It is worthy to note that,

for inhomogeneous doping, the depth profile of the doping can be determined by C-V spectros-
copy. In such a case, the 1/C2 vs. applied bias curve is no longer a straight line and possess a

varying slope. Ideal C-V characteristics of a Schottky diode with 2DEG is shown in Fig. 2.9. For
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the zero external bias on the Schottky diode, the capacitance is given by equation 2.33. When we
apply the negative external bias, space charge under the contact starts to deplete, and as we increase
the bias, it will penetrate through 2DEG. The capacitance will decrease rapidly when the depletion
region completely penetrates through 2DEG. This is caused because of the very low capacitance

of the depleted 2DEG channel C-2DEG, which is in series with the capacitance of the contact.

A& 4
C_At\

(

Capacitance

C-2DEG—, |

<
<

o

Voltage

Fig. 2.9. Ideal capacitance-voltage characteristics of a Schottky diode with 2DEG.
The integral of the charge under the C-V curve gives the total sheet charge density of
2DEG. For a given gate bias and low electric fields, and assuming the AlGaN layer is not inten-

tionally doped, equation 2.13 can be written as:
&
ns = ot Ves — V) (2.36)
where C; = f is the gate capacitance and which is the sum of the several capacitance contributions

including GaN cap layer, AlGaN barrier layer, AIN spacer layer and the contribution of the
capacitance of distance of the electron gas from the space layer.
2.2.2.3 Schottky Device Operation Characteristics

When a metal comes into contact with a semiconductor at equilibrium, the Fermi levels are

forced to coincide and then valence band, and conduction bands bend near the interface as shown
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in Fig. 2.10 (b). Due to this phenomena, a potential barrier develops between the metal and semi-
conductor which prevents the charge carriers moving from one side to another freely. The charge
carriers must possess energy higher than the barrier height to be able to flow across the junction.
This barrier is known as Schottky barrier (&y), and the height is called the Schottky barrier height.
The Schottky barrier for an n-type semiconductor is given by the difference between the work
function of the metal and the electron affinity of the semiconductor;
Oy =D, — ¥ (2.37)
where @,,is the work function of the metal and y is the electron affinity of the semiconductor.
Prior to bringing into contact, the Fermi level of the semiconductor is above that of the
metal as shown in Fig. 2.10 (a). When they are brought into contact, electrons from the conduction
band of the semiconductor start flowing into the lower energy states into the metal. As the Fermi
energies of the two materials in contact must be equal under the condition of thermal equilibrium,
the charge transfer continues until the chemical potential in the semiconductor reached in equilib-
rium with the Fermi energy of the metal. The Schottky model suggests that the barrier height is
independent of the semiconductor doping. However, the transport property across the barrier is

highly affected by the doping of the semiconductor.

4) (ps XS
m EC
~ |\ __E:
E;‘n s E
_\ Ey
\\ 2 2 /// Metal _I Semiconductor
Depletion
Metal Semiconductor Width (W)
(a) (b)

Fig. 2.10. Energy band diagram of metal and an n-type semiconductor in (a) close proximity (b)
perfect contact.
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The alignment of Fermi levels creates the depletion region and whose width is given by
equation 2.30. The built-in potential (Vyi) is the potential across the depletion region in thermal
equilibrium. This potential is also necessary for electrons in the conduction band to overcome to
move into the metal and is given by:

Vi = & — @, (2.38)

where @, is the magnitude of the potential difference between the conduction energy band (Ec)
and the Fermi energy level (EF).
Reverse bias potential increases the semiconductor to metal barrier potential, whereas forward
biasing lowers the barrier height facilitating the flow of the electrons across the junction if suffi-
cient energy is provided to the carriers for their transport. Regardless of the biasing direction, the
metal to semiconductor barrier height remains the same.

The current transport mechanism for a Schottky diode based on thermionic emission theory
is given by®':

I = Isexp (qv/nkT) [1 — exp (—qV/kT)] (2.39)

where [ is the saturation current given as;
Is = A& T?exp (T1%/, 1) (2.40)
n is the ideality factor, V is the forward bias voltage, T is the absolute temperature, q is the electron
charge, Kk is the Boltzmann’s constant, @, is the Schottky barrier height, A is the effective diode
area, and A" is the effective Richardson constant for channel layer semiconductor (n-GaN in our

case).

The saturation current is determined at the intersection on y-axis (i.e., V=0) of the extrapolated I-

V curve, and the slope is q/nkT from which we can determine the ideality factor as:
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q/nkT = slope (2.41)
q —

Thus, the Schottky barrier height can be calculated from equation 2.40 as;

® le AA*T?
=—1In
b q Ig

(2.43)
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Chapter 3

Device Processing and Electrical Characterization

3.1 Introduction

This chapter focuses on the semiconductor processing techniques for the device fabrication
and equipment used for the fabrication and characterization of AIGaN/GaN HEMT transistors and
the Schottky contacts on HEMT heterostructures. Theoretical description of the electrical charac-
terization techniques and detailed experimental procedures and recipes of the fabrication of the
devices used to report the results of this dissertation are explained.

3.2 Growth: Metal Organic Chemical Vapor Deposition (MOCVD)

Samples under this study were grown using metal organic chemical vapor deposition
(MOCVD) technique. The research for MOCVD was first started in the late 1960s by Manasevit
and coworkers.! This technique possesses several strengths such as high purity, high growth rate,
high uniformity, and capability for abrupt interfaces, and more. The MOCVD process is basically
a CVD process specified with the use of metal-organic compounds for supplying the group-Ill
element sources. It is a nonequilibrium growth technique in which a hydride gas containing the
group-V elements such as AsHs or NHz (especially for nitride growth), is commonly used. The
precursors are transported, and the chemical reactions take place in the vapor phase of the precur-
sors leading to the formation of a solid material deposited on a substrate. The chemical reactions
are facilitated by introducing some external energy, such as heat, plasma, photons, and ion-beam
for pyrolysis of the precursors and assistance to the reactions.? Following are the simplified key
steps involved in a CVD process:

1. Precursors transport to the growth region
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2. Reactions of gas-phase precursors in the growth region producing reactive intermediate by-

products
3. Mass transport of reactants to the substrate surface
4. Adsorption of reactants on the substrate surface
5. Surface diffusion to growth sites
6. Surface reactions and nucleation leading to the solid formation
7. Desorption and mass transport of decomposed fragments away from the growth zone
8. Exhaust to the pumping system

Growth rate and composition are controlled by controlling the mass flow rate and dilution

of various components of the gas stream. Organometallic group Il sources are either liquid or
solid and stored in the bubbler through which a carrier gas flows. This carrier gas will saturate
with vapor from the source and transport vapor to the heated substrate. 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. Walls are colder than the heated interior that helps to reduce the reactant depletion
effect that hot walls cause which is the most important feature of MOCVD. Typically, MOCVD
is used in the mass transport limited regime, in which the growth rate solely depends on the amount
of metal organic supplied.® For GaN the growth temperature is in the range of 1050 °C, and it is
up to 1500 °C for AIN. The pressure range of the reactor lies between 100 Pa to close to 100 kPa
(ambient pressure). The fastest growth rate up to 5 um/hr can be achieved. Major impurities found
are oxygen, hydrogen, carbon, and silicon.*

The AlGaN/GaN HEMT samples used to study the device characteristics in this research were
grown on top of six-inch p-type Si wafers via MOCVD technique. AIN nucleation layer of thick-

ness 0.25 um was grown on top of Si, and AlGaN buffer multilayer with varied aluminum (Al)
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concentrations between 20%-75% was deposited on top of the AIN layer. An undoped GaN layer
of thickness 1um was deposited on top of the AlGaN buffer layer, followed by a 20 nm AlGaN
barrier layer. A GaN cap layer of a thickness of 2 nm was grown on top of the barrier layer. The

schematic cross section of the grown sample is shown in figure 3.1.

GaN (Cap Layer)
Barrier Layer (AlGaN)

2-DEG
Channel Layer (GaN)

Buffer Layer

Nucleation Layer
Substrate (P-Si-111)

Fig. 3.1. Schematics of MOCVD grown AlGaN/GaN HEMT heterostructures used in this study.
3.3 Cleaning

Wafer surface can easily get contaminated during the storage and device fabrication pro-
cess through chemicals/gases, water, tools, and human activities. These contaminants can easily
get absorbed onto the wafer surface and occupy a space into the electrically sensitive area leading
to a catastrophic device failure. The micro-contaminants may cause 50% of yield loss in integrated
circuit fabrication. Therefore, having a clean surface is an essential requirement in the fabrication
of electronic devices. Hence, it is essential to remove native oxides, organic contaminants, metallic
impurities, particulate contaminants, adsorbed molecules, and residual species before proceeding
to the further processing steps.>® Metal contacts and electrical/optical properties can be affected
by native oxides which can grow very easily on the exposed surfaces of wafers.

Organic contaminants from photoresist, solvent residues, and ambient air can be adsorb to
the semiconductor surface. Metallic impurities such as iron (Fe), copper (Cu), aluminum (Al)

along with the ionic metals like sodium (Na) and calcium (Ca) originate from the liquid chemicals,
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water as well as handling and processing tools. Chemical contaminants, such as chlorine (Cl), lead
to the unwanted etching from the undesired area and create compounds that will become hard to
remove from the surface. Surface cleaning can be performed using dry or wet etching of the con-
taminants. Among those, wet etching is more preferable compared to dry cleaning methods since
dry etching mostly results in damaging the surface and making the material electrically unsuitable.’
The following paragraph describes the cleaning process performed before device fabrication.
Six-inch HEMTs epitaxial wafer was first diced into 1 cm x 1 cm square pieces which
were ultrasonically cleaned in the organic solvents with the following order: acetone, trichloroeth-
ylene (TCE), acetone, methanol, and methanol for 5 min in each solvent. The first acetone and
TCE were used to completely de-grease the organic contaminants (particularly oily or greasy) from
the wafer surface. The purpose of second acetone use is to dissolve residues from TCE solvent and
acetone itself will deposit contaminants. Hence, the first methanol was used as a solvent for the
acetone residues and the second fresh methanol served to further cleaning of the sample. Since the
methanol easily dissolves in water, the samples were rinsed in deionized (DI) water to remove the
residues of the solvents. After removing organic contaminants, the samples were placed in a mix-
ture of hydrochloric acid (HCI) and DI water (1:1 ratio by vol.) and subsequently heated at 110°C
for 10 minutes to clean the ionic contaminants. Cleaning ionic contaminants is as important as
removing organic contaminants; hence an acid mix has been used. It was reported that HCI: DI
wet chemical processes produced the lowest coverages of oxygen and carbon contaminants for
GaN surface cleaning.® In addition, it increases chlorine (CI) concentration and decreases the ox-
ygen coverage on the surface.® The increase of Cl concentration on the surface promotes the ad-
hesion of metals like Ni, Au, Pd, Pt on GaN and hinders re-oxidation of the surface. Therefore, it

is beneficial to use HCI cleaning.®? Finally, samples were thoroughly rinsed in DI water, blow-
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dried with house nitrogen and examined with the optical microscope for cleanliness. The entire
cleaning process was performed inside a fume hood.
3.4 Device Fabrication

Semiconductor device fabrication to form an integrated circuit (IC) requires various chem-
ical and physical processes such as ion implantation, diffusion, oxidation, lithographic patterning,
thin film deposition, etching, etc. The lithographic process is one of the most fundamental steps in
any semiconductor device processing. The process and technology used for the lithography are
discussed in the following section.
3.4.1 Photolithography

Photolithography is an optical process which forms three dimensional (3D) relief images
of the pattern on the polymer for the subsequent transfer of the pattern on the wafer.'! Photolithog-
raphy has its limitations with the minimum sizes to be in a size of a few microns. Therefore, in the
modern device fabrication process, electron beam lithography is used to obtain the smaller feature
sizes in the nm scale. For our research, microelectronic devices were sufficient to study the results;
therefore we employed photolithography. The typical photolithography process involves multiple

steps as shown in the chart in Fig. 3.2 to yield the device pattern on a clean substrate.
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Develop the pattern Clean wafer

Photoresist Spin
Post-Baking Coating

Mask Alignment ’Pre'baking
and Exposure
Fig. 3.2. The typical order of photolithography process.

To define the minimum feature size, the most important parameter is the spatial resolution
of the system. The minimum feature size depends on the optical elements, radiation wavelength
and the photoresist used. The shorter wavelength radiation gives a higher resolution. The minimum
feature size (MFS) is associated with the diffraction effect and is typically in the order of
wavelength of the radiation used in exposure. The resolution of a photolithography system is as-
sociated with the wavelength (1) of radiation used and numerical aperture (NA) according to the

modified Rayleigh criterion as given by!:

A
Resolution = k; — 1
esolution = k; NA (3.1)
Th h of fi =k, —= 2
e depth of focus = k, (NA)? (3.2)

where k; and k, are the coefficients of proportionality and are the measures of the difficulty in

printing a given dimension with a given exposure system-photoresist combination.
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As can be seen from the above equations, decreasing the wavelength and increasing the
numerical aperture results in a better resolution. However, the tradeoff is the depth of focus which
gets decreased. The diced and cleaned wafer piece (sample) was attached to a three inch Si wafer
and placed in the vacuum chuck of a spin coater. The sample was spin-coated with the image
reversal photoresist AZ-5214E-IR, which is capable of both positive and negative tone modes (two
types of photoresists exist, positive and negative photoresist). The coating speed was maintained
at 400 rpm for 30 seconds. The liquid photoresist poured in the center of the sample was pushed
toward the edges by centrifugal forces as a result of spinning. The frictional force of viscosity
opposes the centrifugal force which decreases as the film thins. Moreover, evaporation of the re-
sists increases the viscosity of the resists so this affects the thickness of the coating. The thickness
of the coating depends on the speed of spinner, the viscosity of the resist, humidity, and substrate
topography as given in the following formula®®:

2 U0'4

Thickness = k m ~ m

(3.3)

where Kk is the spinner constant, p is the resist solid content in the percentage, w is the rotational
speed of the spinner in revolution per minute (rpm)/1000, and v is liquid photoresist viscosity.
Immediately after the spin coating of the photoresist, the samples were soft baked at 110°C
for 60 seconds. This step helps to drive off the excess solvent in the resist layer, and hence the
thickness of the resist will be reduced and also the adhesion of the resist to the substrate will in-
crease. Further, soft baking makes photoresist less viscous and thus becomes less susceptible to
particle contamination. The average thickness of the photoresist after the spin coating was meas-
ured to be 1.4 um. After the exposure to the UV light, the positive photoresist becomes more

soluble, and for the negative photoresist, it becomes hardened because of the cross-linking between
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the polymers. The selection of the type of photoresist depends on the choice of the photomask used
to transfer the pattern.

The photoresist coated sample was mounted to the sample holder of the Karl Suss MJB3
photo-mask aligner equipped with a 160 W mercury (Hg) lamp as shown in Fig. 3.3. A photomask
of quartz plate patterned with chromium was used to produce the pattern by mounting above the
sample. The sample and the patterns of the photomask were aligned using the optical microscope
attached to the mask aligner. Then it was exposed to the radiation of Hg lamp at a power of 160
W for 30 seconds. We used a clear field mask with the soft contact illumination mode in all of the

device fabrication process. Clear field masks are defined as opaque pattern in a transparent back-

ground and dark field mask as a transparent pattern on an opaque background.

=

Fig. 3.3. Karl Suss MJB3 photo-mask aligner.

After UV exposure with the mask, samples were hard baked at 110°C for 60 seconds after
which the exposed area of the photoresist crosslinks and becomes insoluble in developer, but the
unexposed area remains photoactive. Then, a direct re-exposure (no mask) of UV (known as flood
exposure) for 60 seconds to the post-baked samples was done which makes the areas that were not

exposed before bake, more soluble, resulting in the image reversal.
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The samples were then developed in AZ 726 MIF developer to dissolve the soluble area of
the photoresist film which resulted in a negative image of the mask pattern on the substrate. The
chemicals used as developers for common photoresists are in general aqueous bases such as KOH
or tetramethyl ammonium hydroxide (TMAH) for metal ion free (MIF) developers. The shape of
the photoresist profile and the linewidth control are determined by the reaction between photoresist
and developer, the type of photoresist and the wavelength of light used. There are a few methods
to apply the development technique. In this work, puddle development method in which wafer
spun to spread the developer efficiency was used to develop the pattern. After the developing time
elapsed, the additional developer was rinsed immediately with DI water which is essential to avoid
the overdevelopment of the patterns. This technique reduces the usage of developer but may result
in overdeveloped patterns.

3.4.2 Metal Contact Deposition: Direct-Current (DC) Magnetron Sputtering

Sputtering is a physical vapor deposition technique used to deposit the films of the source
materials (target) onto the substrate. This method uses the plasma processing technique which
relies on the creation and use of plasmas to activate a chemical reaction at the substrate. In sput-
tering, material from the target, which serves as a cathode, is removed by bombarding the energetic
ions from the plasma and the ejected materials transport to the surface of the substrate to be de-
posited.'* The chamber is filled with an inert gas such as argon (Ar). Sputtering deposition is con-
ducted either in a vacuum or at low pressure with preventing a gas-phase collision in the space
between the target and surface. A potential of a few hundred volts is applied between the target
(cathode) and the substrate (anode). Thus, plasma of inert gas is created with the help of DC volt-
age applied. Positively charged ions of the inert gas are attracted and accelerated towards the target

that is in a negative potential with respect to the plasma. The energetic ions impinging the target
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surface transfer their momentum to the target causing the atoms to eject from the surface of the
target. The ejected atoms which are highly energetic (1-10 eV), also known as sputtered species
finally get sputtered into the substrate. This high energy of the atoms helps to form a dense film
on the substrate for the thin film growth process.

DC magnetron sputtering is a high rate deposition method and can deposit films over a
large area. A permanent magnet is placed beneath the target in such a way that its magnetic field
is parallel to the target surface. As a result, the secondary electrons circle the magnetic field and
stay nearby the surface increasing the ionization efficiency. Since the direction of the applied elec-
tric field is perpendicular to the target surface, the resulting force due to magnetic and electric field
develops a drift in the direction perpendicular to both E and B fields. Thus, the high plasma density
will be produced within the maximum E and B fields. As a result, the electron moves on a close
path parallel to the target surface. Thus, the use of magnets in magnetron sputtering enables sput-
tering to be feasible at low temperature and the voltage resulting in a higher sputtering rate.

Depending upon the nature of supplied power source, two types of magnetron sputtering
systems are available called direct current (DC) and radio frequency (RF) magnetron sputtering.
DC source can be used to supply higher power as compared to the RF source giving the higher
sputtering rate. The limitation of DC sputtering is that it can be used only for the sputtering of
conducting target. On the other hand, RF sputtering is applicable to deposit metal and insulator
thin films.® The schematics of DC magnetron sputtering used for the thin film deposition in this

research is shown in figure 3.4.
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Fig. 3.4. Schematic diagram of the DC-magnetron sputtering system.

For the device fabrication purpose in this research, metal contact deposition was done by
DC magnetron sputtering with a maximum attainable power of 1000 W. The system consists of
the vacuum chamber with four sputtering guns of two-inch diameter target holding capacity inside
the chamber. Chimneys are placed on each gun to facilitate the deposition on the targeted substrate,
prevent the ejected material from wide spreading and cross-contamination. The sample holder
plate is located right above the sputtering target in a distance of approximately 15 cm which can
be mechanically rotated after the vacuum chamber is closed so that it is possible to sputter four
different metals successively without venting the vacuum. The photo-lithographically patterned
samples were mounted on the sample holder plate. The vacuum chamber which is coupled with a
roughing pump and the turbomolecular pump was pumped down to the base pressure of about 10
" Torr to remove the contaminants. Argon gas was introduced into the chamber at the rate of 95

sccm (standard cubic centimeter per minute) until the chamber reaches stable pressure of 18
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millitorrs. The required DC voltage was applied between the target (cathode) and the ground at a
fixed current to start the plasma process. A short pre-sputtering was performed to remove any
impurities on the target surface before depositing the metals on the samples. During pre-sputtering,
the samples were kept away from the chimney surface. Finally, the desired metals were deposited
on the samples. Chilled water lines were maintained beneath the targets to cool them down during
the sputtering process. The picture of DC magnetron sputtering system located at Leach Science
Center of Auburn University which is the one used for the metal deposition is shown in figure 3.5

below.

Figure 3.5. The dc-magnetron sputtering system used for the metal deposition in this research.
3.4.3 Lift-off

Lift-off is a step in the semiconductor processing that removes the excess metal deposited
on the substrate. In lift-off, the metal deposited on top of the photoresist is washed away by dis-
solving the resist to the suitable solvent. Duration of the lift-off primarily depends upon the film
quality of the deposited material. For dense and thick films, it will take a longer time to lift-off
because it will become more impermeable to solvent. Additionally, pre-bake, film deposition tem-
perature, UV exposure dose, type of resist, developer solvent also affects the duration of the lift-

off. For the work reported in this dissertation, acetone was used as a lift-off solvent followed by
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methanol and DI water rinsing. Image-reversal lithography was used in this work which made lift-
off process easy by creating an undercut profile with a negative slope. Fig. 3.6 shows schematics

of the process flow of the AlIGaN/GaN HEMTs device fabrication.
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Figure 3.6. Schematics of the process flow of device fabrication.
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3.4.4 Rapid Thermal Annealing (RTA)

In the semiconductor industry, rapid thermal annealing (RTA) is a fabrication process step
used for the activation of dopants, the interfacial diffusing of metal contacts in multilayers. In
principle, the operation involves the rapid heating of a wafer from ambient to a high temperature
of around 1200 °C. As soon as the wafer reaches the desired high temperature, it is held there for
a few seconds and then finally quenched. RTA is also used for the change states of grown films,
densify deposited film, and repair damage from ion implantation in order to change its electrical
properties such as to reduce the electric losses. Process parameters such as temperature, time, and
the gas flow need to be controlled properly in order to create low resistance metal-semiconductor
contacts. Common gases used for RTA annealing are nitrogen (N2) and argon (Ar). For the device
fabrication of this dissertation work, RTA was done to achieve good ohmic contacts on deposited
metal stacks® of Ti/Al/Ni on AlGaN/GaN HEMTs. The annealing system consists of a vacuum
chamber equipped with custom-made two carbon strips kept two-inch apart used as the heating
elements. Also, the system has a variable transformer (to control the current through the carbon
heating strip), and an infrared optical pyrometer located right above the vacuum chamber which is
focused at the edge of the sample to monitor the position of the sample to confirm the uniformity
of the temperature. The schematics of the RTA system used to anneal the samples under the study
of this research is shown in Fig. 3.7.

First of all, the samples were loaded in a carbon crucible and then the crucible was mounted
on top of the carbon strip inside the chamber. The chamber was pumped down a base pressure of
2x107 torr using roughing and diffusion pumps to remove the possible moisture and contaminant
gases. The research grade high purity N2 gas was flown to fill the chamber until the chamber

pressure is equal to the atmospheric pressure. Then, the current was ramped-up to achieve the
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desired annealing temperature of 850°C and maintained for 30 seconds. Immediately after the an-
nealing for 30 seconds, the current was turned off, and the temperature was lowered to room tem-

perature with the aid of a mechanical fan blown close to the chamber.

Pyrometer g

Vacuum
chamber €=
(bell-jar)

e

Carbon crucible

> R Cooling
water
Carbon | _ Carbon cover
strips (Heat shielder)
Vacuum N,-flow
pumps

Rheostat

Figure 3.7. Schematics of the RTA system used in this research.
3.5 Ohmic Contacts

The contact between metal and semiconductor surface is defined as an ohmic contact when
there is a negligible barrier between the Fermi level of the metal and the conduction band of the
semiconductor so that there is an unrestricted two-way flow of charge carriers across the junction.
Ideal ohmic contact exhibits a linear relationship between the output current and the applied volt-
age (i.e., linear I-V characteristics) with a low contact resistance R¢. The lowest possible value of
Rc facilitates the maximum output current. The contact resistance (R¢) of a metal-semiconductor

junction for a highly doped semiconductor is given by*’:

Rc = exp lz é;lsm* <\/('0Ni>l (3.4)
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where &g is the permittivity of the semiconductor, m”* is the effective mass of an electron, h is the
Planck’s constant, ¢, is the barrier height and Ny, is the doping concentration.

The low contact resistance compared to the bulk resistance of the device is needed for an
ideal ohmic contact to reduce the on-state voltage drop and the power dissipation during the current
conduction. A classical n-type semiconductor ohmic contact is shown in Fig. 3.8 below. The com-
bination of the proximity of the Fermi level to the conduction band and band bending at the inter-
face allows the low contact resistance, linear I-V characteristic, proportional to the contact area.
This is due to a combination of the low work function of the metal than the semiconductor, Fermi
level pinning caused by electronic states at the M-S interface and the doping level in the semicon-
ductor. Some of these variables can affect the Schottky barrier height. A thinner depletion region
also allows the carriers to tunnel through the barrier contributing to improving the ohmic contact
and barrier height can be lowered using suitable metal choice. Thermal annealing is a frequently

used method to alloy the metal into the semiconductor which can also lower the barrier height.

Ty

Metal Semiconductor

Figure 3.8. Energy band diagram for a metal-semiconductor interface with high n-type doping.
Smooth surface morphology and limited thickness of the ohmic contacts are very important
parameters to take care of to avoid alignment problems in contact lithography. Ohmic contacts
should be mechanically stable, i.e., should not be scratched away during the electrical testing and
wire bonding; they should not degrade due to the high temperature that can arise during the device

operation.
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In AlGaN/GaN HEMTSs, ohmic contacts are formed by annealing the Ti/Al/diffusion
layer/Au multilayer metal stacks.!® Mostly used diffusion layer metals are Ni, Ti, Mo, Ir, and
Pt.1%20 The various metals in these schemes have their specific role. Titanium is the first metal
layer and is believed to:

e serve as an adhesion layer to provide good mechanical stability,?:

e dissolve the native oxides on the AlGaN surface,??? and

e create nitrogen vacancies (Vn) by reacting with the nitrogen atoms in the AlGaN barrier
layer introducing the donor states near the metal interface or in the AlGaN layer. Which
makes the AlGaN layer underneath the contact highly doped thereby enabling electrons to
tunnel through the remaining thin potential barrier which separates®?® them from the
2DEG.

The function of Aluminum is to:

e react with Ti to form an AlsTi layer which prevents oxidation of the underlying Ti layer,?1:3
and

e serves as a diffusion barrier for the Ni and Au layers as they form high Schottky barriers
with the AlGaN layer.?

Using Ti/Al sequence, rather than a single Ti layer provides lower resistivity and work
function compared to Ti only which helps to reduce the contact resistance. Al might diffuse into
the contact interface and form AIN, which causes an increase in contact resistance.?* Diffusion
layer metals are used to prevent the penetration of Au intermixing with Al which forms a highly
resistive alloy, generally called “purple plague.” Au is necessary to reduce the lateral resistivity,

improve the conductivity of the metal stack and facilitate bridging with other devices.
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During annealing metal, migrates down into the epi-layer, beyond the barrier and provide
low resistance paths from 2DEG. For the ohmic contact formation in this dissertation work,
Ti/Al/Ni (30/180/40 nm thickness) metal stacks were sputter deposited, and the rapid thermal
annealing was performed at 850 °C for 30 seconds. Ohmic behavior was confirmed by I-V and
transmission line model TLM characteristic measurements.

3.5.1 Transmission Line Model (TLM)

The transmission line model (TLM) is a commonly used model for the determination of
the sheet resistance (Rs), the contact resistance (Rc), and the specific resistance (p.). The total re-
sistance (Rt) between two rectangular ohmic contacts in an array of identical contacts (shown in
figure 3.9 (a)) with different (increasing separation) distances (d) between them is measured. The
measured total resistance consists of several components:

Ry = 2Ry, + 2R; + Rgemi (3.5)
where Rn is the resistance due to the metal contact, Rc is associated with the M-S interface, and
Rsemi IS the usual semiconductor resistance. The factor 2 comes because we measure the resistance
of two contacts. For most of the situations, the resistance of the metals is so low that Rc >> R,

therefore Rm can be ignored. And the semiconductor resistance is given as?:

d
Rsemi = RSW (3.6)
and total resistance will be:
Ry = 2.R. + d. 28 3.7
r=2.Rc+d. (3.7)

where W is the width of the contacts.
After the resistance (Rt) is measured between the contacts pads, the Rt value is plotted

against the separation (d) and the plot can be fitted with a linear curve as shown in Fig. 3.9 (b).
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Using the above equation 3.7, the contact resistance R and sheet resistance Rs can easily be de-
rived.
Ry

r 3
x . measurement points

d, ]

*x .
x-7 Slope: R/W

/’ ZRC
dg Y ldyd, d; d, dy dg d; dg do d
(a) (b)

Figure 3.9. (a) Schematics of rectangular TLM structures (b) Representative plot of the
resistance between the rectangular contacts and the distance between them.

At the edge of the contact, the current flowing in (or out) is significant. Moving away from
that edge, the current drops off until, at the far edge, there is no current which is known as “current
crowding.” This current drops off exponentially with a characteristic length Lt, which is known as
the transfer length which is the average distance that an electron (or hole) travels in the semicon-
ductor beneath the contact before it flows up into the contact. The transfer length is related to the

sheet resistance (Rs) and the specific resistance (p.) as:

Ly = jz:; (3.8)

L is determined at the intercept of the Rt vs. d graph when Rt is zero.
The effective area of the contact can be treated as Lt.W. And the contact resistance will be:

Pc _ RsLr
LW w

(3.9)
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Red  RsLy R
Rp = Ryemi + 2R = -+ 2= = 2(d + Ly) (3.10)

Thus, with the help of this equation and the plot in Fig. 3.9, we have everything required
to calculate the specific contact resistance, p.. The calculated value of p for the ohmic contact in
this dissertation work is 7.14 x 104 @ cm™,

3.6 Schottky Contacts

Gate contacts in Ill-nitrides are generally Schottky contacts that act as capacitors when
under bias, depleting the semiconductor region beneath the channel of free carriers and preventing
the flow of charge between ohmic contacts. The rectifying behavior of a Schottky contact is due
to the band properties of metal-semiconductor interfaces. The theory behind Schottky device op-
eration is described earlier in chapter 2 section 2.2.2.3.

A Schottky gate electrode in AIGaN/GaN HEMTSs is used to control the channel current by
means of a field-effect transconductance. Theoretically, transconductance and leakage properties
are limited by device geometry, semiconductor dielectricity, and Schottky barrier height. Rectify-
ing behavior of n-GaN has been observed using Ti, Ag, Au, Pt, Pd, Ni, and Ir metals.?®?"2 Au is
commonly used to lower the lateral resistance and to prevent oxidation. Since the Ir contacts were
more stable and scratch resistant than Ni contacts, Ir (15 nm thickness) was used for the gate
metallization of transistor devices fabricated for the study in this dissertation. For SPIV measure-
ments, semitransparent (10-15 nm) contacts of Ni were deposited on HEMT wafers. For this par-
ticular experiment, the light effect on Ni contact deposited devices was more significant than the
Ir contact deposited devices which might be due to the variation on the reflectivity of the metals.

Final yielded devices after all the fabrication steps are shown in the following Fig. 3.10.

63



(a) (b)
Figure 3.10. Final products of the fabricated HEMTSs (a) transistor devices (b) Schottky contacts.

3.7 Transistor Characteristics Measurements: Current-Voltage (I-V) and Capacitance-
Voltage (C-V)

Transistor DC characteristics were measured on the H-100 Signatone probe station
equipped with Keithley 24100 and 2400-source meters. Moreover, C-V measurements were per-
formed using calibrated cables with Signatone S-725 micro-positioners. The used source meter
and voltage sources were automated with LabVIEW program. All the measurements were
performed in a dark condition at room temperature. Data were extracted with the help of LabVIEW
program and analyzed using Origin software.

3.8 Spectroscopic Photocurrent Voltage (SPIV) Measurements

For 111-V semiconductors, different types of trap characterization techniques have been
established such as deep level transient spectroscopy (DLTS),?° deep level optical spectroscopy
(DLOS),* luminescence spectroscopy,3! surface potential analysis,®? and photoionization spec-
troscopy.®® Different techniques detect the traps based on their response in the measured parame-
ters such as change of terminal device characteristics under the pulse, energy characteristics, cross

section of the traps, thermal relaxation time of terminal current, and decaying time constant.
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Electronic and optical properties of semiconductors are affected by imperfections such as
point defects, dislocations, and interfaces. Photoconductivity measurement is one of the estab-
lished techniques to characterize defects in semiconductors. It is defined as the increase in con-
ductivity of a material resulting from the absorption of optical photons. The basic process that
governs the magnitude of photocurrent is the generation of free electrons and holes through the
absorption of incident photons, their transport through the material under the influence of an elec-
tric field, and their recombination.3* The study and analysis of the response on the photocurrent as
a function of the illumination will offer insights into the structure, band-gap energy, excitonic
transitions, crystal imperfections, defects and electronic properties of the material under the inves-
tigation.

The removal of a bound electron with the help of incident photon (electromagnetic radia-
tion) is defined as photoionization.®® In photoionization spectroscopy, electrons in the traps are
excited with the incident photon having energy above-threshold trapping energy which releases
the electrons from the traps and contribute to increase an output current.

A+hv=A"+e (3.11)
where A is the target atom in the lower state and the A*is the higher state (ionized) and e is the
photoionized electron.

By analyzing the trapping and de-trapping of the charge carriers in the deep traps, the nature of the
traps can be elucidated. Klein et at.% studied the wavelength dependence of drain current recovery
on GaN transistors and reported the signature of specific trap levels responsible for the current
collapse. In these techniques, the trapped carrier responsible for current collapse is released during

the illumination of light, which reflects the photoionization spectrum of the traps. The spectrum
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can be used to identify the defects by relating the increase in the number of carriers ejected from
the traps upon illumination to the increase in the current.

Spectroscopic photocurrent-voltage (SPIV) measurement technique used in this research
is a simplified version of the photoionization spectroscopy. It is a novel diagnostic technique de-
veloped in our lab to evaluate the distribution of in-gap states in Si-based HEMTs.3” This method
is complementary to photoluminescence (PL) which is sensitive to radiative transition only
whereas SPIV is sensitive to both radiative and non-radiative transition of the charge carriers.
Similar to the photoionization spectroscopy, bias is applied between two electrodes to fill the traps
and fully collapsed output current is measured both under dark and various wavelengths (1) of
illuminated light for the pulse duration of t repeatedly. The difference between the dark and the
illuminated output current at a given fixed bias (Vo) is calculated for each of the wavelengths.
There will be an increment in the light illuminated output current in reference to the dark current,
that difference represents the number of carriers untrapped from the traps due to the excitation of
incident light.

The response function S () is measured by normalizing the fractional increase;

[I(D] _ AI(D)

I dark I dark

(3.12)

in output current, which reflects the fraction of the traps emptied upon illumination by the total

number of incident photons at each wavelength ¢ (1)t (photon cm) as follows®6:3:

(3.13)

Sy = lAI(/l)l [ 1

Idark ¢(/1)t
where ¢(A4) is the flux of incident photon, t is illumination time, AI(4) is an increase in output

current upon light illumination and I, is the dark current.
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We employed a SPIV technique to characterize the irradiation-induced defects in Al-
GaN/GaN HEMTSs. The devices used for SPIV measurement were an array of semi-transparent
(10-15 nm) circular Ni Schottky contacts with a diameter of 600 um. Xenon lamp light source
coupled with a monochromator was used for the illumination. Two ranges of wavelength of the
illuminated light were used; sub-bandgap (800-400 nm) and above bandgap (280-400 nm)
illumination by varying with the help of a stepping motor controlled monochromator. In the
meantime, a Keithley 6487 picoammeter with a built-in voltage source was used to apply the bias
to collect the photocurrent. The direction of current flow was vertical and was controlled by ap-
plying a reverse bias to the top Schottky contact with respect to the bottom ohmic contact (attached
gold plate). LabVIEW program was used to collect and extract the data. Moreover, the measure-
ments were performed in a dark condition at room temperature. The device was brought to the
same state before each measurement step, i.e., waited for enough and irradiated with a red light to
ensure the elimination of depletion and returning to the equilibrium condition, ensuring the repro-

ducibility of the results. The schematics of the SPIV system is shown in Fig. 3.11 below.

Stepping
Motor
Controller

Monochr
omator

Pico-ammeter
with Built in
Voltage Source

Figure 3.11. Schematics of spectroscopic photocurrent voltage measurement system.
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3.8.1 Sub-bandgap SPIV

The sub-bandgap SPIV provides information about sub-bandgap energy levels of defects
within the bandgap by relating the change in photocurrent level in response to the wavelength of
the incident light.®” It is capable of sequentially probing the traps with the different activation
energy (from low to high deep level-to-band transition energy) by changing the wavelength of
light from long to short wavelength. The wavelength of the incident light was varied in such a way
that the higher energy levels were excited as the wavelength decreases (energy increases). When
the light carrying photon with the energy above threshold trapping energy falls into the deep traps,
the trapped carriers will be photoionized and released from those traps, leading to the deep level-
to-band electronic transition of carriers, consequently increasing the output current.®

In this experiment, the wavelength of incident light was varied from 800 nm to 400 nm
with a step of 50 nm. Carriers were excited from the deep traps and hence contributed to the pho-
tocurrent. The results of the experiment are described in chapter six and seven. The persistent
photoconductivity phenomena are prevalent in GaN and related materials.*® Therefore, sequential
photocurrent measurement will produce a systematic reduction in photocurrent. If there are no sub-
gap defects, the photo-1V spectra will simply follow the pattern of gradual reduction of photocur-
rent as the measurement is repeated. However, if there are sub-gap defects present, the distinct
photocurrent spectra will be observed without following the systematic order of the wavelength.
Therefore, sub-gap defects based on their activation energy levels can be detected.
3.8.2 Above bandgap SPIV

The above bandgap SPI1V utilizes the fact that the penetration depth of light with a photon

energy of above bandgap energy will gradually increase as the wavelength is increased.*! In this

experiment, the wavelength of ultra-violet (UV) light was varied from low to high (280 nm to 400
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nm) at the steps of 10 nm. Therefore, the electrically active defects will be sequentially probed
along the epi-layer growth direction (bottom to top). The physics of this technique is explained as
below:

According to Beer-Lambert law;*?

I
— = exp[—a.d] (3.13)
I
where a is the absorption coefficient, d is the distance from the surface of the material, and | and
lo are the intensities of incident light measured at the depth and surface respectively. Also, the

penetration depth (PD) is defined as the distance from the surface when the intensity of the light

has decayed to 1/e (37%) of the original intensity. Thus, the penetration depth is given by;

1
Penetration depth (PD) = 2 (3.14)

This equation clarifies that, as the absorption coefficient is a function of the wavelength of light,
PD is also the function of the wavelength of light. The absorption coefficient is related to extinction

coefficient K and the wavelength of light 4 as;

a=— (3.15)

Figure 3.12 shows the variation of PD as a function of wavelength*® in GaN and AlGaN.
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Figure 3.12. Variation of penetration depth as a function of wavelength in GaN (red/square) and
AlGaN (black/circle).

Proton and gamma-ray irradiated samples were analyzed to characterize the in-depth dis-
tribution of defects within the bandgap, and the experimental results are reported in chapter six
and seven. As discussed above, the incident photon energy is higher than the bandgap of the ma-
terial; all the states in the bandgap are expected to be photoionized. Hence, the information about
in-depth spatial distribution of irradiation induced in-gap states of the samples was obtained.

3.9 Persistent Photoconductivity

When light impinges on the semiconductor samples, the rise in photocurrent is observed
due to the photoexcitation of carriers. In some of the 11-VI* and I111-V#4¢ semiconductors, the
light-induced enhancement in the conductivity persists for a long period even after the termination
of light excitation. This phenomenon is known as persistent photoconductivity (PPC) effect.” The
carrier concentration is increased due to the photoexcited electrons which are transferred from
deep-level donors to the conduction band when the light is turned on. After the light is turned off,
the recombination of the electrons and ionized deep-level donors can be prevented by the local

potential barrier around the deep-level donors which results in a persistent carrier concentration.
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The PPC includes multiple processes such as photon absorption, carrier recombination, and
transport.*® In the case of GaN and AlGaN epilayers, PPC is ascribed to defect complexes such as
gallium vacancies, nitrogen antisites, deep-level impurities, and interacting defect complexes. PPC
in AlGaN/GaN heterostructures is claimed to arise from defect levels in both the AlGaN and GaN
layers. However, the main contribution comes from the donor like centers in AlGaN barrier layer
from which upon the photoexcitation electrons travel across the heterojunction fall into the trian-
gular quantum well in the GaN side and contribute to the photocurrent and the barrier in 2DEG

prevents the faster decay of it contributing to PPC.%°
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Chapter 4

Radiation and its Effect in Semiconductors

4.1 Introduction

This chapter discusses the effects of energetic particle radiation on semiconductor materi-
als. The types of damage the radiating particles can produce, and the nature of the defects will also
be presented. We mainly focus our discussion on the gamma-ray, and proton irradiation effects on
AlGaN/GaN HEMTs and their potential endurance towards these vulnerable radiations, based on
their material structure and intrinsic properties will also be discussed. The sources of radiation and
method used to irradiate the HEMTs will also be briefly mentioned at the end of the chapter.
4.2 Radiation Environment and Application of Electronics

Radiation study has been a key to link solid state physics and high energy physics when it
comes to the investigation of interaction of energetic particle with solids in an interdisciplinary
research. Once the application of semiconductor technology began to be used in space missions
and military applications, it became a matter of urgency to study the effects of radiation on the
semiconductor devices. Space comes in front when we mention about the application of electronics
in radiation environments. The other radiation environments include plasma fusion facility, high-
energy physics experiments, nuclear reactors, etc. Space and military applications involve the ra-
diation-harsh environment. The fabrication and testing process of electronic devices may also suf-
fer through ionizing radiation. When a radioactive isotope of a radioactive element goes under
nuclear decay due to lack or surplus of neutrons, it may result in the production of beta particles,
alpha particles or gamma-rays. These are the primary source of radiation for the terrestrial envi-
ronment. On the other hand, the primary sources of energetic particles in a space environment are:
protons and electrons trapped in the Van Allen belts, heavy ions and transient particles which
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include protons and heavy ions of all the elements of periodic table trapped in magnetosphere,
galactic cosmic ray protons, protons, heavy ions, electrons and alpha particles produced from solar
events such as coronal mass ejections and flares.! A representative sketch of the space radiation

environment is shown in Fig. 4.1.

Fig. 4.1. A representative sketch of the space radiation environment.

In the space environment, the main source of radiation is a solar activity which consists of
different kinds of particles with energies ranging from keV to GeV and beyond. The Earth’s mag-
netosphere is bombarded by the flux of energetic charged particles constituting 85% of protons,
14% of a-particles, and 1% of other heavier ions of all the elements of periodic table. When they
pass through the solar system, most of them are trapped in the magnetic fields of the Earth where
their motion is controlled by Lorentz force. Such trapped regions of high energy radiation particles

are known as Van Allen belts.? There are two radiation belts called the inner belt and outer belt.
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The inner belt extends from 100s of km to 6000 km (low altitude) and consists of mainly energetic
protons of energy up to 600 MeV together with the electrons up to several MeV. While the outer
belt extends at high altitude of up to 60,000 km is comprised of primarily electrons. In addition,
there is a plasma filling the entire space, consisting of mainly protons and electrons with energies
up to about 100 keV and fluxes around 10*2 cms, Therefore, radiation tolerance is critical for
electronic devices that are deployed for space applications.

On the other hand, the high energy physics experimental station such as Large Hadron
Collider (LHC) at CERN uses high energy protons and electrons to study the elementary particles
such as bosons, muons, and quarks.®> Most of the nuclear reactors involve very high doses and
fluxes of gamma-rays (above 1 MRad (Si)) and neutrons. Electronics that are being used in such
reactors must be radiation tolerant of preventing the failure of the process. In the natural
environment, main source of ionizing radiation is a-particles coming from the radioactive impuri-
ties such as uranium and thorium and their byproducts used during the semiconductor processing.
In the upper atmosphere, neutrons are generated when atmospheric nitrogen interacts with the cos-
mic rays protons, part of these neutrons reach to the ground and may affect the high-speed elec-
tronic devices.

Various radioactive materials are present in the semiconductors such as actinides that emit
a-particles through normal radioactive decay. The concentration of the impurities is however very
low that present in metallization, contact metals, packages and even within the semiconductor
itself. Also, the modern electronic devices are fabricated following the steps such as ion-implan-

tation, dry etching, e-beam, x-ray lithography, sputtering, ion milling, etc. that can introduce radi-
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ation damage on them.* Electronic devices are shrinking in size with the development of technol-
ogy, the ultra-thin dielectric is being used in those devices which have higher probability of being
damaged due to radiations while they are used in radiation harsh environments.

Therefore, considering the practical application of microelectronic devices both in terres-
trial and space environments, their exposure to high energy radiation is unavoidable. One of the
practices that are being done is shielding of the core electronic component of the system.®> How-
ever, shielding is falling out of the scope because of many factors one of them is that shielding
will add weight and require more volume in the system design and for the space applications,
weight and volume are vital factors to consider. Hence, the best choice would be to develop/ex-
plore the material that is radiation tolerant and can perform without failure.

4.3 Radiation Effects in Semiconductors and Types of Damages

As discussed above, electronics that needs to operate in a radiation environment get bom-
barded with the energetic particles of very high energy. So, these energetic particles including
protons, electrons, and heavy charged particles may lose their kinetic energy on their trajectory
and can cause permanent damage to the material in their path. The degree and nature of damage
depend on the dose, energy, type of energetic particle exposed to, and type of material. Irradiation
can produce lattice defects, introduce impurities thereby degrading the material causing serious
degradation in their performance.

Broadly the nature of damage can be categorized as ionizing and displacement. lonizing
damage is that in which free electron-hole pairs are generated by disrupting electronic bonds. In
the case of displacement damage atoms are displaced from their usual lattice site leaving behind a
vacancy. To cause the displacement damage much higher energy is required than causing the ion-

ization damage. Other types of radiation effects include single event effect (SEE) and single event
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upset (SEU). SEEs are caused by a single energetic particle, and can occur in many forms and is
discussed in details in section 4.3.3. SEUs are soft, non-destructive type of errors which normally
appear as transient pulses in logic or support circuits, or as bit flips in memory cells. The effects
on materials from the natural space radiation environment may be divided into two categories;
long term and short term effects. Long term effects can be ionizing and non-ionizing damages
whereas short term effects are primarily concerned with single particle ionization and/or secondary
particle formation. Occasionally, short term effects might be permanent. Therefore, space ionizing
radiation effects can be viewed in two parts: total ionizing dose (TID) and SEE. Different types of
damages are briefly discussed in the following subsections.®

When an energetic particle (ion) or photon travels through a solid system, it can lose energy
in @ number of ways that the amount of energy deposited to the solid not only depends on the
projectile’s mass and energy but also on the atomic number and mass of the target material. The
amount of energy deposited per gram of the material is called the dose (D) and expressed in the
units of rads or Grays. 1 rad = 100 erg/g = 6.62x10% eV/g and 1 Gray =1 J/Kg = 100 rads. The
energy loss also depends on the density of the target, i.e. the mass absorption coefficient is not the
same for different materials.” Therefore, the material in which the total dose was deposited needs
to be included for these units [(120 MRad (Air) ~132 MRad (GaN)]. The particle density imping-
ing on the material per unit area and time is called the flux (¢, unit: particles cm? s1), the inte-
grated flux over the total exposure time is called the fluence (®) with the unit particle/cm?.
4.3.1 lonizing Damage

An incoming charged radiation particle interacts with the electrons in the target material
losing the energy (called ionization loss) which is transferred to an electron. Therefore, an electron

absorbs the energy in the valence band and jumps to the conduction band, creating a corresponding
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hole in the valence band. Thus, an electron-hole pair is created in the material. The number of
electron-hole pair production depends on the energy required for creating a pair. The charged par-
ticles such as a,  and proton induce direct ionization while neutral radiations such as gamma-
rays and neutrons cause indirect ionization to the material. Nature of bonding of the material de-
termines the susceptibility of the ionization. For the materials with the metallic and ionic bonds,
the ionization damage is not permanent but for the materials that possess covalent bond, ionization
can easily separate them into their constituent atoms or radicals, leading to the permanent damage.®
4.3.2 Total lonizing Dose (TID)

Total ionizing dose (TID) is a long-term effect which results in a charge build-up at the
interfacial regions or boundaries between two different layers due to the ionization of the atoms
causing degradation of electronics.® Typical effects of TID in semiconductor include threshold
voltage shift, increase in leakage current, alternation in the channel carrier, crystal quality degra-
dation, etc. Primary sources of TID in the space environment include trapped electrons and protons
in the radiation belts and solar protons and secondary particles arising from interactions between
these primary particles. Circuit failure is the common TID effect observed in the electronics due
to the gradual shift of the parameters.

In semiconductor devices, insulator films are used as barrier layers and to arrest the charge
motion between two layers of the semiconductor or conductor. The main threat of high energy, as
well as low energy radiation particles to electronic and optoelectronic devices, is that it may: tem-
porarily lower energy barriers and trap some of the charges traveling across the oxide and freeze
them in place, producing a semi-permanent charge sheet. This charge sheet will have its own built-

in electric field which will cause band bending and will affect the conductivity in charge sensitive
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layer around it. Additionally, TID also affects the bonding between insulator-semiconductor inter-
faces.

AlGaN/GaN HEMTs are relatively immune to TID effects because of the absence of oxide
which can trap charges easily.
4.3.3 Single Event Effect (SEE)

Single event effects (SEESs) result from ionization by a single particle as it passes through
a critical junction of an electronic device. This event can alter the operational state of a device such
as a logic state of a transistor. Environmental sources considered for SEEs include galactic cosmic
rays, alpha particles, protons, and neutrons.’® The SEEs to be considered are single-event upset
(SEU)!! and its example can be taken as unplanned change in a logic state of a digital electronic
device. Similary, single-event latch-up (SEL); in this case the device is latched into one logic state
and will not change states in response to a logic signal and this happens when SEU activates a
parasitic circuit in the device'?. And another SEE is single-event burnout (SEB); in this case, the
current is not limited and device is destroyed, this mainly occurs in power MOSFETS and is the
most dangerous form of SEE since it leads to a permanent failure and other types of SEEs are
single-event gate rupture (SEGR), and single-event transients (SET).13

SEEs are mainly divided into two categories: soft errors and hard errors. Soft errors occur
when a transient pulse or bit flip in the device causes an error that appears in the device output
characteristics. So, they can be analyzed through their impact on the device output characteristics.
Hard errors are not necessarily physically destructive to the device but may cause permanent func-

tional effects.!*
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4.3.4 Non-ionizing Damage (Displacement Damage)

The atomic displacement occurs when an incident particle with the sufficient kinetic energy
collides to a target material, it transfers enough energy to move the target atom from its normal
lattice position to another position, creating a vacancy in the lattice.’® The displaced atom resides
in an interstitial position, and such one-atom disorder in a crystalline solid is called a point defect
(Frenkel defect). This phenomenon caused by the incoming radiation particle is referred to as dis-
placement damage. This type of damage is cumulative, long-term non-ionizing damage caused
primarily due to protons, electrons, and neutrons. The amount of displacement damage is depend-
ent on the incident particle type, its energy, and target material.*® Figure 4.2 below is demonstrating

the schematics of the displacement damage causing vacancy and interstitial.
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Fig. 4.2. Schematics of displacement damage in a crystal, illustrating the atomic displacement
event: vacancy and interstitial.
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When the energetic particles scatter off-lattice atoms, locally deforming the material struc-
ture, the bandgap structure may change, affecting the fundamental properties of the semiconductor.
Primary defects caused due to displacement damage are vacancies, interstitials, Frenkel pairs, an-
tisites and increase in recombination center. The atomic displacement damage initiates when the
transferred kinetic energy from the incident particle surpasses the atomic threshold displacement
energy (Eq) of the given particular element or compound.t’ This energy is defined as the minimum
energy required to displace an atom from its lattice site in a crystal.

The interstitials and vacancies created due to the displacement of an atom from its native
site are mobile at sufficiently high temperature due to the increased vibration of the atoms in the
lattice with supplied thermal energy. Therefore, the interstitial atoms migrate to the vacancies giv-
ing rise to a recombination process.'® It is reported that in some semiconductors, the annealing
process can fix the induced defects due to the displacement damage.*®
4.3.5 Impurity Production

Electrical and mechanical properties of a semiconductor device are altered by the imper-
fections induced in the crystal lattice caused by impurities introduced by radiating particles. Parti-
cles like electrons and photons can impose the impurities by means of breaking the chemical bonds
of the semiconductors. When protons and alpha particles impinge in the semiconductor material,
they capture an electron and transform into hydrogen and helium respectively. During the process,
they exert pressure on the neighboring atoms causing swelling and blisters in the material.

Neutron also imposes an impurity, when neutrons get captured by a nucleus it forms a new
isotope of the element which might be a radioactive isotope and will go to a decay resulting in the

different chemical species.
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4.3.6 Energy Deposition

An energetic ion penetrating a solid surface goes through elastic collision with the target
nuclei and inelastic collision with the electron system. Therefore, it suffers from successive loss
of energy during the course. Basically, here the transfer of energy takes place from incoming en-
ergetic particle to the target atom. Therefore, most of the radiations impose the energy deposition
through the ionization process in compensation for their initial energy.?° In the case of organic
materials, the absorbed energy is mostly used in breaking the chemical bonds while in metals, it
appears in the form of heat.

4.4 Gamma-rays and their Interaction with Materials

When a radioactive nucleus decays from its excited state to a lower ground state, it emits
electromagnetic radiation. Gamma rays are photons or quanta of high energy electromagnetic ra-
diation emitted during the decay of a radioactive nucleus. In the spectrum of electromagnetic ra-
diation, gamma-rays fall above soft x-rays and have frequencies of greater than 10'° Hz. These are
the highest em-radiation with average energy greater than 100 keV and wavelength of less than 10
picometers. Gamma-rays interact with matter in three different ways and cause ionization damage:
photoelectric effect, Compton scattering, and pair production. On the other hand, charged particles
such as protons, electrons, and alpha particles interact by Coulomb scattering causing both ioniza-
tion and displacements.?

Photoelectric effect prevails for low energy photons in which the incident gamma-ray is
completely absorbed by a tightly bound atomic electron in K or L shells, and the bound electron
is ejected from the atom which is called a photoelectron. Compton scattering occurs for the
gamma-rays of higher energies than 0.1-1 MeV depending upon the Z number of the target atom,

and it involves an elastic collision with a loosely bound or free electron. However, if the energy of
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the incident gamma-ray is high enough scattering can also scatter the bound electrons. In Compton
scattering, incident gamma ray photon scatters with reduced energy and the lost energy is trans-
ferred to the kinetic energy of the scattered electron. Pair production also prevails for gammas with
energies higher than 0.1-1 MeV. In pair production, when gamma-rays pass near a nucleus, it
converts into an electron-positron pair. In Si, for the gamma-rays interaction with energy less than
50 keV, photoelectric effect is the dominating phenomena, for energies greater than 20 MeV pair
production dominates and Compton scattering dominates at the interval of above energy ranges.??

Almost all kind of energetic particles matter interactions generate secondary gamma-pho-
tons in the material. And the interaction of ®°Co gamma-ray photons with GaN generate Compton
electrons with a mean energy of about 600 keV which can dissipate the energy to create a large
number of electron-hole pairs. In this respect, gamma-irradiation is equivalent to internal electron
irradiation.

The main sources of gamma-rays are radioactive nuclides. The natural sources of gamma
rays on the Earth are from the results of radioactive decay and secondary radiation from atmos-
pheric interactions with cosmic ray particles. Also, there are other natural sources, such as terres-
trial gamma-ray flashes, that produce gamma-rays from electron action upon the nucleus.?* The
most useful radionuclides for the source of gamma-rays are: cobalt-60 (°°Co), cesium-137 (**'Cs),
technetium-99m (*°™Tc), americium-241(>**Am), iodine-125 (*?°I) and iodine-131 (*31). In our
experiment, the source we used was %°Co which undergoes decay emitting two-photon lines of
energies 1.1732 MeV and 1.3325 MeV with an average of 1.25 MeV.?® The decay scheme of ¢°Co
is shown in Fig. 4.3 below. The advantages of ®°Co gamma-rays over other ionizing radiations
include: the created defects on the material are uniformly distributed throughout relatively large

specimens, and no secondary radiation is induced by interaction of the material with gamma-rays
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at the maximum energy of 1.3325 MeV, and, therefore the samples can be safely handled after the

irradiation.
89¢Co
5.272Year 0.31MeV B~ 99.8%
69sNi
0.31MeVB~ 0.12%
1.1732 MeV Y
69sNi
1.3325MeV Y
sini

Fig. 4.3. Decay scheme of ®°Co radioactive nuclei.

The possible gamma-ray irradiation-induced effects in IlI-nitrides are the activation of
dislocation-related defects, acting as sinks and sources of point defects during irradiation,?®2’
displacement damage: shallow nitrogen vacancy donor like defects,?® ionization of pre-existing
defects by injecting of photo-generated electrons into the channel and trapping of photo-generated
holes in the 111-N region.?%%

For this dissertation work, a high dose (120 MRad) gamma-ray irradiation effects on
AlGaN/GaN HEMTs were investigated utilizing material and electrical characterization

techniques. SPIV technique was used for the defect analysis. The gamma-ray dose in a material

can be calculated using the following relation:

, . eny material eny air
Dmaterlal(in Rads) — pair (MT) /(MT) (4.1)

where (“;) is the mass absorption coefficient in cm?/gm, D™aterial s dose in a particular
material in rads. For example: 1 Rad (Si) = 1.095 Rad (GaN).

For the irradiation, ®°Co source stored approximately 20-25 foot deep well of water (used

for shielding purposes) during non-exposure was used. The ®°Co source was remotely brought out

87



of the water-filled radiation shielding well to irradiate the samples. The American Society for
Testing Materials (ASTM) standard and guidelines were used to define the proper dosimetry sys-
tem and confirmed the field uniformity and intensity of the gamma-rays coming from °Co
panoramic irradiator. MAXX 4000 Standard Imaging Dosimeter was used to measure the dose-
rate. The dosimeter was calibrated by comparison to a NIST source using a scintillation detector.
During 57 days, a number of samples contained in plastic trays were subjected to ®°Co-derived
gamma radiation energies of 1.17 MeV and 1.33 MeV. The dose rate was 24.35 Rad/second. The
samples were placed in the high-flux region of the irradiator and were exposed continuously with
interruptions weekly for source pool maintenance only. The final cumulative dose calculated was
120 MRad. The analysis of the results of the gamma-ray irradiation experiment is presented in
chapter six.
4.5 Protons and their Interaction with Materials

A proton is an energetic particle which when accelerated and hits the material, can cause
different types of damages in the material. The highly energetic particle will be slowed down by
multiple collisions with the atoms and electrons of the target. This process is known as nuclear
stopping or electronic stopping which is responsible for the structural defects in the target material.
The damage production is dependent on the electronic structure of the target. The energy deposi-
tion from proton exposure goes into both displacement and ionization processes. Displacement
damage causes increased bulk recombination whereas ionization damage causes surface recombi-
nation.’

Non-ionizing energy loss by proton includes four different effects: elastic coulomb
scattering by the field of nuclei, nuclear elastic scattering, inelastic nuclear scattering, and

Lindhard energy partition.! The displacement damage factor can be quantified using non-ionizing
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energy loss (NIEL) which measures the energy lost due to non-ionizing events per unit length.
Most of the proton effects in the materials are dominated by energy loss due to ionization. Fast
traveling protons lose energy through inelastic collisions with bound electrons in the atoms and
molecules of the stopping material and result in their ionization and excitation. The amount of
energy loss (dE/dx) is directly related to the ionizing dose (D) delivered by the following relation®?:

Rads.g dE

D=16x10"8 ) .
0 MeV dx

(4.2)

where @ is called the fluence and is measured in units of particles/cm?.

The Sun is an effective particle accelerator which is the main source of protons and other
energetic particle radiations in the space. Among many other energetic particles ejected during
solar activity, protons are the major ones. The solar atmosphere is associated with solar flares,
coronal and interplanetary shocks created by the interaction of coronal mass ejections with the
solar wind. The coronal mass ejection may generate an interplanetary shock which propagates in
the space, deforming the interplanetary magnetic field lines and draping them downstream of the
shock. Energetic particles may escape from their acceleration sites and propagate along interplan-
etary magnetic field lines into the interplanetary space. The encounter of the solar wind with
Earth’s magnetosphere creates an aecrodynamic shock wave forming a bow shape which extends
over the polar regions of the Earth. Low energy protons (maximum of 100 keV) are reported up-
stream of this bow-shock.®® Therefore, both high energy protons in the range of GeV and low
energy protons in the range of keV exist in the space radiation environment.3*

In this dissertation work, we studied the effects of low energy (100 keV) protons on Al-
GaN/GaN HEMTSs. Due to the nature of the mixed ionic and covalent bond, GaN and its alloys
possess high threshold displacement energy than many of the other semiconductors used for power

and optoelectronics.® Therefore, GaN is most viable semiconductor to be used as a radiation hard
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electronics in the harsh radiation environments. For the experimental design, first of all, Stopping
and Range of lons in Matter (SRIM)®* simulation was performed to estimate the penetration depth,
proton dose distribution and total vacancy concentration in the HEMTs. The HEMT samples were
irradiated by exposing to a beam of 100 keV protons with the fluences of 1x10%°, 1x10'? and
1x10% protons/cm?. Two mounting plates were prepared, holding the various-sized samples using
carbon tape. For the irradiation purpose, the first plate was exposed to 100 keV protons produced
by the NEC Pelletron 5SDH-2 Tandem Pelletron accelerator running at a terminal potential of .035
MV. The beam was transported to a raster scanner upstream from the sample chamber for uni-
formity of dose. A beam intensity of 4 nA scanned over an area of 20.32 cm? took 8.2 seconds to
produce a fluence of 1x10%° protons/cm?. The second plate, using the same mounting and beam
energy and scanning parameters, was exposed to a beam intensity of 80 nA took 40.6 seconds to
produce a fluence of 1x10%? protons/cm?. The third set of samples were mounted on the same plate
as set #1 and, using the same beam energy and scanning parameters, was exposed to an intensity
of 60 nA for 541.9 seconds to produce a fluence of 1x10** protons/cm?.

From SRIM simulation, a total number of vacancies (cm) for each fluence was estimated
to be in the order of 10°, 101" and 10*° respectively for 1x10%°, 1x10'2 and 1x10* protons/cm? of
100 keV protons. Figure 4.4 shows the plot of defect densities in GaN layer obtained from SRIM.

The detailed experimental procedure, results, and analysis are explained in chapter seven.
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Fig. 4.4. Vacancies on HEMT GaN channel layer estimated from SRIM simulation.
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Chapter 5

Material Characterization Techniques

5.1 Introduction

In this chapter, different material characterization techniques employed for the characteri-
zation of AlGaN/GaN heterostructures and their principles are discussed. Before device fabrica-
tion, irradiated and pristine epi-layers were characterized using atomic force microscopy (AFM),
scanning electron microscopy (SEM), x-ray diffraction (XRD), x-ray photoelectron spectroscopy
(XPS), micro-Raman spectroscopy, and micro-photoluminescence (PL) spectroscopy.

5.2 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a technique which allows for high-resolution imaging
of surfaces with atomic layer depth resolution and lateral resolution in nanometer scale. Hence,
topographical information about the sample surface can be obtained. AFM gives information on
surface roughness, friction, thickness, conductivity, capacitance, dislocations, and homogeneity of
the scanned surface. The base of the AFM is a sharp tip fixed on the cantilever which scans over
the surface of the sample. The laser beam focused on the back side of the cantilever is reflected
the surface of the position sensitive photodiode. When the cantilever scans over the sample surface,
a small deflection of the cantilever will tilt the reflected beam and change the position of the beam
on the photodiode.!

The magnitude of the force between the tip and the sample surface is minimal. The tip is
maintained at a constant force (or height) above the surface due to the piezoelectric scanners ena-
bled feedback mechanism. Based on the interaction of the tip and the sample surface, AFMs are
categorized as contact mode (repulsive) and non-contact mode (attractive), or tapping mode.? For
the work in this research, the non-contact mode scan was performed.
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Fig. 5.1. Schematics of atomic force microscopy (AFM).

Contact mode scan provides the high resolution than the non-contact mode but the electro-
static and tension surface forces pull the scanning tip toward the surface, and that can damage the
sample and distort the image data. Tapping mode is used for scanning very soft and fragile samples
without inducing destructive forces but still reaching high-resolution images. Using Park Systems’
XE7 AFM, we scanned over 10 x 10 um? area to measure the root-mean-square (rms) surface
roughness (Rq) of the HEMT samples, and the results are presented in chapter seven.

5.3 Scanning Electron Microscopy (SEM)

In scanning electron microscopy (SEM), a focused beam of electrons interacts with the
atoms of the specimen by elastic and inelastic scattering, and secondary electrons are ejected. The
reflected beam is sent to the detector, and the detected signals are used to image the morphology
with resolution much higher than the optical methods, less than 5 nm.> SEM uses the methods
based on the injection of charge carriers by the electron beam to measure the properties of semi-
conductors such as carrier lifetime or diffusion length or to study the surface topography by imag-
ing methods. If incident electron beam undergoes elastic scattering, it continues its path after the

interaction without losing kinetic energy (or energy loss is insignificant). When inelastic scattering
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occurs, the incident electron loses part of its kinetic energy and it can activate other electrons or
can excite atoms of the specimen. Figure 5.2 illustrates the interaction of the incident electron
beam with the specimen. In this research, we aimed to observe the differences in surface morphol-
ogy of the irradiated and pristine HEMTs. The obtained images and the analysis of the results are
presented in chapter seven.

Incident

Backscattered Electron Beam
Electrons Secondary Electrons

Characteristic X-Rays

Auger Electrons

Absorbed

—— Electron-hole Pairs
Electrons

Sample

Fig. 5.2. Schematics of electron beam interaction with the specimen.
5.4 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is one of the most commonly used methods for obtaining the crys-
tal information such as thickness, alloy composition, dislocation density, and strain state of differ-
ent layers in a crystal structure. The atomic planes of a crystal cause scattering of an incident beam
of x-rays to constructively interfere with one another as they leave the crystal at angle 6, this
phenomenon is called x-ray diffraction. Diffraction only occurs when Bragg’s law (equation 5.1)
is satisfied for constructive interference from crystal planes with spacing d.*

2d sinf = na (5.1)
where d is the interplanar spacing, 6 is the Bragg’s angle, A is the wavelength of the x-ray, and n
is the fringe order in the interference pattern.

X-rays are produced whenever high-speed electrons ejected from a hot filament are accel-
erated and collide with a metal target. Bombarding electrons knock out the electrons from K-shell
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(n = 1), which are filled by electrons in higher shells. Electrons falling from L-shell (n = 2) give
rise to K, lines, whereas electrons falling from M-shell (n = 3) give rise to K lines and so on. The
intensity of K, lines is usually higher and also have the shorter wavelength than L and M lines
therefore it is less likely to be absorbed and most suitable for x-ray diffraction, K, has doublets K.,
and K. A filter is used to get the monochromatic convergent K, x-ray beam. Mostly used metal

targets are copper (Cu), Aluminum (Al), Molybdenum (Mo) and Magnesium (Mg).>

Detector

X-Ray Tube

Sample Stage

Fig. 5.3. Schematic diagram of a simple XRD system setup.
By sweeping the x-ray incidence and detection angles and identifying intensity peaks rep-
resenting the constructive interference using fitting software, the lattice constant can be calculated

for all the layers within the penetration depth. For cubic structures, the distance between the planes

d is given by:
a
d=——— (5.2)
Vh? + k2 + 12
where a is the length of the unit cell, h, k I, are the Miller indices. For hexagonal structures, it is
given by:
d= ! 5.3
4R+ hk+ k% |12 5:3)
37 @

where a and ¢ are the length of axes of the unit cell.
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We used Proto-AXRD 6 — @ diffractometer with an x-ray K« line from the Cu target with 40 kV
at 30 mA to probe the AIGaN/GaN HEMTSs from a symmetrical lattice plane (0002). Experimental
results are presented in chapter seven.

5.5 X-ray Photoelectron Spectroscopy (XPS)

According to Einstein’s theory of photoelectric effect, when light is an incident on a sam-
ple, an electron can absorb a photon and escape from the material with maximum Kkinetic energy
given by:

K.E.=hv—Eg—ep (5.4)
where v is the frequency of the incident photon, h is Planck’s constant, E is the binding energy
of electron and ¢ is the work function of the material.

When x-rays (short wavelength/high energy photons) are incident on the crystal surface,
the core electrons are knocked out of the atoms as shown in the illustrative Fig. 5.4. As the speci-
men is irradiated by x-ray of energy hv, electrons are emitted from inner atomic energy levels
which were bound to the atomic nuclei with the binding energy Eg. Spectrum is obtained by meas-
uring the characteristics of electrons that escape from the surface, and this spectroscopic method
is called x-ray photoelectron spectroscopy (XPS). Analysis of binding energy and intensity of a
photon peak also provides the information about the elemental identity, chemical state, information
about the chemical bonds, and quantity of detected element. The average probing depth for an XPS

measurement is approximately 5-10 nm.®

99



~
ol

4 -
po
uv XPS g
% Auger -
Electron | %
£
Valence 1*
Band
>
g
Q
[ =
w
[-7]
X-Rays £
S
w -E
o
Core LL I
Levels
v

Fig. 5.4. Photoelectron emission due to an incident photon interaction with the specimen.

For this dissertation work, we used a load-locked Kratos XSAM 800 surface analysis sys-
tem equipped with a hemispherical energy analyzer. A water-cooled, non-monochromatic dual
anode x-ray gun equipped with Al window was used to excite the photoelectrons. MgKa. of energy
1253.6 eV was used as radiation. The results and analysis of the XPS spectra obtained from pristine
and proton irradiated HEMT samples are presented in chapter seven.

5.6 Raman Spectroscopy

Raman scattering is one of the main spectroscopic technique employed to detect vibrations
in molecules. It is widely used to provide information on chemical structures and physical forms
to identify from the characteristic spectral patterns. Although Raman scattering has the history
dated back’ to 1920s, the useful analytical role of the technique has been only utilized since the

development of lasers.
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When light interacts with matter, photons may be absorbed or scattered, or sometimes
passes through it. When the light gets scattered, the vast majority of scattered photons are elas-
tically scattered which is referred to as Rayleigh scattering, i.e. there is no shift in energy compared
to the incident photon. Another scattering process is inelastic scattering which involves an ex-
change of energy with the matter which includes: Raman scattering and photoluminescence (OR
fluorescence). The first order phonon Raman scattering takes place at the /" point of the reciprocal
lattice. The illustrative diagram of all these scattering is in Fig. 5.5. As it is seen in the figure, in
the case of Rayleigh scattering, the incident and scattered photon have the same energy. In Raman
scattering, the incident photon interacts with the molecule and distorts (polarizes) the cloud of
electrons around the nuclei to form a short-lived state called a virtual state, which then decays
leaving a change in vibrational energy. Two types of Raman scattering events are possible: Stokes
and anti-Stokes scattering. In Stokes scattering, the crystal lattice absorbs the energy resulting in
the emission of photons of lower energy than the incident light. In anti-Stokes, the crystal lattice
loses phonon energy due to the excitation of the lattice by incident light, and higher energy photons
are emitted. The energy differences associated with the changes in the frequency of the scattered
light are directly attributed to the vibrational and rotational energy levels in the crystal which are
called the phonon modes. Stokes and anti-Stokes peaks occur symmetrically about the laser line
(frequency shifted up and down). The energy changes that we detect in vibrational spectroscopy

are those required to cause nuclear motion.®
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Wurtzite crystal structures belong to the Cg, space group containing the elements repre-
senting the translation reflection and rotation operations. According to group theory, 12 normal
phonon modes (irreducible representation) exist at the I'-point of the Brillouin zone. Among those,
A (z) + E;(x,y) + 2B; + 2E, are optical modes and the remaining modes are acoustic. The A;
and E; modes are both Raman and infrared (IR) active, 2E, modes belong to only Raman active
phonons, whereas B; modes are silent modes. Due to the macroscopic electric field affiliated with
the longitudinal modes, the polar A;and E; modes split into transverse optical (TO) and longitudi-
nal optical (LO) phonon modes with different frequencies.® In TO mode, dipoles do not add each
other; rather they sum along the direction of propagation of LO mode.

The atomic displacements for A1 and B: modes are along c-axis, and they are perpendicular
to the c-axis for E; and E> modes. The displacement for B: and E> modes are a comparison of
atoms, rather than a shear force which gives rise to the higher oscillation frequency. Therefore,

both E> and B; modes are categorized as low and high. As mentioned earlier, B1 are silent modes.
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For wurtzite structures, the Raman tensor possesses only diagonal components for A1 mode be-
cause this can be observed when the incident light and scattered light have a parallel polarization,
in the case of E; mode it is observed only in cross polarization geometry. However, in the case of
E, mode, both the diagonal and off-diagonal components are observed in Raman tensor.* In Ra-
man spectroscopy, based on the directions of polarization and propagation of incident and scattered
photons with respect to the suitable frame of reference, i.e. crystal axes, there is a convention to
describe these directions which were proposed by Porto and called as Porto notation.'* The general
geometry of an experiment is described as i(jk)l where j and k are the polarization directions of
the incident and scattered light respectively, and i and | are the propagation direction of the incident
and scattered lights respectively. For a backscattered geometry, similar to the one we used in our
experiment, i and | are antiparallel. For a linearly polarized laser j can be assigned to the x-
direction. For the k values, if an analyzer is fitted to the spectrometer and is parallel to the incident
light, assigned to x, but if perpendicular it is assigned in the y-direction. When there is no analyzer
is used, then spectrometer is sensitive to all incoming polarizations, so k may be denoted by a dash
(-)- Theoretically permitted modes according to the different polarizations and scattered directions
for a wurtzite structure of nitrides are tabulated in Table 5.1 below.?

Table 5.1: Theoretically allowed Raman modes in hexagonal nitrides.

Configuration Allowed Mode
X (y’ }’)f AI(TO)'EZ
x(z,z)x A(TO)

x (z,y)x E,(TO)

X (y; Z)y El(TO)ﬂEl(LO)
X (y; y)Z EZ
z(y,x)z E,

z (Y’Y)Z_ Al(LO)'EZ

z (x,x)Z A,(LO),E,
z(x,y)Z E,
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We employed micro-Raman scattering spectroscopy to examine the crystal quality and
strain state of the pristine and irradiated samples for the work in this dissertation. Characteristic
spectral patterns were analyzed to get the information on physical structure of crystals and to esti-

mate the free carrier concentration in the bulk. The experiment was performed with z (—,—)Z

backscattering geometry, and EzHighand A;{(LO) modes for GaN along with the Eﬁ”ghmode for
AIN was observed. The results and analysis of the experiment performed at room temperature are

presented in chapter six and seven. The schematics of the experimental set up is shown in Fig. 5.6.

CCD Controller = ﬁﬂ

—meed!

Dichroici 'Mirror

; He-Cd Laser Source
.E 325 and 442 nm
Microscope §

Laser Filter
- ————————— - :
Objective Eﬂ E /b

Specimen
| |Specimen Stage

Fig. 5.6. Schematics of experimental set up of Raman spectroscopy system.

Notch ,,:
M
CCD with Spectrometer  Filter trror

The Raman system is equipped with a dual wavelength (blue-442 nm and UV-325 nm)
Kimmon He-Cd laser source (power 80 mW and 20 mW). The spectrum was collected by using a
thermoelectrically cooled charge-coupled device (CCD) consisting of a spectrometer made by
Jobin Yvon. The incident laser beam was focused into micron size diameter of 5-10 pm. Two sets
of gratings available in the system has the following groove densities: 3600 lines/mm and 2400

lines/mm.
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5.6.1 Crystal Stress Information from Raman Spectroscopy
The shift in phonon frequency can be used to extract the stress in the crystal since the shift
of the phonon frequencies depends on the chemical bonding and atomic structure. In I11-nitrides,
three types of stress are typically observed: biaxial stress in the a-plane, uniaxial stress, along the
c-axis and hydrostatic stress. Uniaxial and biaxial stresses arise due to the thermal expansion mis-
match between the hetero-epitaxial layers, deposited films, and the substrate, lattice mismatch, and
the distortion. Native defects and incorporated impurities in the material can cause the lattice dis-
tortion and result in hydrostatic stress.!?> The space group symmetry of the structure is always
preserved even under these deformations, only the position of the frequency of the phonon shifts.
The in-plane (e, = €,,) and the normal (e,,) components of the strain tensor can be expressed
in terms of the lattice constants a and ¢ (a, and c, are the equilibrium values) as follows*®:
€xx = €yy = (@ —ag)/ag (5.5)
€,z = (¢ —¢o)/co (5.6)
The stress which is defined as the force applied per unit area and according to Hooke’s law, the
components of stress tensor ¢ and the strain tensor € are related as:
Oxx = Oyy = (Ci1 — Ci2)éxx + Ci3€,, (5.7)
02z = 2013655 + (3365, (5.8)
where C;; is are the independent stiffness constants of the corresponding wurtzite structure. The
stress and strain tensors follow the symmetry to eliminate the effects of rotational torque.
The biaxial strain parallel to the c axis is characterized by vanishing the forces in this di-

rection i.e. o,, = 0. Using this in Eq. 5.8, Eq. 5.7 can be re-written as;

Oxx = Oyy = (C11 — Ci2)€xx — | €xx (5.9)
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The elastic constants of GaN are reported as C;; = 390 GPa, C;, = 145 GPa, C;3 = 106 GPa,
and C33 = 398 GPa.* The phonon frequency shift in Raman modes are associated with the stress
and strain and can be estimated using the following relation:

Aw); = 2a;€,, + by€,, (5.10)
= ZCNL)LExx + BAEZZ

where a, b and @, b are the deformation potentials for the given strain and stress respectively.
For the LO and TO modes of A;and E: Raman modes and Efighmode, the frequency shift
in phonon increases as stress and strain in the wurtzite crystal increases. Whereas, E~°*mode

follows the opposite trend. The relative shift in the frequency position of A; (LO) and EzHighmodes

are used to derive the tensile or compressive stress of hexagonal GaN. Since Efighmode generally
yields a strong signal compared to other modes; it is used to evaluate the biaxial stress in c-plane.

An increase in the phonon frequency peak position compared to unstrained GaN indicates

compressive stress, and the decrease indicates tensile stress. The information on the crystal quality

can be extracted by analyzing the full width at half maximum (FWHM) of Efighpeak. The esti-
mated biaxial stress coefficients are presented in chapter seven.
5.6.2 Carrier Concentration from Raman Spectroscopy

LO phonon-plasmon (LPP) modes appear in heavily doped semiconductors because of
the resonant coupling of polar phonons and plasmons. When the plasma frequency is close to the
longitudinal optical (LO) phonon frequency, LO frequency interact strongly with a free carrier
plasma via its longitudinal electric field. Therefore, the free carriers can quench the LO phonons
in GaN. This effect can be exploited to probe the changes in the free carrier concentration.'® The
frequency dependent dielectric function e(w) given by a sum of the contribution from phonons

and plasmons can be expressed as:
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e(w w? — w2, w
( )=1—%——;’ (5.11)
€oo w?—wi,

where w;, and wy, are frequencies of LO and TO phonons, €, is the high-frequency dielectric

(optical), and wp is the frequency of the free carriers and is given in Sl units as;

ne?

(5.12)

2 _
wp = -
E0€eM

where n is free carrier density, g, is the permittivity of free space and m* is the effective mass of
a free carrier (electron).

The coupled LO modes can propagate for e(w,pp) = 0, at this condition, equation 5.11 will have
two roots which will define high- and low- frequency LPP branches, i.e. LPP+ and LPP. respec-
tively separated by a gap equal to the LO-TO splitting. When the plasmon frequency is lower than
the uncoupled LO phonon frequency, the LPP+mode behaves like a plasmon, while the LPP- mode
is phonon-like. The frequency of LPP. mode increases with the carrier concentration, and even-
tually at higher concentration, corresponds to that of the plasmon. Neglecting the damping

e(wypp) = 0, the two roots of equation 5.11 are written as?®:

wip =1/2 {a)fo + wi + J[(wfo + w3)? — 4w,§w%0]} (5.13)
Rearranging equation 5.12,
£0EceM* w3
n=— 3 — (5.14)

Setting e(w = w;pp) = 0 in equation 5.11,

2
2 _ wipp(Wipp — W7o)

wp = > 5 (5.15)
(wipp — WFp)
Combining 5.14 and 5.15 we finally obtain,
€0 €M * WZpp (X, V) [w2pr(x,y) — w?
n(x,y) = 0 = ipp (X, Y)[wipp(x,y) LO] (5.16)

2 2
Wipp(x,y) — W10
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Thus, measuring w;pp as a function of position (x, y) can be utilized for carrier density mapping
with the assumption of negligible spatial variation of w; o, wrg, € and m*. We used*’ e,, = 5.35,
m* = 0.20 and®® wy, = 533 for the estimation of free carrier concentration using the frequency
position of the A, (LO) phonon mode that we detected in our experiment. The experimentally es-
timated parameters are reported in chapter seven.
5.7 Photoluminescence (PL) Spectroscopy

Photoluminescence (PL) is an optical process in which light is emitted from a material as
a result of the absorption of incident light (photo-excitation). In semiconductors, above bandgap
excitation is required because PL relies on the electronic transition within the sample, hence suf-
ficient photon energy (E > Eg) is required to excite the electrons into the conduction band.

When the incident photon of with E > E g gets absorbed, it causes the creation of an elec-
tron-hole pair through the promotion of an electron into the conduction band. From this state, the
excited electron (hole) begins to relax to de-excite to the lower (higher) energy states in the con-
duction (valence) band through a process called thermalization, in which excess energy is trans-
ferred to the lattice in the form of phonons. Finally, electron-hole pair recombine resulting in the
release of a photon with energy approximately equal to the energy separation of the band gap of
the material. From this process, we can extract a great deal of information regarding the band
structure, insight into material quality, and electronic states of the material. Since the PL is a radi-
ative transisiton technique, a radiative recombination can occur at defect sites in the crystal as well
which will reveal the details concerning defect composition and concentration.

Three types of luminescence occur in semiconductors: intrinsic, extrinsic and excitonic. In
a direct bandgap semiconductor, for example, GaN, since there is no change in momentum be-

tween valence band maximum and conduction band minimum, radiative recombination occurs at
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the photon energy equal or greater than bandgap energy. This process is known as intrinsic lumi-
nescence. In this case, the electron-hole pair generation rate is the same. On the other hand, for
indirect bandgap semiconductors, predominantly phonons are generated so there is less likely to
be the radiative recombination unless a highly localized center assists the phonons. This process
is known as extrinsic luminescence. The third one which is excitonic luminescence occurs mainly
indirect bandgap semiconductors with a high density of defects. An exciton is an electron-hole pair
bound by electrostatic interaction and this forms when an electron excites from the valence band
to conduction band leaving a hole in the valence band. The electron in the conduction band has
large repulsive force from the surrounding electrons; it is attracted to the hole in the valence band
by Coulomb force forming a pair. Excitons are mobile and have a short span of life at room tem-
perature because of low binding energy, they ionize (decompose) into a free electron and a free
hole. They do not recombine because possibly they cannot have the same wave vector. So, they
need a third partner, and they can easily get trapped in lattice defects and then recombine emitting
light which is referred to as excitonic luminescence.

For the research in this dissertation, we used PL spectroscopy to examine the crystal quality
and study the defects introduced on AIGaN/GaN HEMTs due to high dose gamma-ray and low
energy proton irradiation. Room temperature micro-PL was carried out by using a 325 nm line (20
mW) of He-Cd laser as an excitation source. For undoped wurtzite GaN, a typical PL spectrum
exhibits three main bands namely yellow luminescence (YL), a shallow donor-shallow acceptor
band (SD-SA) with the main peak which is also called as near band edge emission (NBE) and the
third one a blue luminescence band (BL).'° For our samples, we observed only two main bands:

an NBE band peaking at ~3.42 eV and BL band at ~2.95 eV and ~2.81 eV. The YL peak which
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was absent in our samples is associated with the impurities indicating the purity of them. The

detailed analysis of the observed results is presented in chapters six and seven.
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Chapter 6

Gamma-ray Irradiation Effects on AIGaN/GaN HEMTs

This chapter is the following paper published in the Journal of Vacuum Science & Technology B

35, 03D107 (2017):

Electrical and optical characteristics of gamma-ray irradiated AlGaN/GaN high electron

mobility transistors

Min P. Khanal?, Burcu Ozden?, Kyunghyuk Kim?, Sunil Uprety!, Vahid Mirkhani?,

Kosala Yapabandaral, Ayayi C. Ahyi! and Minseo Park'*

1Department of Physics, Auburn University, Auburn, AL 36849, USA

*Corresponding Author: park@physics.auburn.edu

A comparative study on the direct-current (dc) electrical performance and optical characteristics,
of unirradiated and 120 MRad ®°Co-gamma-rays (y-rays) irradiated AlGaN/GaN high electron
mobility transistors (HEMTSs) were performed. The devices fabricated on irradiated HEMT epi-
layer structure show slight degradation/alteration in the dc characteristics such as source-drain
current-voltage (Ips-Vbs), transfer (Ips-Ves), transconductance and the gate current-voltage (I-V)
indicating the presence of radiation-induced defects. Also, we observed a shift in flat-band voltage
from the capacitance-voltage (C-V) measurement. Micro-Raman spectroscopy and photolumines-

cence (PL) spectroscopy were used to compare the crystal quality of the heterojunction. No shift
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in the Raman peak frequency position on both the unirradiated and irradiated samples was
observed, which implies that the irradiation did not produce an additional strain to the HEMT
layers. However, full width at half maximum (FWHM) of the Raman and near-band-edge PL peaks
has increased after irradiation, which suggests the degradation of crystal quality. The spectroscopic
photocurrent-voltage (1V) study with sub-bandgap and above bandgap illumination confirmed the
pre-existence of sub-bandgap defects in the heterostructure and revealed the possibility of their re-
arrangement or the introduction of new defects after the irradiation. It was concluded that Al-
GaN/GaN HEMTSs is relatively resistant to high dose (120 MRad) gamma-ray irradiation, but it
can introduce additional traps or re-configure the pre-existing traps, influencing the electrical and

optical characteristics of AlGaN/GaN HEMTs.
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I. INTRODUCTION

The adverse effect of radiation on the electronic instruments used in space communication
systems, fusion plasma facilities, and nuclear systems have been a problem. Gallium Nitride (GaN)
possess several inherent properties such as a strong ionic-covalent bond?, large direct bandgap
(3.47 eV)?, excellent thermo-mechanical stability?, ultrafast carrier relaxation time?, high displace-
ment energy®, and higher breakdown field.® In addition, wide bandgap of GaN results in relatively
low phonon loss and a high threshold for electron-hole pair generation upon ionizing radiation.’
These properties make GaN a prominent candidate for the electronic applications under high-en-
ergy particle radiation, high temperature, and high voltage.®

Aluminum Gallium Nitride/Gallium Nitride (AlGaN/GaN) heterostructure holds unique
interface driven properties, giving rise to high electron density at the junction.® A larger band dis-
continuity at the AlIGaN/GaN interface creates a triangular potential well, and the polarization field
(spontaneous and piezoelectric) leads to the formation of a two-dimensional electron gas (2DEG).
This structure provides AlGaN/GaN HEMTSs a distinct feature to alleviate some of the harmful
effects of radiation damage.°

Considering the practical application of AIGaN/GaN HEMTs, they are exposed to different
types of radiation fluxes ranging from high energy proton and electrons in low earth orbit satellites
to neutrons or gamma-rays in nuclear and military systems. The effect of a proton, electron and
neutron irradiation on the AlGaN/GaN HEMTs has been investigated by many research-
ers 81112131415 However, only a few reports on high-dose gamma-ray irradiation have been
published. For the %°Co- y rays with 1.17 Mev and 1.33 MeV energies, Compton electrons with a
mean energy of about 700 KeV can induce the defects in GaN, which is equivalent to internal

electron irradiation.® Since all types of energetic particles interacting with matter generate

115



secondary gamma-photons in the material,*’ it is crucial to study and understand the mechanism
of interaction of gamma-rays with the material.*31%2% |rradiation study provides the multifaceted
opportunity to learn about the spectrum of defects generated in a controlled environment, leading
to elucidate the nature of irradiation-induced defects. It is well known that high-dose irradiation
on semiconductor device results in the production of vacancies in the lattice, defect clusters, and
dislocations near the metal-semiconductor (MS) interface.?! Koehler et al.!! reported irradiation-
induced damage in the form of voids at MS junction. The formation of voids at MS junction leads
to the degradation of electrical performance. In addition, irradiation also causes damage to the
structure and influences the defect density of the bulk material itself.

In this report, we present the results of a comparative study of dc characteristics and optical
properties of unirradiated and gamma-ray irradiated AIGaN/GaN HEMTSs. Both the devices with
unirradiated and gamma-ray irradiated HEMT layers were characterized by Ips-Vps, gate I-V, CV,
spectroscopic photo-1V measurement, Raman and PL spectroscopy. The major purpose of this
study is to investigate the influence of gamma-ray irradiation on the device performance and gen-
eration/reconfiguration of defects.

Il. EXPERIMENTAL

The AIGaN/GaN epitaxial structures which were used for this investigation were
acquired from a commercial vendor. The epitaxial structures were grown on the 6” Si (111) wafers
by metal-organic chemical vapor deposition (MOCVD). Initially, 250 nm thick AIN nucleation
layer were grown on Si, followed by deposition of the multi-layered AlGaN buffer with varying
aluminum (Al) concentration (between 20 and 75%). On top of this buffer layer, a 1 um thick
undoped GaN layer was grown, followed by deposition of a 20 nm AlGaN barrier layer. Finally,

a 2 nm ultra-thin GaN cap layer was grown on top of the barrier layer.
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The 6-inch HEMT epitaxial wafer was initially diced into 1x1 cm pieces, and those pieces
were cut into two halves. The one-half piece was irradiated with ®°Co- v rays to a dose of 120
MRad (Air) (~132 MRad (GaN)) at the rate of 38.83 R/S at room temperature and the other half
was left unirradiated. Devices were fabricated after the one month of the irradiation using both,
the unirradiated and the irradiated pieces. We were more interested in investigating the radiation
damage produced in the bulk semiconductor epilayers rather than the damage produced on the
metallic contact layer or at the MS junction. That is why we fabricated the devices after irradiating
the epi-layer structure (with no contacts), rather than exposing the fully fabricated devices (with
contacts). The pristine and the devices which were fabricated after irradiation of the epi-layer
structures will be referred to as “unirradiated” and “irradiated” samples, respectively. Circular de-
vice configuration was used to avoid the mesa isolation. Source and drain contacts (Ti/Al/Ni with
the thickness of 30/180/40 nm) were deposited via dc magnetron sputtering, followed by annealing
at 850°C for 30 secs under the nitrogen atmosphere. As a gate contact, 15 nm thick Iridium (Ir)
was sputter deposited. Various sized transistor devices were fabricated on the same, and one of the
representative device characteristics with a gate aspect ratio (W/L) of 6.62 are presented here. For
the purpose of spectroscopic photo-IV measurement, an array of circular semi-transparent
(thickness 10-15 nm) Ni Schottky contacts with 600 pm in diameter was deposited on both the
pieces.

Transistor current-voltage (I-V) characteristics were measured using Keithley 2400-source
meters automated with a LabVIEW program. The room temperature micro-Raman spectroscopy
was carried out in back-scattering geometry using 441.563 nm line (80 mW) from the He-Cd laser.
The micro-PL measurements were performed at room temperature by exciting the samples with a

325 nm line (20 mW) from the He-Cd laser. Spectroscopic photo-1V measurements were
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conducted with above bandgap (280-400 nm) and sub-bandgap (800-400 nm) illumination from a
Xenon lamp light source coupled with a monochromator. A Keithley 6487 pico-ammeter with
built-in voltage source was used to apply the bias and to collect the photocurrent. The direction of
current flow was vertical and was controlled by applying a reverse bias to top Schottky contact
with respect to the bottom ohmic contact.
I11. RESULTS AND DISCUSSION
A. Raman Spectroscopy
Raman spectral analysis was performed to investigate the effect of gamma-ray irradiation
on crystal quality and the strain of the samples. Raman scattering provides information on physical
structures from the characteristic spectral patterns. GaN has a hexagonal wurtzite structure and
belongs to the CZ, space group. Therefore, group theory predicts A, (z) + E;(x,y) + 2B; + 2E,
modes at the 7" point of the Brillouin zone. A, (z), E;(x,y) and E, modes belong to Raman active
phonons and A, (z) and E; (x,y) modes are also infrared active whereas B modes are silent.?
Figure 1 shows the room temperature Raman spectra obtained from the unirradiated and

irradiated samples, which were collected using z(-,-)z backscattering geometry. We observed

Eg”'ghpeak around 569 cm™ and A4, (LO) peak around 733 cm for both the unirradiated and irra-
diated samples. The peak positions that we observed are in agreement with the previously reported

results.??
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FiG. 1. (Color online) Raman spectra of unirradiated and irradiated samples.

The peak intensities for the irradiated sample were slightly reduced in comparison to the

unirradiated samples. It can be seen that the frequency of Eé’ighphonon mode did not change after

the irradiation, which indicates that the strain of GaN layer in the heterostructure was not influ-

enced by the gamma-ray irradiation. However, a slight broadening in the FWHM of this peak was
high

observed after the irradiation in reference to the unirradiated one. The FWHM of E,™" peak for

the unirradiated and irradiated sample was respectively measured to be 9.0 cm™ and 10.2 cm™.

The broadening of FWHM of E,*9" implies that gamma-ray irradiation may result in degradation
of the crystalline quality of the GaN layer in the heterojunction. Additionally, we did not observe
any shift in the peak frequency position of the A, (LO) mode. However, the FWHM of A;(LO)
peak was 9.0 cm™* and 12.8 cm™ for the unirradiated and the irradiated samples, respectively, which
also broadened after the irradiation. Abderrahmane et al.?* also reported the broadening of 4, (LO)
peak with no shift in its frequency position for the proton irradiated AlGaN/GaN heterostructures.
The A;(LO) mode couples with plasmon and produce a coupled plasmon longitudinal optical
(LO) phonon modes, and no substantial change in the peak position was observed, suggesting that

the irradiation did not cause any change in the electron density in the bulk GaN layer itself.™®

119



Moreover, the broadening of A, (LO) peak also suggests degradation of crystal quality. It is be-
lieved that the degradation of crystal structure occurs via the introduction of the additional defects
and traps in the GaN crystal, which will eventually lead to a decrease in electron mobility.
B.  Photoluminescence

PL spectroscopy was used to study the difference in optical properties of the unirradiated
samples and the gamma-ray irradiated samples produced by the possible displacement of the atoms
in the crystal lattice and distribution in structural defects by the incident radiation. The PL spectra
can be used to examine the quality of the crystal and the defect concentration by studying the
electronic transition of the defects between the states.? Figure 2(a) shows the full range (UV-
visible) and 2(b) shows UV PL spectra of the unirradiated and the irradiated samples. The PL
spectra exhibit an interference pattern which arises from the superposition of the light emitted from
the contacts and reflected by different interfaces of the heterostructure.?® Two main bands were
observed in the PL spectra: the near-band-edge (NBE) emission with a pronounced peak at 3.42

eV and the blue luminescence (BL) band peaked at around 2.95 eV.
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FiG. 2. (Color online) PL spectra of unirradiated and irradiated samples (a) UV-Visible scan (b)
UV scan.

The NBE emission is attributed to the excitonic transition whereas the BL band peak is
believed to be originated from the donor-acceptor (DA) recombination optical transition from a
shallow donor to a deep acceptor.?’ In reference to the unirradiated sample, the decrease in the
intensity and increase in the FWHM of all the PL peaks were observed for the irradiated sample.
It is well known that both the intensity and the FWHM of PL spectra are related to the crystal
quality of a sample. For two comparable samples with the same compositional structure, the broad-
ening of FWHM and reduction in intensity of PL peaks implies that the crystal quality of one has
degraded.™ The widening of FWHM of NBE band is consistent with the broadening of FWHM of
Raman E,*9"phonon mode. The increase in peak width of NBE was attributed to the increase in
impurity and/or defect concentration.?®
C. Electrical Characterization

Figures 3(a) and 3(b), respectively, show the Ips-Vps output characteristics of unirradiated

and irradiated (with a dose of 120 MRad from %°Co- y ray source) samples. From Fig. 3, it can be

seen that the drain saturation current was reduced by more than 50% for the irradiated samples in
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comparison to the unirradiated ones. This reduction in the drain saturation current is in consistent

with the earlier reports.?82°
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FiG. 3. (Color online) Source-drain current-voltage (Ips-Vps) characteristics of (a) unirradiated

sample and (b) irradiated sample.

Figure 4(a) shows the transfer (Ips-Ves) characteristics for unirradiated and irradiated sam-
ples. As can be seen from the figure, the drain current (as a function of gate voltage) for the
irradiated device is significantly lower than that for the unirradiated one. In addition, the positive
threshold voltage shift was observed for the irradiated samples, which can be seen from the inset

of Fig. 4(a) and also from Fig. 3. Figure 4(b) shows the comparison of transconductance between
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unirradiated and irradiated samples, and the peak transconductance for the irradiated samples is

observed to be lower than that for the unirradiated ones.
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FIG. 4. (Color online) (a) Transfer (Ips-Ves) characteristics and (b) transconductance of unirradi-
ated and irradiated samples. The inset of (a) shows the positive threshold shift on the irradiated
sample (Sqrt Ip: square root of drain current).

The observed reduction in drain current and transconductance are thought to be attributed
to the decrease in the carrier concentration and mobility in the HEMT channel.'282° There are
variations in the published results about the direction of the threshold voltage shift caused by

gamma-ray irradiation of the GaN devices; some researchers reported negative threshold voltage

shift,>181% and others reported positive threshold voltage shift.?82%30 Qur results are in agreement
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with the reports which claim the positive shift in threshold voltage after gamma-ray exposure of
the sample.

The positive threshold voltage shift can be attributed to a decrease in Schottky barrier
height, mobility, and channel carrier density.?82%% The Schottky barrier height reduction can be
caused by the radiation-induced damage in MS interface, which is not applicable to our case since
the contacts were prepared after irradiating epi-layer structures. The structural disorder caused by
irradiation may introduce the traps which can cause a reduction in mobility.?8 In the present study,

the 2DEG carrier density (n,) in the channel was estimated using the following relation*?;

_ €Wgs=VTH)
=— 1)

U
where ¢ is the dielectric constant of AlGaN which is calculated using the model by Ambacher et
al.,3! Vs is the gate to source voltage, Vry is the threshold voltage, e is the electronic charge, and
t is the thickness of the barrier layer.

The 2DEG carrier densities on the unirradiated and irradiated samples were estimated to be ap-
proximately 1.17x10* cm and 0.9x10% cm?, respectively. The estimated 2DEG carrier density

of the irradiated sample is 23% lower than that of the unirradiated sample, which is believed to be

one of the reasons why the positive threshold voltage shift was observed for the irradiated sample.

The carrier mobility (u) in the channel was calculated as follows'?;

Vps Lt
— = R¢+ Rp +
Ips S D wueWes—vrm)

()

where Vs and I are the drain—source voltage and current, respectively, Rs and R, are the source

and drain access resistances, respectively, and W and L are the gate width and the length, respec-

tively. The mobility is obtained from the reciprocal of the slope of the plot of bs s, — 2 in
Ips Ves—VrH)
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Eq. (2). The field effect mobility of the carriers in the channel for the unirradiated and irradiated
samples is approximately estimated as 2105 cm?/Vs and 1276 cm?/Vs, respectively.

As mentioned above, the degradation of the drain saturation current was more than 50%.
The 23% reduction in carrier density is not comparable with the decrease in drain saturation cur-
rent. So, one can conclude that the reduction in drain saturation current is not only produced by

the reduction in carrier concentration but also by the reduction of mobility in the channel 8
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FiG. 5. (Color online) (a) Forward and reverse bias gate |-V characteristics (b) capacitance-volt-
age characteristics of unirradiated and irradiated samples.

Figure 5(a) illustrates the forward and reverse bias gate 1-V characteristics. The forward

gate leakage current slightly decreased after the irradiation while the reverse gate leakage current
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increased. In addition, it can also be observed that the curve for the irradiated (the current mini-
mum) sample is shifted towards the positive voltage. The high frequency (100 kHz) capacitance-
voltage characteristics for unirradiated and irradiated samples are presented in Fig. 5(b), and it
shows that both the threshold voltage and the flat-band voltage has been shifted toward the positive
value. Although the gate leakage characteristics that we have observed is not commonly reported
behavior for the gamma-ray irradiated HEMTs, Kim et al.®? reported a similar trend for GaN de-
vices. The positive shift on the current minimum value provides the indication of the irradiation-
induced negative charge trapping.® The reduction in leakage current in forward bias regime may
be caused by current transport mechanism such as space-charge generation, surface leakage, and
deep level tunneling.2 The most plausible reason for such behavior in our case is the reduction in
free carrier concentration. Similarly, it can be speculated that the increased reverse leakage current
for the irradiated device might be attributed to an increase in hopping and/or tunneling transport

due to the increase in defect density upon gamma-ray irradiation.*

The positive threshold voltage shift observed from the capacitance-voltage measurement
is in good agreement with the Ips-Ves measurement. lonizing radiation may create the acceptor-
like (negatively charged) traps, creating the negative space charge. Therefore, we conclude that
this positive shift is caused by such traps introduced from gamma-ray irradiation.®® The positive
shift of flat-band voltage can also be explained by a decrease in carrier concentration caused by
radiation-induced defect sites and/or damage in the AlGaN barrier layer causing the alternation in

fixed charges.3+3°

Post-irradiation annealing has been studied to observe the thermal effect on the irradiated
GaN devices.1626:37:383% Some reports®®37 claim the recovery of the irradiation-induced effects dur-

ing the post-irradiation annealing, but there are several other reports *#3° that claim the device
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performance was not recovered even after the high-temperature post-irradiation annealing. Yadav
et al.>® reported the post-irradiation annealing device recovery of the gamma-ray exposed devices
depends on the radiation dose and they also mentioned no post-irradiation annealing recovery for
the 100 kRad gamma-ray exposed HEMTs. As we mentioned earlier, our samples were also
annealed at 850°C during the ohmic contact metallization after relatively high dose (120 MRad)
of gamma-ray irradiation. However, a reduction in the output current was observed for the irradi-
ated samples in comparison to the unirradiated samples, which is in agreement with the earlier
reports.383°
D. Spectroscopic Photo-1V

Spectroscopic photo-1VV measurement is a complementary technique to PL and was used
to study the spectral and in-depth distribution of defects.*°The purpose of this measurement is to
detect the deep level-to-band electronic transition of charge carrier. The spectroscopic photo-1V
technique is sensitive to both radiative and non-radiative transitions while the PL is sensitive to
only radiative transition. The electronic transition will be induced as a consequence of photon
absorption from the incident light. In the case of spectroscopic photo-1V measurement with sub-
bandgap illumination, the traps with the different activation energy (from low to high deep level-
to-band transition energy) were sequentially probed by changing the wavelength of light from long
to short wavelength. In the case of spectroscopic photo-1V measurement with above-bandgap illu-

mination, probing depth will gradually increase as the wavelength of the light increases.
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FIG. 6. (Color online) Sub-bandgap illumination spectra of (a) unirradiated sample (b) irradiated

sample.

Figures 6(a) and 6(b) show the sub-bandgap spectroscopic photo-1V data for the unirradi-
ated and irradiated samples, respectively. Figure 7 shows the normalized spectroscopic photo-1V
spectra chosen at -10 V from Fig. 6 for the corresponding wavelengths and then normalized with

the optical power. The wavelength of the light was varied from 800 nm to 400 nm with a step of

50 nm.
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FiG. 7. (Color online) Normalized photo-current response for sub-bandgap illumination.

The sub-bandgap illumination provides the information about sub-bandgap energy levels
of defects within the bandgap by relating the change in photocurrent level in response to the wave-
length of the light. It is well known that persistent photoconductivity is prevalent in GaN and
related materials.*'*? Therefore, sequential photocurrent measurement will produce a systematic
reduction in photocurrent. If there are no sub-gap defects, the photo-1V spectra will simply follow
the pattern of gradual reduction of photocurrent as the measurement is repeated. However, as can
be seen from Fig. 6(a), distinct photocurrent spectra were observed, which confirms the pre-exist-
ence of sub-bandgap defects in the unirradiated samples. The spectroscopic photo-1V measurement
was also performed on the irradiated samples. As can be seen from Fig. 6(b) (and also in Fig. 7),
strikingly different spectra with the reduction and shift in peak intensity position were collected
for the irradiated sample, which possibly implies that the gamma-ray irradiation may induce the
generation of new sub-gap states and/or spectral re-configuration of the existing defects.®%% The

reduction in the intensity of the photo-1V spectra might be attributed to the quenching of persistent

photoconductivity caused by irradiation-induced defects.*?
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FiG. 8. (Color online) Above bandgap illumination spectra of (a) unirradiated sample (b) irradi-
ated sample.

Figures 8(a) and 8(b), respectively show the above bandgap illumination photocurrent
spectra of unirradiated and irradiated samples. During the measurement, the wavelength of the
light was varied from 280 nm to 400 nm at the steps of 10 nm. The above bandgap illumination
spectroscopy utilizes the fact that the penetration depth of the light varies as a function of the
wavelength, as is presented by Beer-Lambert law;

Penetration depth (d) = 1/« 3

where a is the absorption coefficient and can be calculated as follows;
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a=4nK /A 4)
where K is the extinction coefficient and A is the wavelength of light.

We did not observe any substantial spectral difference in the photocurrent spectra of unir-
radiated and irradiated samples for above bandgap illumination although there was a difference in
absolute photocurrent level. All the states in the bandgap will be photoionized since the photon
energy is higher than that of the bandgap.*® As we increase the wavelength of light, the probing
depth increases, as is predicted by the Egs. (3) and (4). Thus, the in-depth spatial distribution of

sub-gap states can be sequentially probed.
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FiG. 9. (Color online) Normalized photo-current response for above bandgap illumination.

The normalized photocurrent spectra for both the unirradiated and irradiated samples are
shown in Fig. 9, which were obtained by extracting the photocurrent value at -10 V from the data
in Fig. 8. We also observed a slight decrease in the intensity of photocurrent on the irradiated
sample with respect to the unirradiated one. This result again supports the aforementioned idea
that the irradiation can cause quenching of the persistent photoconductivity.

Based on the experimental results of spectroscopic photo-1V measurements, it is confirmed
that the sub-bandgap defects were present in the HEMT heterostructure and the gamma-ray irra-

diation induces the generation of additional defects and/or re-configure the pre-existing defects.
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IV. SUMMARY AND CONCLUSIONS

The effect of gamma-ray irradiation (120 MRad dose) on AlGaN/GaN heterojunctions
have been investigated. The results of transistor IV characteristics, CV, micro-Raman, PL and
spectroscopic photo-1V measurement from unirradiated and irradiated samples were compared. It
was found that the electrical characteristics of the irradiated HEMT samples were slightly degraded
compared to the unirradiated ones. It was also observed that the gamma-ray irradiation causes a
decrease in 2DEG carrier density and introduces acceptor-like deep level traps. The GaN layer was
not additionally strained by the gamma-ray irradiation. In addition, it appears that the gamma-ray
irradiation has quenched the persistent photoconductivity. Since we can exclude the possible radi-
ation damage at MS junction and metal contacts, it can be conjectured that the observed degrada-
tion is produced by alteration of crystal quality in the bulk epi-layer structure. Based on these
observations, it was concluded that AIGaN/GaN HEMTSs is relatively resistant to high dose (120
MRad) gamma-ray irradiation, but it can introduce additional traps or re-configure the pre-existing
traps, influencing the electrical and optical characteristics of AlIGaN/GaN HEMTSs.
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Chapter 7

100 keV Proton Irradiation Effects on AlIGaN/GaN HEMTs

This chapter is the following paper published in JOURNAL OF APPLIED PHYSICS 124,
215702 (2018):

Impact of 100 keV proton irradiation on electronic and optical properties of AlIGaN/GaN
high electron mobility transistors (HEMTS)

Min P. Khanal?, Sunil Uprety!, Vahid Mirkhani?, Shigiang Wang?, Kosala Yapa-
bandara®, Ehsan Hassani®, Tamara Isaacs-Smith?, Ayayi C. Ahyi!, Michael J.
Bozack!, Tae-Sik Oh® and Minseo Park®?

!Department of Physics, Auburn University, AL 36849, USA

2Department of Electrical and Computer Engineering, Auburn University, AL

36849, USA

3Department of Chemical Engineering, Auburn University, AL 36849, USA
Proton irradiation-induced effects on AlGaN/GaN high electron mobility transistors (HEMTS) was
studied by emulating a certain space radiation environment (upstream the earth’s bow shock) using
relatively low energy (100 keV) proton beam with fluences of 1x10%°, 1x10%2, and 1x10%** pro-
tons/cm?. In order to isolate radiation-induced effects produced by the modification of the epi-
layer from the effects produced by the change in device structure (such as contacts), the epi-layers
were irradiated prior to device fabrication, followed by material/device characterization. Proton
irradiation-induced sub-gap traps were detected by spectroscopic photocurrent-voltage (SPIV)
measurement. Raman study revealed that the proton irradiation had induced strain relaxation on

the AIGaN/GaN HEMTSs epi-layer. No substantial change in the crystal quality of the epi-layer

b Author to whom correspondence should be addressed. Electronic mail: park@physics.auburn.edu
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was indicated by Raman and PL studies. With increasing proton fluences, increasing charge carrier
density was observed, which was estimated via Raman spectroscopy and the charge-control model
analysis. The magnitude and direction of the transistor threshold voltage shift were also dependent
on proton fluence. Overall, the degradation of transistor output characteristics of the fabricated
HEMTs was observed with increasing proton fluence. However, based on the observed perfor-
mance and the level of influence on material/device characteristics by 100 keV protons, it can be
suggested that the AlGaN/GaN HEMTSs have high endurance for exposure to relatively high flu-

ences of the low-energy proton beam.
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I. INTRODUCTION

Radiation can be distinguished into two categories; those containing charged particles (a-
particles, B-particles, protons, etc.) and those of a neutral nature (neutrons and y-rays). Electronic
devices exposed to space and terrestrial radiation environment interact with the energetic particles,
resulting in detrimental effects on their characteristics. The main effects can be categorized as
follows; (1) Single event effects (SEE) in which passage of a single highly-ionizing particle alters
the operational state of a semiconductor device (e.g., reverse the data state of a memory cell,
change the logic state of a transistor). (2) Displacement damage (DD) effects where the collisions
between irradiating particles and lattice atoms take place and cause atomic displacement in the
material, resulting in the formation of Schottky or Frenkel defects in the crystal lattice. (3) Total
ionization damage (TID) effects which are the long-term effects and result in a charge build-up at
interfacial regions or boundaries between different layers due to ionization of the atoms.? It is
necessary to identify and control the fault generating mechanisms if the semiconductor materials
are to be used reliably as electronic devices in a hostile radiation environment such as space.?

The threshold displacement energy, Eq (typically used as an indicator for radiation hard-
ness) varies inversely with the lattice constant of a semiconductor.? The reported values®* of Eq
for AIN and GaN, are 25 eV and~19.5 eV fitting the empirical relation for various semiconductors
shown in Fig.1. This implies that the radiation hardness of 111-N materials is higher than most of
the semiconductor materials and other I11-V materials such as GaAs, making the 11I-N devices
excellent choices for radiation-hard applications. In addition, inherent material properties such as
a strong ionic-covalent bond, large direct bandgap, excellent thermomechanical stability, ultrafast
carrier relaxation time, high displacement energy, low phonon loss and higher breakdown field

prompt 111-N materials intrinsically viable for radiation hard electronics.® The heterostructure
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guided features such as internal piezoelectric field® and formation of two-dimensional electron gas
(2DEG) in a small confined cross section’ are some of the uniqueness of aluminum gallium ni-
tride/gallium nitride (AlGaN/GaN) high electron mobility transistors (HEMTS) structures, which

provide additional radiation hardness.
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FIG. 1. The empirical relation between the mean threshold displacement energy (Eq) with the lat-
tice parameter of various semiconductors. (Data were taken from Refs. 2-4).
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Several studies have been reported on the effect of proton irradiation (or implantation) with
various energies on AlGaN/GaN HEMTs 8910111213 However, only a few experimental reports
have been released on the study of the effect of 100 keV protons on GaN and other I11-V materi-
als.*>13 To the best of our knowledge, no research has been published on the study of the effect of
100 keV protons on AlGaN/GaN heterostructures.

In order to bypass the lethal radiation zone in Van Allen belts when launching a space-
craft/satellite, an alternate path (called as a polar escape route) has been proposed.}*® When su-
personic solar wind encounters the earth’s magnetosphere, it forms an aerodynamic shock wave
in front of the nose of the magnetopause, and it extends over the polar regions of the earth, pro-
ducing the so-called bow shock. Whenever interplanetary fields connect the spacecraft and the
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earth’s bow shock, protons with the cut off the energy of 100 keV are reported to be found up-
stream from bow shock.'®1’As a result, even if the polar escape route is chosen, electronics will
still be exposed to protons. On the other hand, even though the high energy protons are present in
space environments, electronic devices will not directly be exposed to such high energy protons.
There will always be some shielding materials which prevent the energetic particles from directly
entering into the electronics and during the course, energetic protons will slow down and lose the
energy. Also, it has been reported that the degradation of electronic devices by low energy protons
is more severe than the high energy protons.'® Therefore, it is consequential to investigate the
effects of low energy (100 keV) protons in the semiconductor materials.

In this research, the study was carried out on the effects of irradiation of 100 keV protons
(with fluences of 1x10%, 1x10%2, and 1x10 protons/cm?) on materials and device characteristics
of AlGaN/GaN HEMTs. The pristine and irradiated AIGaN/GaN HEMTs were characterized by
comparing the phenomenological changes in the electrical and optical properties, which was aug-
mented by trap distribution analysis via the spectroscopic photocurrent-voltage technique.® The
epitaxial layers were irradiated before constructing the devices because the primary interest of this
study was to examine proton irradiation effects on the epi-layer itself rather than just the device
characteristics although, metallic contacts need to be used in the actual applications of electronic
devices. By irradiating the epilayers with no contacts, the effects of proton irradiation on the epi-
layer itself can be isolated from any extra effects of energetic particles on metal-semiconductor
(MS) interface and possible influence on the device characteristics caused from the irradiation-
induced void formation on MS junction.?° The surface compositional analysis was performed via
x-ray photoelectron spectroscopy (XPS), and surface morphology was inspected using atomic

force microscopy (AFM) and scanning electron microscopy (SEM). The crystal quality was
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examined with x-ray diffraction (XRD) analysis and micro-Raman spectroscopy. The possible ef-
fects on defects/traps were probed using photoluminescence (PL) spectroscopy and the spectro-
scopic photocurrent-voltage (SP1V) techniques. The SPIV technique is one of the unique methods
of mapping the defect distribution on the nitride-based semiconductors. Additionally, the conven-
tional transistor current-voltage (I-V) measurements were performed on HEMTSs to relate the ma-
terial’s fundamental properties to the device performance.
I1. EXPERIMENTAL

The HEMT heterostructures were grown on 6 in. Si (111) wafers via metal-organic chem-
ical vapor deposition (MOCVD) by a commercial wafer vendor. AIN nucleation layer was grown
on top of Si, and AlGaN buffer multilayer with varied aluminum (Al) concentrations between
20%-75% was deposited on top of the AIN layer. An undoped GaN layer of thickness 1um was
deposited on top of the AlGaN buffer layer, followed by a 20 nm AlGaN barrier layer. A GaN cap
layer with a thickness of 2 nm was grown on top of the barrier layer.

To irradiate the HEMT epitaxial layers with a proton beam, the 6 in. wafer was diced into
1 x 1 cm pieces, and those pieces were further diced into four 5 x 5 mm pieces. One of the pieces
was left unirradiated (hereafter to be called pristine) and the other three pieces were irradiated at
room temperature with 100 keV proton beam of 1x10%°, 1x10'? and 1x10* protons/cm? fluences
generated from a 2 MV dual source Tandem Pelletron accelerator located at Auburn University.
The accuracy of the proton beam energy (monitored by the beam current) was maintained at
99.9%. The Stopping and Range of lons in Matter (SRIM)?! simulator was used to estimate the
penetration depth, distribution of protons and the total vacancy concentration in AlGaN/GaN
HEMTSs structure. For 100 keV protons, the penetration depth of the proton beam was estimated

to be 0.57 um with a straggle of 883 A, for the HEMTSs structure under study. Therefore, the
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maximum proton distribution was at the undoped GaN layer where the beam was stopped. The
total number of vacancies (in cm™) for each fluence was estimated to be in the order of 10°, 10%
and 10%° respectively for 1x10%°, 1x10% and 1x10* protons/cm?. The transistor devices with var-
ying dimensions were fabricated, and circular geometry was used to avoid mesa isolation. Source
and drain Ohmic contacts (Ti/Al/Ni) were deposited using direct-current (dc) magnetron sputter-
ing, followed by rapid thermal annealing at 850 °C for 30 s under a nitrogen atmosphere. Finally,
Iridium (Ir) metal was sputter-deposited as a gate contact. In order to perform the SPIV experiment,
an array of circular semitransparent Ni Schottky contacts with a diameter of 600 pm were
constructed on the HEMTs wafers.

The electrical characteristics of transistor devices were studied at room temperature on an
H-100 Signatone probe station equipped with a Keithly 2400-source meters automated with Lab-
VIEW program. Micro-Raman spectroscopy was performed on both the pristine and irradiated
samples at room temperature by employing back-scattering geometry using the 442 nm line (80
mW) of a dual wavelength Kimmon He-Cd laser. The spectra were dispersed using a diffraction
grating with 3600 lines/mm groove density. The room temperature micro-PL measurements were
carried out by exciting the samples with the 325 nm line (20 mW) of He-Cd laser. XPS measure-
ments were performed in a load-locked Kratos XSAM 800 surface analysis system equipped with
a hemispherical energy analyzer. The photoelectrons were excited by a water-cooled, conventional
(i.e., non-monochromatic) dual anode X-ray gun equipped with an Al window. MgK, (1253.6 eV)
radiation was used exclusively. The surface composition was calculated based on the Scofield
cross-sectional values accounting for the instrumental transmission function in the FAT mode of
operation. The XRD analysis was performed using Proto-AXRD theta-theta diffractometer with

X-ray K line from the Cu target with 40 kV@ 30 mA. The SPIV measurements were performed
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by illuminating the samples using a Xenon lamp light source coupled with a monochromator to
vary the wavelength. Samples were vertically biased, applying a reverse voltage to the top
Schottky contacts. Keithly 6487 picoammeter with a built-in voltage source was used for biasing
and collecting photocurrent.
I11. RESULTS AND DISCUSSION
A. Raman Spectroscopy

Raman scattering in solids is an inelastic process which depends on the change in polariza-
bility of the material caused by optical excitation of phonons or plasmons. Valence electrons in
covalent crystals are less localized compared to the ones in ionic crystals, so larger fluctuation of
electric susceptibility leads to a higher change in polarizability induced by the annihilation and
creation of phonons which gives a higher scattering efficiency for covalent crystals compared to
ionic ones. Therefore, Raman spectroscopy is a suitable and well established standard technique
to study the lattice properties of nitride-based semiconductors whose chemical bonding is a mix-
ture of covalent and ionic bonding.?? The hexagonal wurtzite structure of GaN belongs to CZ, space
group and its primitive unit cell contains four atoms. According to group theory, 12 phonon normal
modes (irreducible representation) exist at the I'-point of Brillouin zone. Among those, A;(z) +
E,(x,y) + 2B, + 2E, are optical modes and remaining modes are acoustic. The 4; and E; modes
are both Raman and infrared (IR) active, E, modes belong to only Raman active phonons, whereas
B; modes are silent. Due to the macroscopic electric field affiliated with longitudinal modes, the
polar A;and E; modes split into transverse optical (TO) and longitudinal optical (LO) phonon

modes with different frequencies.? In this study, the Raman scattering was employed to examine
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the crystal quality, strain, and to estimate the free carrier concentration of the samples. The phys-
ical structure of crystals can be examined from the Raman spectroscopy by analyzing the charac-

teristic spectral patterns.
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FIG. 2. Raman spectra of the pristine and irradiated samples (inset shows the representative Gauss-
ian fitted curve for carrier concentration calculation from LO phonon mode).

Figure 2 shows the typical Raman scattering spectra of the pristine and proton-irradiated
samples collected at room temperature. The experiment was performed with z (—, —)Z back scat-
tering geometry, and E~ 9" and 4, (LO) modes for GaN along with the E/"*9" mode for AIN were
observed. The observed parameters for collected spectra of pristine and irradiated samples are
summarized in Table I. No severe degradation in the crystal quality of heterostructure was ob-
served after 100 keV proton irradiation of AlGaN/GaN heterostructures on Si.

As shown in Table I, there is a small shift in the frequency position towards lower wave-
number and a slight increase in the full width at half maximum (FWHM) of irradiated samples in
reference to the pristine sample. From the small shift of the Raman Eg tgh phonon mode to a lower

wavenumber, it can be speculated that proton irradiation has induced a strain relaxation in the

heterostructure.?*
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Table I: The extracted parameters from Raman spectra for pristine and proton-irradiated samples
Biaxial Stress

Peak Position FWHM Free Carrier Con- Coefficient
Sample (cm™) (cm™) centration (cm™) 0, (GPa)
Fluence  EM9"  a,L0) EN" 4,(L0)
(protons/cm?)  mode mode  mode mode

Pristine  569.4 736.6 9.0 11.2 9.5%x10' 0.44
1x10'° 569.0 736.3 9.5 10.8 8.4x10'° 0.35
1x10'2 568.2 736.7 10.0 11.2 9.9x10' 0.16
1x10' 568.7 736.7 9.7 10.5 9.9x10'® 0.27

The frequency position of A;(LO) phonon mode can be used to calculate the free carrier

concentration in the bulk using the following expression?;

€p EcMM * w%PP (x,y) [w%PP (x,y) — wfo]

2 2 Y
e Wipp(x,y) ~ ®To

n(xy) = €y

where n is free carrier concentration, wp is the plasmon frequency, w, pp is the longitudinal optical
phonon-plasma frequency, w;, is the frequency of the longitudinal optical phonon, wyo is the

frequency of the transverse optical phonon, &, is the permittivity of the free space, &, high fre-

quency (optical) dielectric constant, m* is the effective mass of free a carrier, and e is a charge of
the free carrier.

The free carrier concentration values reported in Table I were calculated using Eg. (1). An
increase in free carrier concentration was observed on the samples irradiated with higher proton
fluences. However, since the strain can also shift the A; (LO) peak position, we separated the con-

tribution of free carrier concentration on the position shift of A; (L0O) mode from the contribution

of strain relaxation by using the following relations;?® Aw = 4.47 oy, for EX'"%"and Aw =

2.76 oy, for A;(LO) modes. For this calculation, the shift was considered with respect to the stress
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free frequencies of 567.6 cm™ and 734.0 cm™ for EZHigh and A;(LO) GaN Raman modes, repec-

tively.2® After the strain correction, an increase in n value was observed and the strain relaxation
can be claimed on the basis of reported values of a,, in Table I.
B. Photoluminescence

Photoluminescence spectroscopy can be used to examine the crystal quality and the impu-
rity levels in the semiconductors and is also useful in probing their defect distribution. We have
employed the PL to study the optical properties and hence to examine the crystal quality and the
defects of pristine and proton-irradiated samples. Figures 3(a) and 3(b) respectively show the broad
(UV-Visible) range and the short (UV) range scan room-temperature PL spectra for pristine and
the three irradiated samples. The PL spectra exhibited two main bands; a near band edge (NBE)
emission with the pronounced peak at ~3.42 eV and a broad blue luminescence (BL) band peaking
ataround 2.81 eV. The NBE band emission is associated with the recombination process involving
the annihilation of free excitons and excitons bound to shallow donors?” whereas the origin of BL
band is assigned to the donor-acceptor (DA) recombination, i.e., transitions from the conduction
band or a shallow donor to a relatively deep acceptor.?82°% The GaN featuring BL band is the

signature of a material containing a high density of dislocations.!

40000 f y . —r ,
a .
( ) —— Pristine —~ 30000 (b) oriat

— [ —= Pristine
2 30000} —=— 1x1010 protons/cm? = 25000 F 10
= 12 3 —s— 1x10" protons/cm?
3 —— 1x10"“ protons/cm® O 20000} 12 .
O 14 2 ~ —— 1x10~“ protons/cm” 4
~— 20000} —— 1x10~ " protons/cm 2 15000 }
2 D —— 1x1014 protons/cm?:
2 T 10000 ;
& 10000} 2
= 5000

2.0 25 3.0 35 3.12 3.20 3.28 3.36 3.44 3.52

Photon Energy (eV) Photon Energy (eV)

147



FIG. 3. Photoluminescence spectra of the pristine and irradiated samples (a) broad (UV-Visible)
range scan and (b) short (UV) range only scan.

As can be seen from both Figs. 3(a) and (b), the intensity and the peak position of PL
spectra for proton irradiation sample with fluence 1x10%° protons/cm? and pristine sample are
nearly identical. However, the intensity of BL band was slightly quenched after proton irradiation
with the higher fluences (1x10%2 and 1x10% protons/cm?), which possibly indicates the formation
of new deep centers leading to the dominance of non-radiative recombination. The enhancement
in the intensity of the NBE emission is observed for the HEMTs with the higher fluences. The
observed results are similar to previously reported results.®> The increase in the intensity of NBE
emission needs to be further investigated considering how radiation-induced defects modulate the
origin of recombination centers.

C. X-ray Diffraction

Figure 4 shows the XRD data probed from a symmetrical lattice plane (0002) for the
pristine and proton irradiated AlGaN/GaN HEMT structures. Since HEMT structure has multilayer
geometry, the diffraction pattern includes multiple peaks; the main peak from GaN layer and con-
secutive peaks due to AlGaN layers with different Al to Ga ratio, gradually shifting the peak po-
sition towards the higher angle with the increasing Al content.® In addition, we can observe the
peak contributed from the AIN nucleation layer in the heterostructure. Similar to PL data, the XRD
data show that the difference in peak position and the intensities of 1x10%° fluence irradiated and
pristine samples is relatively negligible, indicating that the crystal structure variation for lower
fluence is quite small. The peak intensities of the samples irradiated at the higher fluences 1x10'2
and 1x10%* seem to be enhanced, and the observed oscillation in the peak position for all curves is

attributed to the slight variation in Al content during the growth/or chemical stability of AlGaN
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layer upon irradiation.® It is expected that proton irradiation would normally produce a large
number of defects.®® However, the observed increase in XRD intensity indicates the reduction in
defect concentration, which might be due to the defects being annealed out if the electronic energy

loss of bombarded proton is higher than the nuclear energy loss.*
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FIG. 4. XRD 6-20 patterns of AlGaN/GaN heterostructures.

A. X-ray Photoelectron Spectroscopy

The XPS survey spectra recorded from the pristine and proton-irradiated samples are
presented in Fig. 5(a). In addition, Fig. 5(b) shows the high-resolution XPS spectra of Ga-3d core-
level. The survey spectra indicate the presence of peaks related to core-levels from Ga-3d, Ga-3p,
Ga (LMM), C-1s, N-1s, and O-1s. The presence of oxygen and carbon on the surface are due to
adsorption of common atmospheric gases during the epilayer growth and device processing steps.
Analysis of Ga-3d region is useful to elucidate the nature of chemical bonding in GaN and related
materials.®” No significant change (in both the peak intensity and the binding energy) was observed
in the Ga-3d spectra of proton-irradiated samples in comparison to the spectra from the pristine

one.
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FIG. 5. (a) XPS survey spectra of all three samples (b) high-resolution XPS scan spectra of Ga-
3d region.

Table 1I: The measured binding energy and FWHM of the Ga-3d XPS peak for pristine and
proton-irradiated samples.

Sample Ga-3d peak Surface Elemental Composition (%)
Fluence Binding En-

(protons/cm?) ergy (eV)  FWHM Ga N C 0
Pristine 19.92 2.40 24.2 13.8 485 135
1x10%° 20.03 2.38 21.7 13.7 51.2 134
1x10*2 19.97 2.40 22.8 12.9 49.8 145
1x10% 20.02 2.25 20.3 15.3 504 14.0

The measured FWHM and the binding energy (BE) of Ga-3d core-level spectra for the
pristine and the proton-irradiated samples are tabulated in Table Il. No variation in the B.E. of the
Ga-3d region signifies that the Ga-N bonding was not affected by proton irradiation.® Since the
surface elemental composition of the pristine and irradiated samples are very close to each other.
Therefore, it can be inferred that the surface composition of the samples was not altered by the
proton irradiation.

B. Atomic Force Microscopy
Figure 6 shows the representative two-dimensional (2D) AFM images (10x10 um?) of Al-

GaN/GaN heterostructures. Figure 6(a) shows the AFM image of the pristine sample whereas the
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Figs. 6(b)-6(d) show the surface morphologies of 1x10°, 1x10'? and 1x10%* protons/cm? irradi-
ated samples, respectively. The root mean square value of surface roughness (Rq) for the pristine
sample was 0.804 nm and for proton-irradiated samples, it was 1.935 nm, 1.460 nm and 1.060 nm
for 1x10%, 1x10%2 and 1x10* protons/cm?, respectively. In comparison to the pristine sample, the
surface roughness of the irradiated samples has increased, which might have been caused by the

introduction of point defects and increased local disorder of the material 323°

FIG. 6. Typical AFM images (10x10 pm? scan) of AlIGaN/GaN heterostructures (a) pristine sam-
ple; and samples irradiated with fluence of (b) 1x10%° protons/cm? (c) 1x10*? protons/cm? and
(d) 1x10%* protons/cm?.

C. Scanning Electron Microscopy

Figure 7 shows the top surface view of the scanning electron microscopy (SEM) micro-
graphs of AlGaN/GaN HEMTSs heterostructures. The surface morphology of both the pristine and
the irradiated samples appears relatively uniform. However, the surface roughness of proton-
irradiated samples seemed to be increased in reference to the pristine sample. From the close in-
spection of the images, the decreasing trend of roughness on the irradiated samples appears to

agree with the AFM results.

~ 100nm . 100nm 100nm ___ 100nm

FIG. 7. HEMTs heterostructure SEM images of (a) pristine sample; and samples irradiated with
fluence of (b) 1x10% protons/cm? (c) 1x10*2 protons/cm? and (d) 1x10%** protons/cm?.
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D. Transistor Characteristics

Figure 8 illustrates the drain 1-V characteristics of the HEMTSs devices with their epi-layers
irradiated with different fluences. Gate voltage was modulated from -3V to 3V at the steps of 0.5V.
The reduction in drain saturation current for the proton-irradiated samples can be seen in Fig. 8.
The drain current was reduced by about 27% for proton irradiated sample with lower fluence
(1x10% protons/cm?). In contrast, the reduction in drain saturation current for the devices with

higher fluences (1x10%2 and 1x10%* protons/cm?) of proton irradiation was much higher (about

45% and 43%).
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FIG. 8. Drain-source current-voltage characteristics of (a) pristine sample; and samples irradiated
with fluence of (b) 1x10%° protons/cm? (c) 1x10* protons/cm? and (d) 1x10%** protons/cm?.
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FIG. 9. Transfer characteristics of (a) pristine sample; and samples irradiated with fluence of (b)
1x10% protons/cm? (c) 1x10*? protons/cm? and (d) 1x10* protons/cm?.

Figure 9(a) shows the transfer characteristics of the pristine sample and Figs. 9(b)-9(d)
show the transfer characteristics of proton irradiated HEMTs devices for fluences of 1x10%°,
1x10%2, and 1x10%* protons/cm?, respectively. The threshold voltage (V7y) was calculated from
the extrapolation of the square root of drain current vs. gate-source voltage plot in the saturation
region. The proton-irradiated devices with a fluence of 1x10%° protons/cm? showed a positive shift
in V- with respect to the pristine sample (-1.49 V to -1.07 V), which is commonly observed in

many of the earlier published reports.*>4142 However, the negative shift in the threshold voltage of
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proton irradiated HEMTSs has also been reported.*3#44° Our experimental results (Vyy = -1.99 V)
of proton irradiated devices with the higher fluences (1x10'2 and 1x10%4 protons/cm?) is consistent
with later reports. According to the previous reports, the direction of the threshold voltage shift for
proton irradiated HEMTS can be either positive or negative. VVarious parameters such as growth
condition, the energy of protons, fluence of the proton beam, and the damage might affect the
direction of threshold voltage shift.*®

The AlGaN/GaN system under this study can be analogous to the GaAs-HEMT system,
thus can be described using the charge-control model.*® According to the charge-control model,
the sheet carrier density (ng) and the sheet carrier mobility (1) of the 2DEG can be simply esti-

mated using the following relation®°:

_ eWes — Vru)

= @

N

where ¢ is the dielectric constant of AlGaN, V;; is the gate-source voltage where 2V is used for
the calculation (Vry < Vs < Vs max), and Vry is the threshold voltage, g is the electronic charge,

and t is the thickness of the AIGaN barrier layer.

The sheet carrier mobility is calculated from the reciprocal of the slope of the ? VS.
DS

— 1 _the plot of Eq. (3).

Ves—VrH)

s _ p.+ Ry + Lt
Ips > P WpeWVes— Von)

(3)

where Vs and I are the drain—source voltage and current, respectively, Rg and R, are the source

and drain access resistances, respectively, and W and L are the gate width and the length, respec-

tively. The @ is calculated in the linear region (low drain voltage) of the I-V curve, the slope of
DS

the curve related to the sheet carrier mobility, and the intercept is related to Rg and Rp.
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The calculated values of the sheet carrier density (n,) and the mobility are listed in Table
I11 below. The mobility of the irradiated samples was significantly degraded; possibly due to car-
rier scattering caused by charged defects introduced by protons.*° The reduction in the sheet carrier
density was observed for the low proton fluence irradiated sample while an increase in ng is ob-
served for proton irradiated samples with the higher fluences. These changes in 2DEG sheet carrier
density are in agreement with the direction of V;y shift. The increase in carrier density was also
reported earlier for proton irradiated HEMTs grown on Si, under similar doses but with a different
proton energy.*’ The trend in the change of sheet carrier density is similar to the trend of changes
in the free carrier concentration estimated earlier via micro-Raman analysis. It is speculated that
protons have an influence on the migration and recombination of mobile defects and may release
additional carriers from the traps in the channel. Also, proton irradiation may shift or pin the Fermi
level near or in the conduction band leading to an increase in the carrier density.*®

The irradiation-induced displacement damage may reduce the carrier density and mobility
of 2DEG, resulting in a decrease of drain saturation current. It is not surprising to consider that
both Ga-vacancy and N-vacancy related defects likely contribute*® to the radiation response in
GaN. Furthermore, both donor and acceptor trap formation during proton irradiation had been
reported.®® As can be seen from Table 111, both sheet carrier density and mobility of the irradiated
sample with fluence 1x10% protons/cm? has been decreased, which is mainly due to the displace-
ment damage induced by ion bombardment. These changes can produce a positive shift in the
threshold voltage.**** Therefore, the positive Vyy shift for the low proton fluence can be attributed
to the increasing number of acceptor-like traps. However, V- shifted towards the same negative
value for proton irradiated samples with the higher fluences (1x10*2 and1x10'* cm?). The negative

shift of V5 can be caused by an increase in positive charge and/or a decrease in a pre-existing
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negative charge. At higher proton fluences, the impurities like oxygen may lead to the creation of
new donor traps®°, leading to a negative Vry shift. Based on the simulation results from SRIM, the
penetration depth of 100 keV protons used was 0.57 um with a straggle of 883 A. However, the
total thickness of the layers above the GaN channel was just 0.022 um and the GaN channel layer
itself was 1 um thick. Therefore, the maximum and the end of range distribution of protons was
away from the thin 2DEG layer and the high concentration of proton induced defects would lie in
a region away from the 2DEG region®! and hence the impact of protons on 2DEG will be minimal.
Consequently, the radiation induced effects on device level performance of HEMTSs was relatively
small.

The Schottky barrier height (®g) was calculated from the forward gate I-V characteristics

of HEMTs devices using the following expression;

kT (AA°T?
dp =——In (4)

q I
where kg is Boltzmann’s constant, T is the temperature, q is the electronic charge, A is gate area,
A" is Richardson’s constant and I is the saturation current which was determined by extrapolating
the semilog I vs V curve to V =0 in Eq.(5). The current through a Schottky diode can be written as

follows:

qV
=1, [e”"BT - 1] )

The slope of this plot is related to the ideality factor (n) and is expressed by;
q

n= (2.3kgT)slope (6)
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Table I11: The extracted parameters from electrical measurements of pristine and proton- irradiated

samples
Fluence Sheet carrier den-  Mobility  Schottky barrier Jeality fac- Threshold Voltage
(protons/cm?)  sity ng (cm?)  u (cm?/V.s) height &5 (V) tor (n) Vey (V)
Pristine 0.99x 1013 1739 0.30 67.70 -1.49
1x10%° 0.87x 101 801 0.32 63.33 -1.07
1x10%2 1.14x 103 486 0.32 62.77 -1.99
1x10% 1.14x 10% 111 0.32 55.11 -1.99

Band bending on the AlGaN/GaN heterostructures due to proton irradiation has been re-

ported earlier which can eventually affect the Schottky barrier height.>? An increase in the value

of Schottky barrier height on the irradiated samples in comparison to the pristine sample was

observed. The calculated ideality factor is much higher than the expected value. When the materi-

als with a large lattice mismatch form a heterojunction, a high density of trap states can be ex-

pected, which might result in an abnormally high ideality factor.5® The pre-existence of traps in

the samples were also confirmed by the SPIV experiment described in a later section Sec. I11 H.
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FIG. 10. (a) Transconductance and (b) forward and reverse gate bias |-V characteristics of pristine
and irradiated samples.

From Fig. 10(a), it was observed that the transconductance of proton-irradiated devices

increased. The increase in the transconductance can be attributed to the irradiation-induced strain



relaxation AIGaN/GaN HEMTs.%** Further, irradiation-induced strain relaxation can result in the
generation of additional defects or structural reordering of native defects®* which is presented in
the later SPIV section. The strain relaxation might be another plausible reason for the degradation
in drain saturation current,® as shown in Fig. 8.

Figure 10(b) illustrates the forward-reverse gate bias I-V characteristics. Both the forward
and reverse bias leakage currents decreased after proton irradiation with respect to the pristine
samples. Proton irradiation can induce voids at the MS junction, resulting in a decrease of effective
gate area and the gate leakage current.?% This possibility can be ruled out in this study because the
contacts were formed after proton irradiation of the epi-structures. The calculated values of
Schottky barrier heights for the pristine and proton-irradiated samples are listed in Table I1l. The
increase in ® can be attributed to decreased gate leakage current as seen in Fig. 10(b).

As explained in the experimental section, during the process of ohmic contact metalliza-
tion, the annealing was unavoidable for AIGaN/GaN HEMTs. Annealing of the proton irradiation-
induced defects and partial recovery of the device characteristics have been reported previ-
ously.®1%4° However, for high doses of low energy proton implantation on GaN, the induced de-
fects are more permanent and have higher thermal stability.'? In presented results, for the devices
irradiated with higher fluences, the level of device degradation was higher even after the annealing.
Therefore, we believe that these results support the later claim.

E. Spectroscopic Photo-1V

The spectroscopic photo-1VV method relies on the principle of an optical technique called
“photoionization-spectroscopy” which has been used to probe the deep traps in AlGaN/GaN
HEMTSs.%® When photons carrying energies above the threshold trapping energy fall into deep

traps, the trapped carriers will be released, leading to the deep level-to-band electronic transition
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of carriers, consequently increasing the output current. Photoluminescence spectroscopy only
probes the radiative transition of carriers. However, in spectroscopic photo-1V, both radiative and
non-radiative transitions of charge carriers can be analyzed to probe the in-gap trapping states.
Moreover, the in-depth distribution of defects can be probed by varying the wavelength of incident
light. The details of the technique can be found elsewhere.>’

Figure 11 shows the spectroscopic photo-1V spectra with the sub-bandgap illumination of
the pristine [Fig. 11 (a)] and the irradiated [Fig. 11(b, c, d)] samples. The wavelength was varied
from 800 nm to 400 nm with a step of 50 nm. The sub-bandgap illumination excites the carriers
from the deep traps and hence contributes to the photocurrent. So, by analyzing the spectral vari-
ation in response to the wavelength of light, information about the sub-bandgap energy levels of

the defects within the bandgap can be extracted.
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FIG. 11. Spectroscopic photo-1V (absolute) data with sub-bandgap illumination of (a) pristine
sample; and samples irradiated with fluence of (b) 1x10° protons/cm? (c) 1x10*2 protons/cm? and
(d) 1x10* protons/cm?.

Figure 12 shows the photocurrent response (normalized with an optical power of the lamp
used as a source) for sub-bandgap illumination, where representative data for each bias at -12 V
were chosen. Because of the well-known phenomena called “persistent photoconductivity” in GaN
and related materials, the reduction in photocurrent is expected during the sequential measure-
ments. Therefore, due to the presence of sub-gap defects in the sample, the photocurrent spectra
should exponentially reduce as the measurement is repeated.®® The categorical photocurrent spec-
tra can be observed in Fig. 11(a), confirming the existence of sub-bandgap native defects in the
pristine sample. From Fig. 12, it can be observed that there is no shift in spectral peak position
even after proton irradiation in reference to the pristine sample. However, a significant increase in
the absolute value of photocurrent response can be observed [Fig. 11(c, d) and Fig. 12] for the
irradiated samples with the higher fluences. This increase might clue in the addition of more trap
centers (near the pre-existing traps) due to the higher fluence of proton irradiation. This assumption
is supported by the fact that the generated point defects in GaN are highly mobile and can easily

be rearranged*’ and since the trapped carriers in those traps are excited by an absorbed photon,
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hence they contribute to the increase in the level of photocurrent. The presence of native defects
and their spectral location in the sub-gap region of the pristine sample has been confirmed. In
addition, after the irradiation of 100 keV proton with the fluences of 1x10%°, 1x10*?, 1x10* pro-

tons/cm?, and the creation of additional traps whose energy levels are close to those of the pre-

existing traps was speculated.
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FIG. 12. Normalized photocurrent response with sub-bandgap illumination at -12V bias.

In addition to the sub-bandgap illumination, the depth-resolved ultraviolet spectroscopic
photo-1V (DR-UV-SPIV) technique®® was also implemented to study the in-depth distribution of
sub-gap defects. In this technique, the light with above bandgap photon energy is illuminated on
the samples under measurement. According to the Beer-Lambert law, the penetration depth of the

light varies as a function of absorption coefficient (and wavelength);

Penetration depth (d) = 1/« @)
where « is the absorption coefficient and is related to the wavelength of the light as follows;
a=4T K/ (8)

where K is the extinction coefficient, and A is the wavelength of light.
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Figure 13(a) represents the above-bandgap illumination photocurrent spectra of the pristine

sample whereas Figs. 13(b)-(d) represent the photocurrent spectra with above-bandgap illumina-

tion for proton-irradiated samples with different fluences. No substantial change in the spectral

signature was observed for proton-irradiated samples with above-bandgap illumination. The wave-

length of light was varied by sweeping from 280 nm — 400 nm with the steps of 10 nm. Since the

photon energy is higher than the bandgap of the material, all the states in the bandgap are supposed

to be photo-ionized. As the wavelength of light is increased, the penetration depth increases so that

the in-depth spatial distribution of the in-gap states can be sequentially probed.
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(d) 1x10** protons/cm?.
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The above-bandgap illumination photocurrent spectra normalized with an optical power of
the light source is shown in Fig. 14. Each data points of the photocurrent were extracted at -12 VV
from the data in Fig. 13. It can be observed from these data that the absolute value of photocurrent

has decreased.
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FIG. 14. Normalized photocurrent response with above-bandgap illumination at -12 V bias.

Since there is no change in the spectral distribution of photocurrent, no change in the trap
location due to proton irradiation could be speculated. Contrary to the sub-bandgap photo-1V, a
reduction in the absolute value of photocurrent was observed, which can be attributed to the
quenching of persistent photoconductivity caused by irradiation.®°

The spectroscopic photo-1VV measurement confirms the existence of native sub-gap traps
in AIGaN/GaN HEMTs. In addition, protons of 100 keV energy with higher fluences (1x10'2 and
1x10% protons/cm?) can result in the generation of additional sub-gap trap centers without com-
pensating or relocating the native sub-gap traps.
IV. SUMMARY AND CONCLUSIONS

The effect of proton irradiation on the materials/device characteristics of the AlGaN/GaN

HEMTSs was studied. Low-energy proton beam with low to high fluences was used to simulate a
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certain aspect of the space environment. The energy of the proton beam was fixed to 100 keV
while three different fluences (1x10%°, 1x10'2, and 1x10%* protons/cm?) were used. The device
output characteristics were not affected by the effects of protons on MS junction because the con-
tacts were formed after the epilayer irradiation. The analyzed results from the outcomes of micro-
Raman, PL, XRD, XPS, AFM, SEM, conventional transistor characterization, and SPIV experi-
mental techniques were compared between the pristine and proton-irradiated samples. Micro-Ra-
man study suggested the strain relaxation while no observable degradation in the crystal lattice
was noticed. A slight increase in surface roughness upon irradiation was detected. Ga-N bonding
was not affected due to proton irradiation, and no change in the surface composition of elements
was detected by XPS. From the transistor device characteristics, the minimal degradation in drain
output current was observed for the irradiated samples with lower fluence whereas the degradation
was more intense for the irradiated samples with higher fluences. A large reduction in mobility
was observed upon proton irradiation. Coulomb scattering from charged defects, introduced by
protons, was accounted responsible for carrier mobility reduction in the irradiated devices. The
2DEG sheet carrier density and the bulk carrier concentration decreased after irradiation of a
proton with a fluence of 1x10%° protons/cm? but increased for 1x10%2, and 1x10%* protons/cm?
fluences. This change in carrier density is attributed to a decrease in irradiation-induced strain
relaxation and the effect of protons on migration and recombination of mobile defects. Also, the
direction of the threshold voltage shift was found to be consistent with the changes in carrier den-
sity.

Additionally, we performed a trap analysis of proton irradiated HEMTSs using our unique
and novel technique for trap characterization, SPIV. From this analysis, the pre-existence of sub-

gap defects on the pristine samples were detected, and the introduction of new traps due to proton-
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irradiation was confirmed. Also, the proton irradiation did not affect the trap states of the in-gap
region. The SPIV analysis has indicated the possible migration and recombination of mobile de-
fects upon proton irradiation. The fluence dependent effects of 100 keV protons on the threshold
voltage shift, carrier concentration, trap distribution, dc performance and the strain states of Al-
GaN/GaN HEMTs were investigated using different experimental techniques, and detailed analy-
sis was presented. The maximum distribution of 100 keV protons was located deeper than the thin
2DEG layer, introducing high defect concentration in a region relatively far from the 2DEG. This
led to a relatively less degradation on the electrical performance of the HEMTs devices. Based on
these results, it can be concluded that AlGaN/GaN HEMTs have high endurance for exposure to
the relatively high fluence of the low-energy proton beam, which makes the device suitable for the
space applications.
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Chapter 8

Conclusions and Future Work
8.1 Conclusions

The main objective of this dissertation was to identify, characterize, and understand the
effects of energetic gamma-rays with cumulative high dose exposure and low energy protons with
varying fluences on AlGaN/GaN HEMTSs. The key focus of the study was to isolate the effects of
those radiations on semiconductor itself from the combined effects coming from the fully con-
structed devices. For this purpose, the epitaxial layers of HEMTSs prior to the construction of the
devices were irradiated with the gamma-rays of 120 MRad dose and 100 keV protons with three
different fluences of 1x10%, 1x10*?, and 1x10** protons/cm?. The irradiated samples were char-
acterized using a variety of materials characterization techniques, and finally the electronic devices
(Schottky and transistor) were constructed to examine the response of material irradiation in their
electrical characteristics. The spectroscopic photocurrent-voltage (SPIV) measurement technique
was the unique method employed to characterize the irradiation-induced defects in AIGaN/GaN
HEMTSs. For the comparison of the results, the pristine and irradiated samples (chosen adjacent to
each other in the six-inch wafer after dicing) were systematically characterized at ambient condi-
tions, and response data were analyzed.

For the high dose gamma-ray exposed HEMTSs devices, electrical characteristics were
slightly degraded in comparison to the pristine devices. Gamma-rays caused a reduction in 2DEG
carrier density and introduced acceptor-like deep level traps in AIGaN/GaN HEMT wafers. The
strain state of the GaN channel layer found to be unaffected after the gamma-ray irradiation. The
effect of gamma-rays was also observed in persistent photoconductivity which was quenched on

devices fabricated on the irradiated samples. The observation and analysis of Raman spectra
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showed that the gamma irradiation could degrade the crystal quality of the HEMTSs. High dose
gamma-ray irradiation introduced traps and/or re-configured the pre-existing traps, influencing the
electrical and optical characteristics of AIGaN/GaN HEMTs. However, based on the observed
characteristics and analysis of the results it can be concluded that AIGaN/GaN HEMTs is relatively
resistant to high dose (120 MRad) gamma-ray irradiation. This claim can be made by comparing
the degradation level in the performance of AIGaN/GaN HEMTSs with the existing reports on Si-
based MOSFETSs (80% degradation) exposed to even lower dose (100 MRad) from ®°Co source.!

Effects of low energy protons (100 keV) on the materials and device characteristics of the
AlGaN/GaN HEMTs were analyzed. A low-energy and low to high-fluences protons were used to
simulate a certain aspect of the space environment. Detailed comparative analysis of the material
and device characteristics from pristine and proton irradiated samples were made prior to and after
the construction of the devices. The overall quality of the HEMTSs crystal remained unaffected
after the proton irradiation. However, from the micro-Raman study, the relaxation in the strain
state of the epitaxial layer could be claimed. Regardless of the fluences, low energy proton beam
did not affect the Ga-N bonding in the crystal and did not change the abundance of surface ele-
mental composition. However, the surface roughness was increased upon irradiation. Transistor
device characteristics were degraded for devices constructed on irradiated epitaxial HEMTSs layers.
The drain output current was degraded by just about 27% for the irradiated samples with lower
fluence whereas the degradation was more intense for the irradiated samples with higher fluences
(for 1x10%2: 45% and 1x10%: 43%). The calculated result showed a large reduction in mobility
after the proton irradiation. The 2DEG sheet carrier density and the bulk carrier concentration
decreased after irradiation of the proton with a fluence of 1x10%° protons/cm? but increased for the

1x10%2, and 1x10%** protons/cm? fluences. These changes were caused possibly in response to the

171



decrease in dislocation density and the irradiation-induced strain relaxation. The shift in threshold
voltage was dependent on the fluence and was consistent with the corresponding variation in the

carrier density.

SPIV measurements and analysis of the results revealed the pre-existence of sub-gap de-
fects on the pristine samples, and also the introduction of new traps due to the proton irradiation
was confirmed. Additionally, the proton irradiation did not affect the trap states of the in-gap re-
gion. In AlGaN/GaN HEMTs, possible migration and recombination of mobile defects upon pro-
ton irradiation could be confirmed with the help of SPIV technique. Therefore, fluence dependent
effects of 100 keV protons on the material characteristics and dc performance as well as the defect
states of AlGaN/GaN HEMTs were investigated using a variety of experimental techniques, and
detailed analysis was performed. Based on the energy and fluence exposed to and the level of
performance of the irradiated HEMTSs devices in reference to the pristine ones, it can be suggested
that the AIGaN/GaN HEMTs have high endurance for exposure to the relatively high fluence of

the low-energy proton beam.

From SPIV measurements we observed two types of defects with different activation en-
ergies, one with ~1.91 eV (650 nm) on the pristine samples used for gamma-ray irradiation and
another with ~1.77 eV (700 nm) on the gamma-ray irradiated samples. Also, the activation ener-
gies of defects were estimated to be ~1.77 eV on both the pristine and irradiated samples used for
proton irradiation study. Therefore, the activation energies of defects introduced by gamma-ray
irradiation and proton irradiation were common. It is believed that the defects with the energy level
~1.91 eV is due to the deep level defects and arise by a transition from a donor charge-transfer
level to the conduction band.? Similarly, the defects having energy level ~1.77 eV is likely an

efficient generation-recombination center for 2DEG carriers.®
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Overall, AlGaN/GaN HEMTs have shown their potentials to be considered as a viable
candidate for the electronic applications in harsh radiation environments from the testing of both
types: ionizing and non-ionizing types of radiations. The results of this dissertation work can be
useful to the scientific community to explore the potential applications of AlGaN/GaN HEMTs
for space military and other civilian applications requiring radiation hard electronics.

8.2 Future Work

As an extension of this dissertation work, two clear paths can be suggested for future work.
First, we employed SPIV technique to characterize the proton and gamma-ray induced defects but
we limited our characterization to only Schottky devices. Transistor devices can also be tested
using a modified version of the system to observe the response in drain current. In addition, we
have added additional components to the system so that it is capable of measuring spectroscopic
photo-capacitance voltage (SPCV) of the devices. Measuring SPCV will deliver much more useful
information regarding the charge states of the defects.

Second, as it is well known, there are different types of energetic particles in the space and
other radiation environments, and they influence the device characteristics in different ways and
impose different types of defects. So, applying the SPIV and SPCV techniques, it can be suggested
that comparative study can be performed on the same material with different types of particle
irradiation (such as electron, neutron, proton, gamma, alpha) and defects can be quantified. Also,
it is worth mentioning that during the fabrication of transistor devices, annealing was unavoidable.
Therefore, irradiated wafers were annealed at 850 °C during transistor fabrication while the diodes
used for SPIV measurements were not annealed. So, some of the device response may not corre-
spond to the same conditions. In future, irradiated wafers without devices can be annealed before

fabricating the Schottky contacts.
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