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Abstract

I11-nitride materials are very promising for high speed electronics/optical applications but still suffer
in performance due to problems during high quality epitaxial growth, evolution of dislocation and
defects, less understanding of fundamental physics of materials/processing of devices etc. This
thesis mainly focus on GaN based heterostructures to understand the metal-semiconductor interface
properties, 2DE(H)G influence on electrical and optical properties, and deep level states in GaN and
INAIN, InGaN materials.

The detailed electrical characterizations have been employed on Schottky diodes at GaN and
InAl(Ga)N/GaN heterostructures in order to understand the metal-semiconductor interface related
properties in these materials. | have observed the occurrence of Schottky barrier inhomogenity, role
of dislocations in terms of leakage and creating electrically active defect states within energy gap of
materials. Deep level transient spectroscopy method is employed on GaN, InAIN and InGaN
materials and several defect levels have been observed related to majority and minority carriers. In
fact, some defects have been found common in characteristics in ternary layers and GaN layer
which indicates that those defect levels are from similar origin, most probably due to Ga/N vacancy
in GaN/heterostructures. The role of structural defects, roughness has been extensively understood
in terms of enhancing the reverse leakage current, suppressing the mobility in INAIN/AIN/GaN
based high electron mobility transistor (HEMT) structures which are identified as key issues for
GaN technology.

Optical spectroscopy methods have been employed to understand materials quality, sub
band and defect related transitions and compared with electrical characterizations. The observation
of 2DEG sub band related absorption/emission in optical spectra have been identified and proposed
for first time in nitride based polar heterostructures, which is well supported with simulation results.
In addition, metal-semiconductor-metal (MSM)-InAl(Ga)N/GaN based photodetector structures

have been fabricated and proposed for achieving high efficient optoelectronics devices in future.

Keywords: Il1-Nitrides, GaN high electron mobility transistors (HEMT), carrier gas, sub bands,

dislocations, defects, leakage current, mobility mechanims
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Chapter 1

Introduction

1.1 Introduction to 111-Nitride semiconductors

Compound semiconductor research has played a major role in technological improvement in
last decades and put the world at a new front. Recent progress in semiconductor research show the
capability of I1I-nitride based semiconductor research as most promising for optoelectronics devices
application and possibly as well as for high speed/mobile transistors development etc. In 1992,
Nakamura [1] successfully realized the p-type doping for GaN and this invention can be considered
as a key date for applications in optoelectronic devices. Since then, light emitting diodes (LEDS)
and laser diodes (LDs) have become possible in a spectral range which could not be achieved using
conventional semiconductors like Si, (Al)GaAs or AllnGaP. In particular, the blue and white LEDs
have shown non-comparable advantages ever since. They are the materials of choice for
ultravioletblue- green optoelectronics and they hold the potential to complement and even challenge
silicon in a number of electronic applications. The main reason for the continuously increasing
success and research in GaN systems for optoelectronic devices is due to ability of tuning its direct
band gap along a wide range of energies. Figure 1.1 represents the band gap range for various
semiconductors and wurtzite 111-N, showing that this semiconductor family covers the whole visible
spectrum. On the other hand, in 1993, Khan [2] realized a heterostructure field effect transistor
based on an AlIGaN/GaN layer structure for the first time, considered as a breakthrough for
electronic device research with nitrides. The two-dimensional electron gas (2DEG) in combination
with superior material properties in terms of large bandgap, high breakdown voltage and high
saturation carrier velocity is an ideal precondition for application in electronic devices.
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Figure 1.1 Band gap variation with lattice constant for various compound semiconductors [3]
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The gallium nitride (GaN) and Aluminium Nitride (AIN) materials were synthesized first in
1930 and 1907 [4, 5] and then grown epitaxially by means of hydrid phase vapour epitaxy (HVPE)
in 1969 by Maruska et al. [6]. In later years, the important breakthroughs were achieved by
realization of the growth via metal organic chemical vapor phase epitaxy (MOVPE), molecular
beam epitaxy [7, 8]. Since then the scientific work done on this material system and it’s exploding
market as depicted in Figure 1.2 according to electronic industry market research and knowledge
network statistics [9]. In the 1992°s the p-type doping was discovered leading to the first high-
brightness light emitting diode (LED) [10]. This pushed forward the development of the InGaN
ternary alloy and consequently the blue laser diode [11]. Indeed, it is an attractive candidate for
optical and electronic devices, with a bandgap covering an unprecedented spectral range from
ultraviolett (UV) to infrared (IR). The predicated market size for various applications with GaN
devices for optoelectronics applications is shown in Fig. 1.3. On the other hand, there are several
main drawbacks which causes the efficiency droop in nitride based devices still need to be
understood and improved with epitaxial quality, fabrication etc. The drawbacks have motivated a
huge research effort on the growth of Ill-nitrides using non-polar and semi-polar crystallographic
orientations by reducing the effects of the polarization-induced internal electric field.
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One of the main drawbacks of Ill-nitride semiconductors is the large lattice-mismatch (LM)
issue of it’s binary compounds with each other which results starined epitaxial layers and limitation
on the thicknesses for the growth of heterostructures. Apparently, AlInN has the capability of
reducing the lattice mismatch by growing the alloy of AIN or InN grown on GaN templates and
thus allowing strain-free, LM heterostructures which offers a new degree of freedom in designing
nitride based heterostructures for various applications. Recently, Kuzmik et. al [13] reported that the
combination of strain-free AlInN epi-layers together with high polarization properties would lead to
superior device performance with respect to AlGaN/GaN heterostructures. Therefore, the LM
AlInN/GaN system is an ideal candidate for high power/frequency electronics etc.

Due to optimization of LM structure with strain free AlInN/GaN heterostructure which is
considered ‘state of art’ for electronic devices research and have been reported with superior high
mobility and 2DEG density properties by Gonschrek [14]. As a further research work, it was found
that unfortunately these electrons forming the 2DEG suffer from poor in-plane transport properties.
As a development/improvement part, it was proposed that insertion of thin AIN layer could improve
the quality of this ‘state of art’ heterostructures based transistor for next generation power devices.

1.2 Objective of the thesis

The objective of this thesis is concerned with various prospects of Ill-nitride based
heterostructure for different applications. The focus has been given in order to provide the detailed
investigation on general properties investigation to the physical phenomena for electronic
application and very new results on defect related investigation on AlInN/GaN based
heterostructures with varying AIN interlayer thickness. Additionally, InGaN based structures have
been investigated in order to understand the defect levels and their properties followed by optical
properties of photodetector structure.

The thesis starts with chapter 1, an introduction to Ill-nitride semiconductors and it’s
achievement in research and development over other semiconductors also with it’s increasing
market size for electronic and optoelectronics applications. The chapter finishes with the
introduction with organization of the thesis.

Chapter 2 gives an overview on Ill-nitride semiconductor materials properties i.e. structural,
electrical and optical which is kind of unique among all semiconductors, particularly with the
existing polarization within the materials which offers the possibility of 2DEG and 2DHG systems.
This also provides information on type of defects in semiconductors and their influences on nitride
based heterostructures performance and issues.

Chapter 3 mainly describes the main experimental techniques used for research during the thesis
work. The experimental techniques used in for this thesis ranges from basic electrical
characterization to Deep level Transient spectroscopy (DLTS) followed by optical methods such as
Surface Photo Spectroscopy (SPS) and Photo-Current spectroscopy (PC).

Chapter 4 deals with detailed characterization of GaN layer by in order to understand the electrical
properties such as Schottky barrier inhomogeneity, leakage mechanism, and optical and defect
related studies. The defects extracted by using DLTS technique are compared with optical methods
and found in good agreement with each other. The ‘yellow luminescence’ related issue has also
been discussed by considering the nature of dislocations.
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Chapter 5 describes the a very detailed investigation of lattice mismatched InAIN/AIN/GaN based
heterostructures with varying AIN interlayer thickness in order to understand the role of AIN layer
on electrical and optical properties. It has been observed that thin AIN layers enhance the
performance of the device while thick AIN layers cause structural deformation and results in
substantial reduction in performance [15, 16]. The electrical analysis allow understanding the
properties like mobility, 2DEG density variation with varying AIN thickness which can be used to
optimizing the interlayer thickness by growers to improve the quality and properties [17]. DLTS
analysis gives information to identify the deep levels in structures and also allows defining them as
extended defects connecting to the trap responsible for Poole-Frenkel mechanism [18]. The defect
levels identified have not been reported in literature so far. Moreover, we have also observed the
effect of 2DEG density variation on optical properties which have never been reported in terms of
2DEG related transitions above GaN bandgap in such heterostructures [19]. In addition, we have
observed similar phenomena in case of LM structures and also proposed the observation of Fermi
Edge singularity (FES) phenomena attributed to high 2DEG density in heterostructures. In later
part, MSM based photodetector structure has been fabricated and the possibility of developing
optoelectronic devices with high efficiency is discussed.

Chapter 6 is mainly dedicated to study InGaN/GaN heterostructures to detect the deep levels,
understand the optical properties and propose an efficient Photodetector structure. DLTS
investigation detects majority and minority carrier related traps, where minority carrier related trap
emission is attributed to InGaN/GaN interface. Surface photovoltage spectroscopy studies mainly
focus on energy gap determination for varying In content in InGaN layer, which also defines the
bowing parameter for InGaN alloys. In later part, MSM based photodetector structure has been
fabricated and surface and heterojunction (interface) related efficiency is compared, which gives a
possibility of developing optoelectronic devices with high efficiency.
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Chapter 2

Background on I11-V nitride materials
properties

(In, Al, Ga)N based system is very promising for various applications such as high
frequency, high power HEMTSs, in addition for optoelectronic devices as solar blind UV detectors,
UV LEDs, UV laser diodes, biosensors, pressure sensors, and MEMS [1-5]. Focusing on the
properties that give nitrides a huge advantage in HEMT applications, a number of material metrics
combine to give GaN-based devices great potential. This Chapter gives an introduction to
important material properties of wurtzite nitride semiconductors: crystal structure, polarization
field and defects in Il1-nitride and key issues.

2.1 Crytall structure properties

2.1.1 Crystalline Structure and Symmetry

(In, Al, Ga)N mainly exists in two crystallographic types, known as zinc-blende (B-phase)
and wurtzite (a-phase). The wurtzite phase is thermodynamically stable in comparison to metastable
cubic, with energy gain/atom of 18.4 meV, 9.9 meV and 11.4 meV for AIN, GaN and InN,
respectively. The possibility of co-existence of wurtzite and cubic phases is high because energy
barrier is not high enough to prevent the mixing, demanding critical tuning of growth conditions.

The wurtzite GaN phase shows hexagonal symmetry [shown in Fig. 2.1(a)] and belongs to
the space group P63mc (C46v). The lattice consists of two merged hexagonal sub-lattices shifted by
3/8[0001] for GaN. The two sub-lattices are composed of group-111 metal and nitrogen atoms,
respectively. Fig. 2.1(b) represents the GaN in zinc blende phase, with cubic symmetry. Cubic GaN
belongs to F43m (T2d) space group consisting of two face-centered cubic structures shifted by
Y4[111], with both metal and nitrogen atoms occupying appropriate sites.
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Figure 2.1 (a) Waurtzite and (b) Zinc-blende structures of GaN. The red and blue spheres indicate
Ga and N atoms, respectively

The hexagonal crystal structure of 111-Ns, illustrated in Fig. 2.2a, is represented by the edge
length a of the basal hexagon along the [11-20] axis, height ¢ of the hexagonal prism along the
[0001] axis, and the anion-cation bond length u along the [0001] axis. The anion-cation bond length
is considered because it changes with different cations and ionic radii [6]. The notation for the four
indices (h k i 1) is assigned to the three base vectors a;, a,, az and c. The third index i is defined as -
h-k. All the three base vectors are separated by angle of 120°. It must be remembered that, unlike
the cubic orientations, the Miller indices of hexagonal orientations do not lead to identical planes on
permutation. In the hexagonal system, equivalent crystallographic planes can be identified by
permutation of the three basal Bravais indices h k i. In addition, different type of planes (polar) have
been also shown in Fig. 2.2b, where aj, a, are at 120° and a3 is parallel to c-axis. The lattice
parameters of binary GaN, InN and AIN are indicated in Table 2.1. For ternary compounds like
AxB1.xN the lattice parameters can be deduced using Vegard’s law [7]:

s =Xa, +(1—X)a, (2.1)

Table 2.1 Lattice parameters of bulk InN, GaN and AIN

InN GaN AIN

c (A°%) 5.693 5.186 4.982
a (A°) 3.533 3.189 3.112
cla 1611 1.626 1.600
u 0.377 0.377 0.382
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Figure 2.2a Hexagonal structure with representations for the base vectors aj, az, a3
and the lattice parameters a and ¢

m-plane

Figure 2.2b The dark (red and green) shadow areas show the m-plane and a-plane, respectively,
while grey shadow area shows c-plane [8]

In both cubic and hexagonal phases, the atoms are tetrahedrically bonded and the structures
if rotated along equivalent axis by 60° can be transformed into either zincblende or wurtzite ([111]
or [0001], respectively, as indicated in Fig. 2.3. As a result, the major aspect which differentiates
the wurtzite and cubic crystalline structures is the stacking sequence shown in Fig 2.4. The wurtzite
phase (0001) plane is stacked in ABAB... sequence and cubic phase (111) plane exhibits
ABCABC... stacking.
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(b)
Q

[0001]

&

Figure 2.3. Atoms bonded in tetrahedron for (a) zinc-blende and (b) wurtzite arrangements.
Interchangeable on rotation along [111] and [0001] directions for cubic and wurtzite respectively

LI ) 11T
oo T T T T T LT o
LI L1y

e e e

Figure 2.4. Stacking sequence for (a) (0001) planes in wurtzite ([11-20] azimuth),
and (b) (111) planes in zinc-blende ([1-10] azimuth)

The wurtzite crystals being non-centrosymmetric, the barycenters of positive and
negative charges carried by group 11 metal (In, Al, Ga) do not necessarily coincide
along the c-axis. The presence of polarization is strongly connected to the unit cell
symmetry of the crystal. This asymmetry is the origin of the pyroelectric nature of wurtzite
(In, Al, Ga)N, which will be discussed in next section.

2.1.2 Crystal Polarity

The hexagonal lattice is not centrosymmetric and, as a result, [0001] # [000-1], as shown in
Fig. 2.5. If we consider the bonds between Ga-N along the <0001> direction, the vector pointing
from Ga to N is arbitrarily identified as [0001], and the material grown along this direction called
Ga-polar, whereas the material grown in the opposite direction is called N-polar. Therefore, the Ga-
polar structure is the mirror image of N-polar structure. However, the surface properties in terms of
chimica behavior, morphology or thermal stability are strongly affected depending on whether the
structure is Ga or N polar. The polarity of the films can be confirmed by various methods like wet
chemical etching, characterization of physical morphology and convergent beam electron
diffraction.
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A

[0001] [0001]

substrate

substrate

Figure 2.5 Ball and stick model of wurtzite showing polarity in GaN: (a) Ga-polar along [0001],
(b) N-polar for [000-1]

Ga-polar GaN is usually preferred because it favors two-dimensional growth; on the
contrary, N-polar GaN usually displays rough surface morphology. The GaN grown on sapphire is
systematically Ga-polar when grown by MOVPE, but in the case of MBE growth, the polarity
depends on the substrate preparation (nitridation or not) and on the nature of the buffer layer [9, 10,
11, 12, 13]. In contrast, in the case of growth on SiC (either 4H or 6H), the polarity is imposed by
the polarity of the substrate. Thus, I11-N deposition on the (0001) face of SiC, also called Si-face,
will result in metal polarity, whereas growth on the (000-1) face of SiC, the so-called C-face, gives
rise to N-polar material [14, 15, 16, 17].

2.1.3 Spontaneous and piezoelectric polarization

The existence of polarization make Il1-nitride semiconductors special and this has been one
of the main driving force for research community. The presence of polarizations is strongly
connected to the unit cell symmetry of the crystal. The polarization properties exist for nitride
semiconductors in both the zincblende and wurtzite phases, which are closely related to each other.
The polarization phenomena exist in two different ways as (1) Spontaneous Polarization (Psp) and
(2) Piezoelectric Polarization (Pp;). Thus total Polarization can be expressed as

P

total — Psp + sz + I:)ext (2-2)
Thus, in case of absence of external electric field, the total Polarization contribution is mainly from
spontaneous and piezoelectric polarization in solids.

Spontaneous polarization In the case of zincblende, compound semiconductors, such as
GaAs or GaN, have four symmetry equivalent polar <111> axes whose contributions eliminate each
other in equilibrium. Hence, these materials are free of electrical polarization at equilibrium. In
contrast, the wurtzite phase has a singular polar axis, namely, the [0001] axis as shown in Fig. 2.6
[18]. Thus, the wurtzite phase carries spontaneous polarization along [0001] even at equilibrium.
One typical example of spontaneous polarization is shown in Fig. 2.6 for AIN/GaN interface
structure on Ga-face GaN substrate.

10
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Figure 2.6 Spontaneous polarization at AIN/GaN interfaces in a heterostructure with Ga-polarity,
i.e., the c-direction bonds point from Ga to N sites. The surface also represents the Ga layer [18].

Figure 2.7 illustrates the microscopic picture of polarization in a slab of strain-free GaN
[19]. Each unit cell can be thought to contain a charge dipole that is formed due to the spatial
separation of the barycentre of the negative charges due to the electron clouds and the positive
charge due to the nuclei. The dipoles in every layer of unit cells neutralize each other in the bulk of
the semiconductor, but form sheet charges +o, on the surfaces. A free Ga-face surface develops a
negative sheet charge, and a positive sheet charge forms on the N-face
surface. The net electric field in the bulk of the semiconductor is therefore not zero, but
E,_ =0, /& by Gauss's law. Note that this is the field if the bound sheet charge dipole that forms on

the free surfaces is not neutralized by the flow of mobile charges.

charge
+ve -ve neutrality

(0001)

oy

¥,
A memead ++ ++ 4+ 4+ + —]0;

GaN bulk (unstrained) GaN bulk (strained) Dipole sheets Bulk polarization field

Figure 2.7 Microscopic picture of spontaneous polarization in a freestanding GaN slab.

An estimate of the electric field in Ill-nitrides arising from the polarization sheet charges
gives E; = 1 - 10 MV/cm. Such large fields cause a major redistribution of charges in
the system. What is interesting is that these large fields are frozen into the system by means
of the crystal structure and they do have striking effects on the band diagrams, charge
accumulation and depletion. In general, the steady-state picture is much different from the
flat-band situation one finds in standard heterostructure device physics. In a compositionally
uniform, unstrained bulk polar material that possesses spontaneous polarization, the total

11
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polarization P is constant in space and the volume density of polarization charge vanishes
(mathematically, (V.P)=0 but (P=0). Due to the absence of net charge in the bulk, the

macroscopic electric field has a magnitude E, =o, /&, where ¢ is the dielectric constant of the

semiconductor. This electric field can be related to the surface charges o, =P.nof a slab of the

material by Gauss' law.

Bernardini et al. [20] and Ombacher et al [21] theoretically calculated the spontaneous
polarization in ternary alloy AxB1.xN as a function of the x. Because of the nonlinear dependence of
the cell internal parameter on alloy composition a nonlinear behavior of the spontaneous
polarization versus x has to be expected. Bernardini et al. pointed out that the different response to
the hydrostatic pressure of the binary constituents of the alloy should contribute significantly to the
nonlinear behaviour of spontaneous polarization in ternary random alloys [21]. Thus, the
spontaneous polarization of the random ternary nitride alloys is given to second order in x by (in
Cm):

Py (X) = P2 x+ 3 (1— ) +bx(1-X)
P/f,‘ga,\, (x) =-0.090x —0.034(1— x) +0.021x(1- x)

P () =—0.090x —0.042(1— X) + 0.070x(1— X) 2.3

AlInN

PP & (X) =—0.042x —0.034(1— x) + 0.037x(1— X)

The first two terms in the equations are the usual linear interpolation between the binary compounds
(such as InN, GaN, AIN). The third term embodies nonlinearity to quadratic order (see also figure
2.8). Higher-order terms are neglected as their effect was estimated to be less than 10%. The b
parameter is defined as bowing parameter for band gap calculations in alloys which will be
discussed in next sections.

InxGa'l_x N
b = 0.037 C/m?

L GaN

Alxln]_x N
b = 0.070 C/m?

pSP [Cz’mzj

Al,Ga; N
1 b = 0.021 C/m?

-0.08 ¢

=0, 110 st

Figure 2.8 Predicted spontaneous polarization for random, ternary alloys with wurtzite crystal
structure. The dependence of Psp on x can be approximated with high accuracy by quadratic
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equations (2.3). The nonlinearity can be described by positive bowing parameters increasing from
AlGaN to InGaN and AlInN [21].

Piezoelectric polarization In practice, semiconductor layers are often grown under strain
due to the lattice mismatch to the underlying layer. In other words, the asymmetry in the unit cell or
the lack of inversion symmetry can be further enhanced when strained on materials with a lattice
mismatch, a source of additional piezoelectric polarization. The contributions of the four polar axes
of zincblende structures eliminate each other for growth along a <111> direction. However, growth
along one of the polar axes lifts the symmetry and the crystal exhibits piezoelectric polarization. In
contrast, the wurtzite structure with its unique polar [0001] axis always carries piezoelectric
polarization for any growth direction.

The piezoelectric polarization field, Py, is expressed in terms of piezoelectric constants ejj
and deformation of a crystal ;as follows:

Py =D 8¢ (2.49)

The equation indicates that the applied strain changes the dipole moment along the [0001] axis; as a
consequence it induces macroscopic polarization with magnitude linearly dependent on the
polarization tensor of the material. The equation can be written in a different form:

Py, = 2_d40, (2.4b)

Where, Py is linearly related to all components of general stress ¢j and piezoelectric moduli djj. Both
the above equations tell the same concept and are related by Hooke’ law, which state that, for small
stress, the amount of strain is proportional to the magnitude of the applied stress. Therefore,

o, = ZCijgj (2.4c)

Where, Cj; is the stiffness or elastic constant tensor. In this thesis we will stick to e; (di; Cji) for
theory and calculations for the sake of uniformity. In the case of wurtzite structure, due to the
crystal symmetry, the elastic constant tensor contains five independent coefficients, as described
below:

C, C, Cy 0 0 O
C, Cys Cy 0 0 O
Cs Cs G 0 0 0
C-l0 0 0 C,0 O 25)
0 0 0 0C,O
0 0 0 00 %(cﬂ—clz)

The value of elastic coefficients, experimentally measured and theoretically calculated by several
groups for InN, GaN and AIN are summarized in Table 2. 1l
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Table 2.11 Experimental and theoretical stiffness constants of InN, GaN and AIN in GPa

Cu Cup Ci3 Css Cu References
271 124 94 200 46 [22] theory

InN 223 115 92 224 48 [23] theory
374 106 70 379 101 [24] exp.
396 144 100 302 o1 [22] theory
367 135 103 405 95 [23] theory

GaN

AIN 410 140 100 390 120 [25] exp.
396 137 108 373 116 [23] theory

During heteroepitaxy of Ill-nitrides on the (0001) plane, the in-plane stress is uniform
(o, =0, =0c)and there is no stress along the c-axis or shear stress. In that particular case (biaxial

stress configuration), equation (2.4c) gives:
gy = gx; &€ = _2(C13 /C33)8x (26)
where, ¢, =(c—¢,)/c,, and ¢, =¢, =(a—a,)/ a,,c, and a,are unstrained parameters.

Due to crystal symmetry we have only three non-zero independent constants ess,
es; and eys, so that equation (2.4a) can be written as

81
&
0000 e 0
- &
P.=[0 0 0 e 0 0x°| op
€,€,6,0 0 0 ‘
&5
&g

With eg. (2.6) and (2.7), we obtain that the in the case of biaxial strain piezoelectric polarization
vector is along [0001] axis and the module can be obtained by:

33

C
sz[0001] =2¢, [631 —€33 C_BJ (2.8)
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with the piezoelectric constants es; and es; and the elastic constants Cy3 and Css. Hence, the
piezoelectric polarization is along [0001].

As a consequence of equation (2.7) and of the linear interpolation of the elastic and
piezoelectric constants, the piezoelectric polarization is nonlinear in terms of the alloy composition.
The nonlinear dependence of the piezoelectric polarization on the alloy composition can be
approximated with accuracy better than 1% by the following quadratic equations [21]:

P () =[-0.28x—0.113(1 - x) +0.042x(1— x)]inC m ™

P ey (X)=[-0.0525x+0.0282%(1- x)]inC m™ (2.9)

P an (X)=[-0.026(1— x) +0.0248x(1—x)]inCm~

P i (X)=[-0.28x+0.104x(1—X)]inCm™

P2 e (X)=[-0.0525x +0.148(1- x) +0.0938x(1— x)]inC m™ (2.10)

P an (X)=[-0.182(1- x) +0.092x(1- x)]inC m

P2 i (X)=[-0.113(1—x)-0.0276x(1- x)]inC m™?

P2 vean (X) =[+0.148x—0.0424x(1—X)]inCm~ (2.12)

P2 v am (X)=[+0.182(x) +0.026(1— x) —0.0456x(1— x)]inC m ™

For heterostructures with barriers under moderate strain [21], these equations can be used as
an input, either directly as polarization, as interface-bound sheet charge, depending on the
implementation, in a self-consistent Schrodinger—Poisson solver based for example on effective-
mass or tight-binding theory.

The caIClZJIated nonlinear piezoelectricity of the binary compounds can be described by the relations
(inC-m™):

P =-1.808c+5.624¢>  for £<0 (2.123)
P =-1.808c-7.888s>  for £>0 (2.12b)
P =-0.918¢+9.541¢° (2.12c)
PX =-1.373¢+7.559¢° (2.12d)

Therefore, the calculation of the piezoelectric polarization of an AB1«N alloy at any strain
becomes straightforward. One can choose a value for x, calculate the strain ¢; = &(x) from Vegard’s
law, and the piezoelectric polarization by

Pien (0 =XP (60)+1—X) By (¢(X) (2.13)

where, PX (&(x)), P (e(x)) are the strain dependent bulk piezoelectric field polarizations of the
relevant binary compounds mentioned above.

Polarization constants The spontaneous and piezoelectric polarization constants for InN,
GaN and AIN are indicated in Table 2. Ill. Usually, materials constants of group-IlI nitrides are
determined by ab initio density-functional theory (DFT) calculations in the framework of the local-
density approximation (LDA). In the case of spontaneous and piezoelectric polarization constants, it
is important to note that these materials constants critically rely on structural data such as, e.g., the
lattice constant ratio c/a and the anion-cation bond length uc along the [0001] axis. We observe that
the magnitude of piezoelectric constants is ten times higher than GaAs or CdTe compounds, due to
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the strong ionic character of the I1I-N bond. In bulk materials, rearrangement of surface charges
cancels spatially uniform polarization-induced electric fields. However, for heterostructures,
variation in composition and strain induces internal electric fields in the layers.

Table 2.111 Spontaneous and piezoelectric coefficients of various semiconductors [19, 21]
Note: no spontaneous coefficients for GaAs and CdTe (cubic symmetry materials)

Ps, (C m?) es1(C m™) ess(C m?)
InN -0.032 0.57 0.97
GaN -0.029 0.49 0.73
AIN -0.081 0.60 1.46
GaAs - 0.06 0.12
CdTe - -0.01 0.03

2.1.4 Polarization in Heterostructure and 2-Dimensional Electron/Hole Gas

The band gap of GaN is narrower in comparison to that of AIN. Any abrupt change in
material results in abrupt band offset at the semiconductor heterointerface which must be step-like
in normal cases. However, the difference in spontaneous and piezoelectric polarization across the
heterointerface affects the band structure to a large extent in 111-N, leading to charge depletion or
interface charge accumulation. The amount of charges at the interface depends on the strain and
material composition.

As mentioned above, the total polarization P is the sum of the piezoelectric and spontaneous
polarization,

Pasn =Paan + PASE':N (2.14)
Associated with a gradient of polarization in space is a polarization-induced charge density
given by
pPo=—VP (2.15)

As a special case, at the surface of a relaxed or strained AB1«N layer, as well as at the
interfaces of a AyB1—xN /GaN heterostructure, the total polarization changes abruptly, causing a
fixed two-dimensional polarization charge density o, given by

O pot = O pan = Pagn = P2, + P for surfaces  (2.16a)
O pol = O pBN/GaN = Pean — Pasn
= (PGF;ZN + PGS:N )- (PA%ZN + PASBPN )
16
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Figures 2.9 (a) and (b) show the polarization-induced surface and interface sheet density o/e
(e = —1.602 x 107*° C) for relaxed and strained binary nitrides as well as for pseudomorphic
AB1xN/GaN heterostructures. The (spontaneous) polarization-induced bound surface density of
relaxed InN, GaN and AIN crystals is determined to be 2.62 x 10%, 2.12 x 10" and 5.62 x 10"
cm 2, respectively, which is equivalent to approximately two and five electron charges per every
100 surface atoms. If a biaxial compressive strain of e.g. ¢ = —0.02 is applied to the crystals, the
surface charges are reduced to 0.72 x 10", 0.74 x 10" and 3.22 x 10™ cm?, respectively (figure
2.9 (a)). For compressive strains in InN, GaN and AIN of ¢ = —0.025, —0.030 and —0.045 the
piezoelectric polarization compensates the spontaneous polarization and the strained crystals should
be without surface charge and internal electric field. As can be seen from figure 2.9 (a),
compressive strain reduces and tensile strain enhances the bound surface charge. It should be
mentioned that for relaxed layers grown along the c-axis on a substrate of choice, the surface charge
is positive (negative) for material with N-face (Ga-face) polarity.

As in ferroelectrics, the bound surface charge can be screened by oppositely charged surface
defects and adsorbed charges from the environment [26]. If the screening of the surface charge by
defects or the ambient is not complete, the carrier concentration profiles inside the crystals will be
affected [27]. For example in slightly n-type doped Ga-face GaN grown on c-Al203 substrates free
electrons are expected to accumulate at the GaN/Al,Os interface compensating the positive bound
(mainly spontaneous) polarization-induced interface charge +o, whereas the negative surface charge
on top of the GaN layer —¢ is only partially compensated by the ionized donors. As a consequence a
significant band bending at the Ga-face GaN surface is expected.

Since screening by charges from the ambient at AB; xN/GaN interfaces can be excluded,
polarization-induced effects are much easier to study in heterostructures in comparison with single
epitaxial layers. For pseudomorphic Ga-face AlyGa;xN/GaN (0 < x < 1) and AlkIn;—«N/GaN (0.71
< x < 1) heterostructures, the polarization-induced interface charges are predicted to be positive
(figure 2.9 (b)). In both cases the bound charge increases nonlinearly with x up to 7.06 x 10" cm™?,
estimated for the AIN/GaN heterostructure. For Ga-face In,Ga;—xN/GaN (0 < x < 1) and AlIn;«N
/GaN (0 < x < 0.71) heterostructures o is found to be negative. Again the polarization-induced
interface density changes in a nonlinear manner if the alloy composition is varied. For
pseudomorphic InN/GaN heterostructures a very high value of the bound sheet density of 14.4 x
10" cm 2 is calculated.

In n-type heterostructures it has to be taken into account that free electrons will accumulate
at interfaces with positive bound sheet charges, compensating +o. As a consequence a 2DEG with a
sheet carrier concentration close to the concentration of the bound interface density +o/e can be
formed. It should be pointed out that these 2DEGs are realized without any need of a modulation-
doped barrier. This is of special interest for the fabrication of high-frequency and high power
HEMTSs, as the growth and processing of these devices is significantly simplified.
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Figure 2.9 (a) Bound surface density of wurtzite GaN, InN and AIN crystals caused by a gradient in
piezoelectric and spontaneous polarization at the surfaces in dependence of biaxial strain applied in
the basal plane. (b) Bound interface density of pseudomorphic AlGaN/GaN, InGaN/GaN and
AlInN/GaN heterostructures grown on relaxed GaN buffer layers with Ga-face polarity. Positive
(negative) polarization-induced interface charges are screened by electrons (holes) in n-type (p-
type) samples, causing the formation of two-dimensional carrier gases [19, 21]

The polarization difference results in a fixed charge sheet, oo at the heterointerface. Now,
let us try and identify the modification in the band diagram introduced by this fixed interface
charge. In general, heterostructures are grown Ga-face GaN substrate so we will focus on GaN

based heterojunctions. Figure 2.10 shows the sign of the polarization vectors and the resulting cpol
for different cases.
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Figure 2.10 Polarization directions and sheet carrier density in GaN and AIN for different
conditions of strain in: (a) unstrained GaN or AIN or InN (b) tensile strained AIN grown on relaxed
GaN buffer (c) Compressive strained GaN on relaxed AIN buffer, (d) Compressive strained InN on
relaxed GaN buffer.

For instance, in the case of AIN strained on GaN, both the difference in spontaneous and
piezoelectric polarization lies in the same direction, leading to positive oy at the interface and
hence to the formation of a two dimensional electron gas (2DEG) in GaN by rearrangement of free
carriers. Conversely, when GaN is compressively strained on an AIN buffer layer, the polarization
difference have opposite sense, leading to negative oy, and hence to a depletion region in the GaN.
The corresponding band diagrams are depicted in fig. 2.11.
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Figure 2.11 Schematic description of the potential profile at nitride heterojunctions
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The built-in electric field in 111-N heterostructures offers many interesting properties to
emerge, which can be either engineered according to our advantage for device design. For instance,
the 2DEG formed at the GaN/AIGaN interface can be used to fabricate high electron mobility
transistors (HEMTSs), with sheet carrier concentration comparable to those obtained by doping the
channel. Since the structures are non-intentionally doped, the mobility is not degraded on scattering
by the presence of ionized donors which is the case.

2.1.5 High Power High Frequency HEMT’s on In(Al)GaN/GaN

Until recently, AlGaN/GaN material quality has been insufficient to produce high quality
microwave devices. The recent improvements in GaN material quality that allow the fabrication of
high frequency transistors have largely been driven by the commercialization of GaN for optical
applications. These applications were made possible by the implementation of p-type doping in
GaN by Amano et al. and the improved p-type doping concentrations by Nakamura in 1992 [28,
29]. The original applications for the Group Il1-Nitride material system were laser diodes, light
emitters, and UV detectors. Due to the direct, wide bandgap of these materials, these devices have

been implemented in a wide range of color applications from the UV to visible including displays
by incorporating varying amounts of Al, In, and Ga with a large degree of commercial success [29].
More recently, AlIGaN/GaN has been used for HEMT’s in highfrequency, high-power devices.
Taking advantage of the piezoelectric charge forming a two-dimensional electron gas (2-DEG) at
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the AlGaN/GaN interface, many researchers have been able to implement HEMT’s with channel
current-carrier densities an order of magnitude higher than those formed with AlGaAs/GaAs. The
high temperature stability of GaN compounds and high breakdown voltage of these materials allow
very high density power operations which greatly exceed the power handling abilities of all other
material systems to date with the exception of SiC. While HBT’s would yield superior frequency
response and power handling, their implementation has been largely unsuccessful due to the
inability to make high enough quality p-type GaN and reliable ptype ohmic contacts [30, 31]. The
p-type ohmic contacts being used for LED’s are not good enough for microwave devices. Ohmic
contacts to n-type GaN have been highly successful [32, 33]. Most I1I-Nitride microwave device
research is currently focused on HEMT’s, which require only n-type ohmic contacts.

Nevertheless, a great deal of research is currently focused on the substitution of the AlGaN
barrier with an InXAll_XN barrier [34, 35, 36].[The motivation for such a shift when AlGaN/GaN

HFETs are alreazdy near adoption is essentially the ability to induce an even larger carrier density

13 -
(>2.5x 10 cm ) due to the relatively large difference in polarization at the interface where the 2-
dimensional electron gas (2DEG) resides coupled with the larger conduction band offset afforded to
INAIN as compared to typical AlGaN barrier layers, resulting in better carrier confinement in the
quantum well [37]. Additionally, the pairing of InAIN with GaN is attractive because these
materials can be lattice matched, circumventing strain related maladies that plague the AIGaN/GaN
system [34].

Higqssheezt density coupled2 with respectable mobilities at {goml t(ler1212perature (for example,
nS:2.6 x 10 cm and p=1170 cm /V/s for a product of over 3x10 V s ) promises high current
density in InAIN channels. In fact, record current densities of 2.3A/mm and 2.8A/mm have been
achieved with forward biased gates in DC and pulsed modes, respectively [38] Regarding device
scaling, Medjdoub et al. showed no change in sheet carrier density down to 9 nm and operation
down to 3 nm InAIN barrier thicknesses, demonstrating the benefits in terms of scalibility of InAIN
barrier layers over AlGaN barriers. Additionally, the same group [38] demonstrated FET
performance at 1000°C, which may have never been demonstrated in ANOY device prior to this point

and upon returning to room temperature after operation at up to 1000 C, it appears that ID, gate

leakage, and pinchoff voltages are all preserved. These factors motive the further development on
InAIN-based HFETSs. In the following we will discuss our own results, discuss the spectre of hot
phonon lifetime, which limits the ultimate performance of the HFETS, and provide experimental
evidence of the ability to tune the hot phonon effects, resulting in enhanced microwave performance
and reliability of InAIN-based HFET devices.

State of the Art Transistors Even though GaN and related compounds still have a large
number of growth related defects compared to other materials, HEMT’s made from AlGaN/GaN
heterostructures have impressive performance. As early as 2001, with 0.12 um gate devices, fr and
fuax as high as 101 and 150 GHz have been reported for AlGaN/GaN HEMT’s on SiC substrates
[23, 25] Other researchers report very high power operation with saturated output powers as high as
10.7 W/mm at 10 GHz [31-33]. There have been many successful attempts at making HEMT’s on
various substrates for improved power dissipation. Microwave applications include mobile-phone
base stations, non-mobile wireless systems such as fixed wireless access systems, wireless local
loop systems, or local multipoint distribution systems, and military applications such as tracking
systems, communications, and frequency jammers. GaN based devices are touted as being the
material of choice for high performance devices for use in harsh operating environments since they
require less cooling. INAIN/GaN based transistors are more promising as they offer better propertied
to AlGaN/GaN based devices.
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2.1.6 Band structure of 111-Nitrides

a) Band diagram

The bandgaps of Ill-nitride semiconductors cover a wide energy range that goes from the near
infrared to the deep ultraviolet (Several groups have investigated the band structures of both GaN
and AIN using different methods such as the all-electron relativistic, full potential, linearized
augmented plane wave (FLAPW) method [39, 40]. The band structures of GaN and AIN are
represented in fig. 2.12, showing direct band gap with the conduction and valence band minima
situated at the I point.
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Figure 2.12 Calculated band structure of GaN (left) AIN (right) [39, 40]

Due to the asymmetric nature of wurtzite structure the valence band degeneracy is lifted due
to the crystal field and spin-orbit coupling. Thus the heavy hole (A), light hole (B) and spin-orbit,
crystal field splitting (C) subbands are separated. The bands have their symmetry at the I' point with
I'9 for A and I'7 for B and C subbands, as shown in Fig 2.13. In the case of GaN, the energy
difference between the valence band subbands is given by AEag = 6 meV, AEcg = 37 meV, with the
values of degeneracy by the crystal-field and spin-orbit A = 10 meV and Ay, = 17 meV
respectively [41]. In the case of AIN, A, = -169 meV, i.e. the top of the C subband is at higher
energy than the A or B subbands.

21



Chapter 2

I 7 6 meV

Ay =10 meV

v L 2

. T,

Iy

(T Spin-orbit coupling C
Crystal field O e TRICODTCOPNE L 0 I N
’ both

Figure 2.13 Schematic representation of the valence band splitting in wurtzite GaN

The band gap of binary compounds like GaN and AIN have been well established long back,
but lot of ambiguity surrounded InN until the year 2001. Now a consensus has been reached on a
value 50% lesser than previously obtained values of 1.9 eV [42]. Advances in epitaxial growth
techniques have allowed fabrication of single crystal InN exhibiting a fundamental gap of ~ 0.62
eV. The band parameters for GaN, AIN and InN have been summed up in Table 2.11. For ternary
compounds like AlGaN or InGaN the band gap is approximated by a quadratic equation:

E, (AB)=XE, (A) +(1-X)E¢ (B)—x(1—x)b (2.17)

where, where Eg (A) and E4 (B) are the bandgap values for the two binary compounds. Various
values can be found in the literature for the bowing parameter b as it strongly depends on the
sample strain state and quality. The bowing parameter has value of 1- 1.5 eV [43, 44] in the case of
AlGaN. In that context, some recent works have succeeded in establishing widely accepted values:
1.4 eV for InGaN alloys and 5-6 eV for the AlInN alloy. One nevertheless should keep in mind that
Equation (2.17) is a phenomenological description. Recently, the bandgap of AlINN was
successfully described with a composition dependent bowing parameter of the form
bannn=15.3/(1+4.8 x) [45].
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Table 2. 1V Band parameters of InN, GaN and AIN

InN GaN AIN

E, (@ 300 K) 0.66+ 0.02 3.40 6.2
E, (@ 0 K) 0.62+ 0.02 3.48 6.28
a 0.414 0.909 1.999

B 454 830 1429

£ 15.3 8.9 8.5

€» 8.4 5.35 4.77

In semiconductors, the band gap depends upon the temperature mainly due to the lattice
expansion and the electron-lattice interaction. The evolution of the band gap with temperature can
be represented by the expression below proposed by Varshni et al. [46]:

aT ?
p+T

E,(T)=E,(0K)- (2.18)

where, a and B are constants calculated taking into account the electron-phonon interaction. There
are widespread values reported in the literature. In my calculations, | used the values published in
ref. 41 for simulation of GaN and AIN heterostructures.

b) Effective masses

Figure 2.14 shows the bands around the I" point for GaN and AIN. We observe that I'9
symmetry is heavy along all the k directions, but I'7 is strongly anisotropic, for instance, light along
kx and ky directions and heavy along k, for GaN. It is therefore important to account for such
anisotropic effective masses during band engineering design of heterostructures. Table 2.V lists
reported values of the average electron and hole effective masses of AIN and GaN materials.
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Figure 2.14 Valence band structure of (a) GaN (b) AIN, indicating the anisotropy

For small values of the k vector near the center of the Brillouin zone (I') the dispersion of the bands
is expressed within the parabolic approximation

21,2
E(e,h)=E,, (k=0)- nk

* (2.19)

e,h
where, m.* and my* are the effective masses of the valence and conduction band, respectively.

Table 2.V Effectives masses for electrons (me*/m0), heavy (mhh*/m0) and light (mlh*/m0) hole
parallel (||) and perpendicular (1) to the polar [0001] axis in isotropic approximation around the
point. Values are taken from ref.47

Me /Mo | Me/Mo | Mun /Mo | Mo /Mg | min /mo | min /mg
CEEE() ) (h ) (b
GaN 0.2 0.2 1.6 11 0.15 11
AIN 0.4 0.4 10.42 3.53 0.24 3.53
InN 0.07 1.63 0.27

¢) Band offsets

Heterostructures, with band discontinuities for valence band (VBO) and conduction band
(CBO), have dual importance optically and electrically: optically they can be used to form
waveguides and electrically to observe quantum phenomena. For the GaN/AIN, InN/GaN and
INN/AIN systems, the band offset presents a type | configuration, i.e. in a quantum well, both
electrons and holes are confined in the smaller band gap material. Tables 2.VI, 2.VII and 2.VIII
give the theoretical and experimental values of band offsets for different binary compound
combinations.
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Table 2. VI GaN/AIN valence band offset (VBO) and conduction band offset (CBO)

CBO (eV) VBO (eV) Details and refs.
1.8 0.8 GaN in-plane lattice [48]
- 0.87 Relaxed GaN/AIN[49]
2.1 0.7+0.24 [50]
1.78 - [51]
Table 2. VII InN/GaN band offsets
CBO (eV) VBO (eV) Details and refs.
2.240.1 0.5 [52]
2.2240.1 0.58+0.08 [53]
1.82 0.85 [54]
Table 2. VIII InN/AIN band offsets
CBO (eV) VBO (eV) Details and refs.
4.0+0.2 1.52+0.17 [53]
2.45 1.81+0.2 [47] ,[52]

2.2 Defects in I11-nitrides structures

In general, a defect in a semiconductor crystal is defined as a lack of crystal perfection in a certain
region of the material. The properties of materials are often controlled by defects and impurities.
This is particularly true in the case of semiconductors, where the incorporation of impurities in
small concentrations determines the electrical conductivity. Defects in semiconductors can be
classified according to their geometrical configuration into two categories: (a) point defects (0
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dimensional) and (b) extended defects (1-3 dimensional). Point defects are usually constrained to
one, or at most a few atoms and can be divided into native defects and impurities, as well as their
complexes. In later case, region of defects can be extended to whole thickness of the materials.
Extended defects include dislocations (1D), stacking faults and grain- or phase boundaries (2D), as
well as larger structures such as atomic precipitates or larger voids (vacancy clusters) in the crystal
structure (3D). The fabrication of p-type and n-type doped layers underlies the design of virtually
all electronic and optoelectronic devices. To achieve such control, comprehensive knowledge of the
fundamental processes that control doping is required. In order to understand the physics of defects
and their role and control, one needs to understand the following topics which are still open in
semiconductor research community:

a) Defects Observation with various Spectroscopy techniques such as Deep Level Transient
Spectroscopy (DLTS), Noise measurement spectroscopy (NS), Photoluminescence (PL),
Positron Annhilation Spectroscopy (PAS) and microscopy techniques such as Transmission
Electron microscopy (TEM), Scanning Electron microscopy (SEM), Atomic Force
Microscopy (AFM) etc.

b) Defects correlation with theoretical calculation such as Density Functional Theory (DFT)
in correlation with Local Density Approximation (LDA) and experimental results

c) Role of Defects on materials/device properties in order to understand the problems and
improvement

d) Control on Defects by acquiring enough information from above mentioned points in order
to achieve better properties in materials/devices

2.2.1 Type of Defects
Here we, revise the brief information on different type of defects:
a) Point Defects

Point defects are usually constrained to one or at most a few atoms and can be divided into native
defects and impurities, as well as their complexes. Impurities are foreign atoms in the lattice of the
host material, and can be present either on lattice sites, i.e. substitutional or interstitial positions.
Native defects are formed by mere modifications of the ideal

lattice structure. These can be empty lattice sites, i.e. vacancies, or host atoms which are displaced
into interstitial positions, i.e. self-interstitials. In the case of compound semiconductors such as InN,
GaN also antisite defects can be formed by atoms occupying opposite sub-lattice sites. Frenkel
defects are nearby pairs of vacancies and interstitials. Schottky defects are vacancy pairs created by
the simultaneous removal of a two opposite

atoms in compound semiconductors.

b) Shallow and Deep levels

In order to understand the influence of defects on electronic properties they need to classified in
terms of the electronic states within the bandgap. The electrical characteristics of defects are mainly
given by the position of their electron states in the energy gap. Shallow defects are called those
whose levels lie in close vicinity of band edges (few tens of milli-electronvolts (meV) from the
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respective band edges), while deep defects have electron states lying further from the bands.
Shallow states resemble hydrogenic atoms, with energy levels and Bohr radii correspondingly
scaled due to the relative dielectric constant of the material and to the effective electron mass.
Shallow level defects are efficient donors (acceptors) and can be introduced intentionally for n- (p-)
doping of a semiconductor. In contrast, deep level defects are highly localized defects that
constitute severe perturbations of the local electronic structure and induce energy levels deep inside
the bandgap. As the energy required to induce transitions from the nearest band edges to the defect
level is usually much larger than the thermal energy (25 meV at 300 K), thus deep level states do
not enhance the conductivity. However, they can act as efficient carrier traps and recombination
centers. One typical example is shown for GaN in Fig. 2.15 [55].

Conduction Band

A 30meV
—i‘ me 280meV
Shallow S1

donor

Red band

Yellow band

Eg=343eV _
Violet band

1.08eV — Shallow Mg

acceptor

Valence Band

Figure 2.15 Presence of shallow and deep levels in GaN semiconductor
c) Extended Defects

Extended defects include dislocations (1D), stacking faults and grain- or phase boundaries (2D), as
well as larger structures such as atomic precipitates or larger voids (vacancy clusters) in the crystal
structure (3D).

Dislocations can be divided into two extreme cases, i.e., screw and edge-type dislocations.
A dislocation can be described by the so-called Burgers vector. The edge dislocation has b
orthogonal to the dislocation line, whereas the screw dislocation has b parallel to the dislocation
line, shown in Fig. 2.16. Edge dislocations can be imagined as an extra half-plane of atoms inserted
midway through the crystal lattice. To visualize a screw dislocation, a crystal is cut half-way along
a lattice plane with one half slipped across the other. Edge and screw dislocations can be identified
by their Burgers vector, which represents the magnitude and direction of the lattice distortion
connected to the introduction of the dislocation. In edge dislocations, the Burgers vector is normal
to the dislocation line direction, in screw dislocations parallel. Dislocations with both parallel and
perpendicular component in the burgers vector are mixed dislocations.
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Edge dislocation Screw dislocation

Figure 2.16 Representation of Edge and Screw dislocation with respect to burger vector

The electrical activity of dislocations is an important parameter similar to point defects; it
has been proposed that dislocations may introduce electronic states in the bandgap. Scattering at
dislocations can affect the electron mobility. In GaN, it is found that, due to the high dislocation
density, vertical transport is favoured with respect to lateral transport. Moreover, the scattering
efficiency of dislocations depends on their charge, which, in turn, depends on the free carrier
concentration. In IllI-nitride, dislocation has been main cause of leakage in HEMT devices and
efficiency droop in optoelectronic devices. Similarly to point defects, dislocations provide non-
radiative recombination paths which can be harmful in optoelectronic devices, and represented one
of the major degradation and failure sources in GaAs based LEDs and lasers. Despite huge
dislocation densities, GaN-based LEDs show very efficient luminescence properties.

Stacking faults and grain- or phase boundaries are the main planar defects. A stacking fault
is formed by a spatially limited alteration of the stacking order of the atomic planes. Grain and
phase boundaries describe the sudden change of the crystallographic direction or phase. Three
dimensional defects include, e.g., atomic precipitates or larger voids (vacancy clusters) in the
crystal structure. One typical example is shown in Fig. 2.17 as proposed by Potin et al. [56] for GaN
on sapphire.
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Figure 2.17 Representation of stacking faults for GaN/sapphire [56]

2.2.2 Thermodynamics of Defects

Thermodynamics is an essential tool for understanding the thermal properties of defects. In
general, all kind of properties of defects can be characterized by using thermodynamics laws. The
parameters such as defect concentration, diffusivity of impurity atoms and annihilation strongly
depends on temperature variation.The concentration of charged defects (particularly in GaN and
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alloys), moreover, depends on the Fermi energy, which, in turn, depends mostly on the
concentration of shallow dopants in the material.

At thermal equilibrium, the Gibbs free energy G of a system is defined as the difference
between the enthalpy H and the product of absolute temperature T and entropy S. The change in
Gibbs free energy formation of a defect, AGg, in a chemical reaction is given as:

AG, =AH, —TAS, (2.20)

where, He is the defect formation energy enthalpy, Sk is the formation entropy. The introduction of
defects increases the crystal’s enthalpy as well as its entropy. Therefore, defects will be formed or
annihilated until the thermal equilibrium is reached, i.e., the Gibbs free energy is minimized (AGg=
0). At thermal equilibrium, the concentration of a defect can be calculated as

C=N_ N

conf ! Vsites eXp(_GF /kBT) (221)

Where, Neont IS number of equivalent configuration of defects and the Ni;iwes IS number of available
sites per unit volume and kg is the boltzman’s constant. For practical calculations using DFT, Gg is
often identified with defect formation energy, E;.

If the defect is charged, as in the case of a donor-like defect which can donate s electrons, the
formation enthalpy depends on the Fermi energy as:

s—1
He=Hgp+ Y (E- —E™) (2.22)
n=0

where E™" is the energy of the n+1/n transition state, Er is the Fermi energy and Hgq is the
formation enthalpy of the neutral defect.

The defect formation energy E; , defines the equilibrium concentration of a certain defect at
a particular temperature; a high formation energy corresponds to a low defect concentration etc. For
increasing Fermi level, the formation energy of a negatively (positively) charged defect decreases
(increases). Therefore, the formation of charged donors (acceptors) is less favorable under n-type
(p-type) conditions, but becomes advantageous when approaching p-type (n-type) conductivity.
This leads to the concept of self-compensation, i.e., the compensation of dopant-induced free
carriers by the formation of native point defects.

2.2.3 Defects and HEMTSs key problems

As an emerging technology, nitrides has shown very good success in some area of markets
but still lag with some key problems to achieve its full potential for various applications. As
mentioned in above discussions that high number of dislocations causes high leakage current in
HEMTSs devices and degrades the device performances which are an important issue for reliability.
The key issues with Nitride semiconductors are (a) problems with growth of high quality structures,
(b) defect formation/generation at high temperature in devices. Thus, temperature control needs to
be optimized for better growth and device design depending on the defect generation source. The
main problem with growth of nitrides has been the lack of a native substrate for the growth. The
common substrates are sapphire, SiC, and Si which are commonly used for HEMT devices and as a
consequence Dislocation density is really high and order of 10% -10° cm™. These substrates do not
have wurtzitic structure, so growth and optimization on these substrates has been a long standing
area of research. In last years, near-native substrates have been achieved through growth of thick
GaN films, typically grown by MOCVD or HVPE, on a foreign substrate, which is then removed
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using laser ablation, removal of a sacrificial layer, or other mechanism. These near-native substrates
have low threading dislocation densities in the order of 10° cm™, but their cost is so high which
can’t be used for commercialization as per now. The evidence of the leakage caused by dislocations
is evident in Fig. 2.18 where the threading dislocation-mediated carrier transport in heterojunction
bipolar transistors (HBT) causes a pronounced increase in leakage current over the window region
where the TDD concentration is significantly higher than the wing region [57]. Further evidence of
the role of dislocations is found in several scanning probe and transmission electron microscopy
experiments. Hsu et al. used scanning Kelvin force, scanning capacitance, and conductive atomic
force microscopy to suggest that screw dislocations are the primary source of leakage current in Ga-
rich MBE-grown films while mixed and pure edge dislocations are negatively charged [58, 59].
Cherns et al. determined that edge dislocations were negatively charged in n-type MOCVD-grown
GaN and positively charged in p-type material using electron holography [60].
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Figure 2.18 Variation of leakage current of heterojunction bipolar transistors (HBT) on lateral
epitaxial overgrowth (LEO) window and wing regions. The leakage is reduced for the wing region
by four orders of magnitude as compared to the window region [57].

Several issues can arise in HEMT devices that can affect device performance and operation.
Many of these problems dictate device design considerations such as field plating to mitigate the
problems, but this is done at the expense of reduced max operating frequency. These defects can be
categorized as DC or RF according to which frequency range where they are primarily seen. Gate
and buffer leakage (DC phenomena) reduce the operating voltage range by limiting the gate voltage
for gate leakage and the drain-source voltage for buffer leakage. Several deviations from the
expected RF performance of HEMTSs exist and are generally termed as dispersion. The dispersive
effects can only be caused by defects and self-heating, so although the focus here is on defect-
related phenomena self-heating should not be avoided.

According to Morkog [61], the most common and pronounced effect in HEMTs is gate lag.
Gate lag is used to describe the slow transient response of the drain current and typically refers to a
change in gate voltage to more positive values with a corresponding slow increase in drain current.
Because the drain current increases with time, self-heating cannot be the source as increased
temperature results in increased electron-phonon scattering that results in decreased current flow
[61]. Therefore variations in the gate potential must cause trapping/detrapping of defects under the
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gate or in the access regions, but specific defects have yet to be identified [61]. An example of the
temporal dependence of the drain current on the gate switching is shown in Fig. 2.19. The gate lag
exhibits a bias dependence evidenced by the differences in response in Fig. 2.19 a and b where it is
clear that multiple onsets are visible indicative of multiple traps contributing to the drain current
response. Several type of failures are observed by researcher in recent years on HEMT devices such
as High voltage gate stress, high voltage drain-source, high time stress and found the generation of
defects and appearance of some spots near Drain-Gate region [62, 63 ] and confirmed these tests
with various experimental techniques such as Scanning probe microscopy (SPM),
Electroluminescence (EL) etc. The passivation and surface treatments themselves can also be a
potential source of degradation as SiNx has been shown to potentially deteriorate with time [61].
Surface passivation has been an integral part of reducing dispersion increasing output power density
[64] but the long term reliability is not as well understood yet.

(@ 0.8 T T T T T T T (b) 0.05 T T T T T T T
—_ L  Experimental
g 07 4{E 004} Passivated device @) i
£ 06F E 3)
< o5l Experimental 1<
g Passivated device 1= 003f 1
o 04Ff oV 18 r -4V
3 L 13 0.02 .
O 03 Ves -7V | c Ves -12v
§ 02¢ 18 oo .
o 01F VDD=1OV 1= ' VDD=1.5V
O o7 B irB ard a3 e? o 000 e 6 .5 rd and anZ apd
10™ 107 107 10~ 107 10 10° 10 1 10~ 10" 10~ 10~ 107 10~ 10° 10 1
Time (s) Time (s)

Figure 2.19 Experimental drain-current versus time waveformin response to a constant drain
voltage of 10 V and gate-source voltage stepped from (a) -7 to 0 V and (b) -12 to -4 V. The

HEMT was in series with a 50 - resistor attached to the drain terminal. This HEMT exhibits varying
degrees of gate-induced lag due to trapped charge [65].

The source of these failures is an open question with many possible reasons. Fig. 2.20 shows
potential mechanisms contributing to HEMT failure and the regions of the device
where this is from a more device perspective. From a more materials aspect, the role of point
defects, point defect formation, the high dislocation densities, interface and surface-related
defects, and the sources of the defects is highly essential to be well understood.
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Figure 2.20 Possible mechanisms contributing to HEMT degradation and failure are represented
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Chapter 3

Experimental techniques

In this chapter, | mainly discuss the primary tools which have been used for
characterization in this thesis. The chapter mainly discusses the electrical characterization tool like
IV, CV and defect related characterization-DLTS and optical characterization by absorption based
spectroscopy methods.

3.1 Current-voltage characterization

Current-Voltage (I-V) characterization is a basic and important experimental technique in
semiconductor device physics. First, the I-V characteristics give information about the operation of
the sample as a device. For example, the I-V characteristics of a diode, evidencing its rectifying
properties, significantly differ from the I-V of an Ohmic resistor; the I-V of a transistor evidences
which the amplification or logical capabilities of the device are, and many other examples could be
mentioned. Secondly, the I-V characteristics give a significant amount of physical information.
From the analysis of 1-V data it is possible to draw conclusions about the presence of defects, about
the quality of the contacts, the potential barriers governing the transport of charge, the presence of
hetero-interfaces, etc. In the following, the main applications of this characterization will be shortly
revised. For an in-depth analysis, many handbooks on semiconductor materials and devices offer
the details [1, 2, 3]

3.1.1 Schottky Contacts

Schottky and Mott independently suggested a model for the rectification mechanism and
pointed out that the observed direction of rectification could be explained by supposing that
electrons passed over a potential barrier through the normal process of drift and diffusion.

Theory of Rectifying Metal-Semiconductor Contacts

The basic theory of these contacts is presented in ref. 3 and 4. Figure 3.1 shows a schematic of the
band structure of an unbiased metal semiconductor contact.
The Schottky-Mott theory is expressed as follows:

¢b:¢m_ls (31)
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where,
@, =contact barrier height (at zerobias)

¢, =work function of the metal
% =¢electronaffinity of the semiconductor

Electron affinity can be expressed as
Zs:¢s_(Ec_Ef) (32)

where,
¢s=work functionof the semiconductor

E. =conductionaband energy,ineV
E; = Fermienergy level,ineV

Vacuum level

e e = \
\ oy
d)n ¢> s
N B
¢h E
T
I RS-SRS T ........ E,
- X, >
= E,
1
]
E,
Metal Semiconductor

Figure 3.1 Unbiased band structure of a metal/n-type semiconductor contact
¢, is the barrier encountered by electrons in the metal whereas the built-in potential V,; , encountered

by electrons in the semiconductor, is given by:
Vbi :¢m _¢s
=¢, —(E.—E;)

This theory is rather simplistic since it assumes ideal conditions where dipole surface
contributions to the barrier height and the electron affinity are thought to be unchanged when the
metal and the semiconductor are brought into contact. It also assumed that there are no chemical
reactions or physical strains created between the two when they are brought into contact.

In practice, however, surface dipole layers do arise. This is because at the surface of a solid
the atoms have neighbours on one side only. This causes a distortion of the electron cloud
belonging to the surface atoms, so that the centres of the positive and negative charge do not
coincide. It was discovered that ¢, does not depend on ¢m in contradiction to (eqn. 3.1). Thus, the
assumption that the surface dipole keeps constant is not corrected. One of the first explanations for
the departure of experiments from this theory was given in terms of localised surface states or
“dangling bonds”. The surface states are continuously distributed in energy [3] within the forbidden
gap and are characterised by a neutral level, ¢y, such that if the surface states are occupied up to ¢
and empty above ¢, the surface is electrically neutral.
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In general, the Fermi level does not coincide with the neutral level. Consequently, a net
charge exists at the surface. In figure 3.1 an n-type semiconductor is brought into contact with a
metal to form a Schottky diode. After the transfer of electrons to the conduction band of the metal
the Fermi levels are coincident. Positively charged donor ions are left behind in this region which is
practically stripped of electrons. If, in addition (and often in practice due to chemical
etching/cleaning of the semiconductor prior to processing) there is a thin oxide layer between the
metal and the semiconductor due to ambient conditions, the charge at the surface states together
with its image charge on the surface of the metal will form a dipole layer. This dipole layer alters
the potential difference between the semiconductor and the metal. Thus the modification to the
Schottky-Mott theory is expressed as follows [4]:

& =7 (b —2)+A=7)E; — ) (34)
where,
E, =band gap of the semicondcutor,ineV

¢ = positionof neutral level(measured from thetop of thevalenceband)

and,
E.
= 35
4 & +QqoD, (3.5)
where,
& = permittivity of the oxide layer

o =thickness of oxide layer
D, =density of surface states

Hence if there are no surface states, Ds = 0 and y= 1, (eqn. 3.4) becomes identical to
(egn. 2.1) (Original Schottky-Mott approximation). If the density of states is significantly

high, y is very small and ¢, approaches the value (E;,—¢,). The small deviation from the Fermi

level from the neutral level can produce a large dipole moment, which stabilises the barrier height
by a negative feedback effect [4, 5]. When this occurs, the Fermi level is said to be “pinned”
relative to the band edges by the surface states.

3.1.2 Current transport mechanisms in Schottky diodes

a) Thermionic Emission

The current transport through the device by emission over the Schottky barrier is a two-step
process. First, the electrons are transported through the depletion region. by the mechanisms of
diffusion and drift; secondly, they must undergo the emission over the barrier into the metal. This
latter process is controlled by the number of electrons that impinge on unit area of the metal per
second.

This is expressed in (eqn.3.6):
| = AAT2.exp( q%) (exp( eff) ~1)  (36)

where,
A= cross-sectional area of metal-semiconductor interface
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*1,2
A= % = Modified Richardson’s constant for metal/semiconductor interface
T =Temperature in kelvin
K= Boltzmann constant
g= electron charge
Vs = effective bias across the interface
n=ideality factor
The ideality factor (n) in (egn. 3.6) gives a measure of the quality of the junction, which is highly
metal deposition process dependent. For an ideal Schottky junction, n = 1. In practice, however,
larger values are obtained due to the presence of non-ideal effects or components to the current
through the junction. This type of current transport is commonly referred to as “thermionic
emission” [6, 7].

b) Diffusion

The expression for the diffusion current is similar to that for the thermionic current; however,
the saturation current has a weak dependence on the temperature and a strong dependence on the
applied voltage in the diffusive model, while it depends mostly on the temperature in the thermionic
model.

According to the the diffusion model the current-voltage characteristics are described by [1]

J=J, {exp(%j —1} where,

2 _ 0.5
‘]D:e D.N,_ (e, —V)2N, exp _%
kT & kT

(3.7)

S

where, D, is the diffusion coefficient for electrons, Nc is the equivalent density of states in the
conduction band, Vy,; is the built-in potential.

¢) Quantum Mechanical Tunneling

For a moderately to heavily doped semiconductor or for operation at low temperatures, the
current due to quantum mechanical tunneling of carriers through the metal-semiconductor barrier
may become the dominant transport process [6, 8]. For all except very low biases, the tunneling
current, i, can be represented by:

v
| =1 (exp (q—“J —1J (3.8)
EO
where,

ltn = Tunneling saturation current
Eo = tunneling constant

The tunneling saturation current depends on temperature, barrier height and other
semiconductor parameters. In the notation of Padovani and Stratton [6], E, is given by
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E
E.=E, coth| =2 3.9
0 00 (kT j ( )

where, Eq is tunneling parameter inherently related to material properties of the
semiconductor and is expressed as:

ah [N,
E, =—. [— 3.10
P 4z mse, (3.10)

where, h is the Planck’s constant, Np the doping concentration, m,  the effective mass of electron.

In the following we are mention some cases over mechanisms:

d) Soft breakdown: Dislocation-assisted tunneling

In certain circumstances, for example in case of a device with high dislocation density,
tunneling mechanisms can be enhanced under reverse bias, which is also called soft breakdown.
This case has been reported in InGaN blue LEDs grown on sapphire [9]. When this dislocation-
assisted tunnelling occurs, the reverse I-V characteristics tend to have the form I=V™",

e) Leakage current

The leakage current, lik, is another parallel component of the total current. It is caused by
surface leakage and can usually be significantly reduced by various designs and fabrication
techniques. In practice, it is the component monitors the metal/semiconductor interface altogether
and is often thought of as a large leakage resistor, Rik, in parallel to it. Thus, the leakage current can
be expressed as :

|, =< (3.11)
1k le

where, Ve is the applied bias across the interface.

f) Anomalously high ideality factors

When the ideality factor is n>>2.0, other factors than diffusion or recombination of carriers
must be taken into account. One of the factors is tunnelling, as already mentioned. Another model
[10] takes into account the formation of potential barriers at every heterointerface, from the
metal-semiconductor contacts to the semiconductor-semiconductor junctions. Each of these
junctions is characterized by its own ideality factor nj. The current and the voltage drop Vj>>KT at
each junction are given by:

-, ex.{ ad } (3.12)

nKT
The total votage drop can be expressed as V :Z ; V. hence the I-V characteristics of the structure
is described by
V=3V, =S [nKkT/e)Int—n,kT /e)in1, ] (3.13)
i i

Thus, rearranging the terms, one has
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n;Iniy
L1 W (3.14)

i
=

As the second summand in the above equation is constant, one obtains an effective ideality
factor for the heterostructure given by the sum of the single ideality factors of each junction (p-n
junction, unipolar heterojunctions and metal-semiconductor junctions).

3.1.3 Experimental setup

The 1-V measurements have been performed with a Keithley 2400 sourcemeter. The
computer program sets the following measurement parameters:

> bIaS Interval Vmax, Vmin
» scanning step AV
» A time interval between bias change and meter reading.

The temperature at which the measurement is performed is controlled by the home made ISTA
temperature controller. The typical experimental setup for the 1-V characterization is shown in fig.
3.2.

PC

ISTA
Temperature
Controller

Thermo

Thermo coax
couple

/N:unple holder

e Heater

sample KEITHLY
Source meter

2400

Figure 3.2 Block diagram for the I-V characterization

3.2 Capacitance-Voltage (C-V) characterization

The Schottky diode has characteristics that are similar to those of the p-n junction, except
that for many applications it has a much faster response which can be desirable and depends on type
of applications. The capacitance measurement allows calculating doping concentration, depletion
layer width, trap concentration etc. The capacitance measurements change influenced by electronic
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(trap) states during the reverse bias which is used for Deep level transient spectroscopy (DLTS)
which will be explained in next section. A p-n as well as a Schottky junction in reverse bias are
characterized by a capacitance, which it will be referred to as “depletion capacitance”. In the
following, we will always consider the case of n-type semiconductors.

When a semiconductor is brought into contact with a metal, a barrier is formed in the
semiconductor from which charge carriers are severaly depleted. The barrier layer is called the
depletion layer and can be seen in figures 3.1. There is also depletion layer in the metal which is so
small that it can be ignored in most of the cases [11]. We may consider the bulk region to be
electrically neutral and approximate the boundary between the bulk and the depletion region to be
sharp.

Here, the PGisson’s equation is
VD - N,e

&o

(3.15)

Where, D is the electric displacement and Ny is the doping concentration. From 3.15 the electric
potential is determined as

d? N, e

—?:——d (3.16a)

dx &g,
Where, X is the distance from the junction into the semiconductor. If we assume Ngy to
be constant we get

N
p=— 0 y2 (3.16b)

2¢¢,

when we apply a reverse bias V. to the Schottky diode, the total potential becomes Vpi + Ve,
where Vy,; is the built-in potential of the junction. From 3.16b, the thickness of the layer (see fig.
3.1)is

2 4V
W :J &6y (Vi +Ver.) (3.17)
N,e
Therefore the stored charge in the depletion region results
Q=WN,eA=A,[2¢5,N eV, +Viq ) (3.18)

where, A is the cross sectional area of junction.

The capacitance of the junction is given by

c=9Q _Lp]2Ne _ 0 A wop A (319)
v, 2 AV, 1V, W C

From eq. 3.19, it can be written that

2V.. +V
izz (Vk; eff.) (320)
C AesN,

Thus, Ng can also be expressed as

]
c?® dC
N =— 3.21

s (V) ece, A’ [dveﬁ) (3.2
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It turns out that these equations give accurate results despite the assumption that Ngy is constant.
With the known capacitance, it is necessary to develop the theory for capacitance transient
spectroscopy-based techniques i.e. Deep level transient spectroscopy (DLTS) etc.

3.2.1 Series resistance and equivalent circuit of a Schottky diode in C-V
measurements

Figure 3.3 shows the equivalent circuit of a Schottky diode. Two resistances, R, are
connected in parallel (nonlinear leakage resistance) and R; is connected in series. The total
impedance is then [3]

_ R +R (@1+@’C*R?)+ joCR,

z
1+ w’C?R?

(3.22)

In the LCR meter we have to use the approximation that we have a resistance connected either
serial or parallel, not both. If we define C, the value measured by the LCR meter (where we ignore
Rs) we can calculate the real capacitance C by

Cn_ L (3.23)

c a+§f+ﬁcmf

If we know the approximated value of Rs. Where, o is the test frequency during measurement.
If Rs « Ry, As expected at reverse voltage, then C,, = C.

(‘
|

R

ﬁw

R,
Figure 3.3 Equivalent circuit for Schottky diode

From the above eq. 3.23, one can see that for high values of the series resistance the
measured capacitance is a decreasing function of the real capacitance. If not accounted for, this can
seriously affect the interpretation of DLTS results, which are based on measurements of capacitance
differences occurring at low temperatures.

3.2.2 Experimental setup

The block diagram of the instrumentation used for the C-V characterization of the samples
analysed in this thesis is depicted in fig. 3.4. The building blocks of the setup are the Lakeshore
330 temperature controller, which makes it possible to perform measurements at different
controlled temperatures, the Keithley 230 bias generator and the Keithley 3330 LCZ meter. The
LCZ meter has operating frequencies ranging from 120 Hz to 105 Hz. Measurements with
frequency 1MHz have also been performed by using a Boonton capacitance meter to optimize the
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bias condition and DLTS results analysis. The measurements are driven by software, with the

following parameters:

» The bias interval Viax, Vinin
» The bias step AV

» The time interval At between two successive bias values

» The LCZ meter operating frequency fcap

The same setup can be used for slightly different measurements, such as capacitance-frequency

(C-f) characterization and admittance spectroscopy.

PC

Lakeshore 330
Temperature
Controller
Thermo
Thermo coax
couple
/samplc holder
. = Heater
sample KEITHLY
Capacitance
meter 3330

KEITHLY
Bias Generator
230

Figure 3.4 Block diagram for capacitance-voltage characterization

3.3 Thermal Spectroscopy

In order to understand the deep level transient spectroscopy (DLTS) working condition and
analysis, it is important to understand the physics of carrier emission and capture which is discussed

following:

3.3.1. Physics of Carrier emission and capture

The electronic levels within the gap of semiconducting materials can be determined by the emission
and capture of carriers to trap levels. Electronic states are classified as shallow and deep states
(details in chapter 1). Varying trap occupancy within the depletion region changes the fixed charge
density to maintain the charge balance with a fixed bias applied to the sample, the depletion edge
moves slightly. The small change in the depletion edge is detected by the change in capacitance,
according to eq. (3.24). This section will introduce these relations and expand upon them to include

all the concepts necessary for the basic understanding of processes involved in DLTS.
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Four processes can occur at a deep level within the bandgap of a semiconductor to affect its
occupancy. They are electron capture, electron emission, hole capture, and hole emission from the
trap as depicted in processes (a)-(d) in Fig. 3.5, respectively. To solve for the rate at which the
density of occupied traps n, changes with time, the relationship between all of these possible events
needs to be considered. The rate of electron capture is proportional to both the number of electrons
in the conduction band n and the number of empty trap states p. . The number of trap states empty
of electrons p; is equal to the total number of defect states n, minus the number of defect states filled
with electrons n, . Since capture always increases the electron concentration of the defect, the rate
of change is always positive and given by

0
En-r capture:Cn| PN (324)
E
n
Ec
n ’ n
Et
p i !
T ‘© '|%
E
o, ® v

(a) (b) (c) (d) .
Figure 3.5 The processes possible for a deep level involving transitions to or from a band are
(@) electron capture and (b) electron emission to conduction band and (c) hole capture and
(d) hole emission to the valence band [12].

The constant ¢, is known as the electron capture coefficient and has units of cm®s™. Now,
electron emission from the defect level to the conduction band is considered. Because the
conduction band is mostly empty, the rate of emission is independent of the number of
empty final states, and the rate is limited by the number of defects occupied by electrons.

Thus,
o, —e,n (3.25)

at emission

In this case, e, is the electron emission rate and has units of s™. Following the same argument
for the valence band,

on,

E capture— CpnT p

and (3.26)
on

ET emissionzep Pr

where ¢, is the hole capture coefficient and e, is the hole emission rate. The change in occupancy of
the defect considering all recombination-generation (R-G) processes is

0
EnT:(cnin —e,n; )—(c,pn; —e,pr ) (3.27)
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Considering the principle of detailed balance under equilibrium conditions, the rate of capture and
emission to each band must equal zero. This concept can be used to determine THE relationship
between the capture coefficient and the emission rate

enzcnn%:cnn(&—lj (3.28)
n,

The Fermi-Dirac statistics can be used to establish the relationship between ny and N+t
in equilibrium where

o1+ exp( T_=F j
KT
Fermi level position also dictates n and n; yielding,
= =
n=n. ex : 3.30a
oo 5 o300
E -E

n. =N, exp| ——= 3.30b

=N p[ = ] (3:300)
Thus, the relationship between ¢, and e, can be written as,

E.—-E

e =c N_exp| ——= 3.31a

n n C p[ kT j ( )
or for the valence band using similar arguments,

E,-E

e, =C,N, exp(TT (3.31b)
As the capture rate is defined as,

C,=0,VyN (3.32)
where oy, is the electron capture cross-section and vy, is the thermal velocity. The latter can be
defined as,

T )
Vi, =(—j (3.33)
mn

where k is Boltzmann’s constant and mj is the electron effective mass. Additionally, the
effective density of states in the conduction band Nc¢ is

3/2
N, :2(2’":;”) (3.34)

where h is Planck’s constant. This can all be substituted into eg. (3.31a) to determine the
electron emission time constant z,, for a defect at Ec-E+

_exp((Ec —E;)/kT)

Gn Vth N C

(3.35)

Th

or,
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. TzzeXp((Ec _ET)/kT)Wherej/n :(-I‘_/th )( N¢ j (3.36)

n 1/2 3/2
720, T

where z, is simply the inverse of e,. The y term is generated by dividing out the temperature
dependencies from the vy, and Nc terms and multiplying the left side of the equation by T * to
maintain balance. On simplifying ‘gamma’ with all the constants, it becomes 3.25 x 10?* (my/mo)
cms™ K for an n-type majority carrier defect. Equation (3.36) is The fundamental equation for
DLTS and is used to determine both the energy within the bandgap and the thermal
cross-section of the defects. To determine z, and the defect concentration, more knowledge of how
the defect concentration Affects the capacitance is needed.

Relaxing the restrictions from steady-state, quasi-steady-state relationships, which
are more likely to real situations are considered. Under these conditions, the population
of carriers is still constant in time, but the requirement that this balance is due to an exact
balance between each process and its inverse (e.g. electron capture and electron emission) is
relaxed. These conditions are useful for determining steady-state current, recombination-generation
minority carrier lifetime, and most importantly for capacitive studies the steady state
occupancy of the deep levels. Rearranging eq. (3.27) gives

0
%T:(cnn+ep)(NT—nT)—(cppn+en)nT (3.37)
On solving the differential equation results in

_ -t (con+e, )N, e
N, (t)=n, (0)exp . + 1—exp . (3.38)

C,+€,+C,p+e,

where n; (0) is initial density of filled states and 7 is defined as,

e ! (3.39)
c,n+e, +C,p+e,

Based on this it is a simple matter to determine the steady-state occupancy of the deep level
by checking the limit as ‘t” approaches oo
cn+e,

N, (t = o0)= N, (3.40)

c,n+e,+c p+e,
This general solution is difficult to use in practice because there are so many variables that

are not known at every moment is space and time. Several reasonable assumptions are possible

in the case for a Schottky or p-n diode that allow for great simplification of this result. In the

depletion region, n and p are negligible, so capture events can be ignored and the equation

simplifies to

N (t=o0)=— P N, (3.41)

e, +e,

From this point on, the discussion will be limited to the depletion region in an n-type
semiconductor . It is assumed that n-type Schottky diode or abrupt p+/n diode is being measured.
This assumption allows for the majority of the change in depletion depth to occur on one-side of the
junction. Studying an n-type depletion region with a majority carrier trap above E;, e, is negligible
compared to e,. Therefore, the steady-state condition is n, (t= o) = 0. It is also important to note a
that these equations hold true for both thermal and optical processes.
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We will consider a defect initially filled by electrons. This could be the case for a DLTS
trap that has recently been filled with electrons during the fill pulse. In such a case, electron and
hole capture are negligible within the depletion region and hole emission to the valence band is
assumed negligible because the thermal energy required for this to occur is extremely high. In such
a case, eq. (3.27) reduces to

dn,
“T__en 3.42

The solution to this equation is

n, (t)=n; (0) exp(-e,t) (3.43)

The emission of electrons as a function of time leads to increased positive fixed charge in
the depletion region. Since the net charge remains the same for a given voltage, this leads to
decrease in the depletion width and an increase in the capacitance. Using the equation for
capacitance and assuming a uniformly-doped n-type Schottky or abrupt, one-sided p+/n
junction, the following is educed from eq. (3.19)

_E_A_ oN 12 ) q(Nd _nT) 1/2
C= W —8A{—28(Vbi —V)} EA{—ZS(VN —V)} (3.44)

where Np is the n-type doping concentration, Vy,; is the built-in voltage or Schottky barrier
height, and V is the applied voltage. This can be rearranged to

1/2 N 1/2
c=C,|1- | whereC, =¢A| — N0 (3.45)
Ny 26(V; =V)

When the trap concentration Nt is much lower than the doping concentration Ng, the equation
can be further simplified by the binomial approximation (i.e. (1+x)" = 1+nx, for x
less than 0.1) . It results as

c(t)=C, (l_ZTT(t) (3.46)

In the steady-state change of capacitance from an initial occupancy to a final occupancy, this
equation becomes
C 2N,

0

using eg. (3.43). Typically one assumes the level is completely filled at t = 0 such that n, (0) =
Nt and e, —0 so n, («) = 0. Additionally, the total change in capacitance C (w0)-C (0) is
typically written as AC. Using these relations and rearranging, the more common form of
this equation is arrived at where,
N, = 2N, AC
C

0

(3.48)
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The above expression shows the general form which one might expect for DLTS based on
thermal emission rate. In summary, the majority and minority carrier emission/capture can be
realized from from Fig. 3.5 and Fig. 3.6 respectively.

1, 2, 3, 4,
Steady state Forward bias reverse bias Steady state
Reverse bias Pulse, deep states discharge transient Reverse bias
V<o charge up V<0
000 000000 000 ..l.
T Uth b i
A
()
() 4)
(3)
t=0

Figure 3.6 Effect of a forward bias pulse with /’>0 applied on a reversely biased junction in

presence of a majority carrier trap
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1, 2, 3, 4,
Steady state Forward bias reverse bias Steady state
Reverse bias Pulse, deep states discharge transient Reverse bias
V<0 charge up V<0
000 000000 000 000
-------- —____Tgff___________ B flof - B -

0000 0
t=0

Figure 3.7 Effect of a forward bias pulse with 7’>0 applied on a reversely biased junction in
presence of a minority carrier trap

3.3.2 Deep Level Transient Spectroscopy (DLTS)

Deep level transient spectroscopy (DLTS), developed by D. V. Lang in 1974, is a powerful
and well known technique for identifying deep level thermal cross-section, concentration, and
energy position in the bandgap [13]. The basic concept of DLTS has changed relatively little since
its inception, and most of the advances have resulted from the increased capability of computers to
do complex storage and analysis of the transient data. There are a few exceptions to this including
applying the technique to conductance and current type measurements, for example [14-17]. Many
developments to the DLTS theory have involved improving the analysis, but improving upon the
original boxcar integration in terms of signal-to-noise ratio have been limited. A myriad of
variations of DLTS are available including the standard boxcar DLTS, Fourier transform DLTS
(FTDLTS), Laplace-transform DLTS, and covariance method of linear predictive modeling
(CMLPM) to name a few [13, 18-21]. Each method has its advantages and disadvantages with
regard to required signal-to-noise ratio (SNR), ability to separate defect levels closely spaced in
energy, accuracy, and ease-of-use.

DLTS is based on a temperature scan of the capacitance transient of the analysed sample.
The experimental setup of the DLTS system is rather simple. The sample is mounted in a
temperature-controlled cryostat and connected to a capacitance meter and voltage function
generator. The DLTS signal is univocally related to e, by means of the rate window concept, which
will be illustrated in the following. The measurement procedure is illustrated in fig. 3.8. A negative
bias is applied to the sample, so that a certain region is depleted of free carriers. At each period P a
pulse of duration t-, and amplitude V:p is applied to the junction. The duration of the
pulse affects the filling level of the traps, while the amplitude can be related to the region probed by
the bias pulse:

49



Chapter 3

> VEp <V:in this case an interval inside the space charge region is selected. This can be
useful if one is interested in concentration profiles of traps close to the surface or to the
junction region, although more sophisticated techniques, such as Double DLTS, should
be used for that.

> Vip =V +Vy;: the whole space charge region is depleted with free carriers.

> Vip >V +Vyii In p-n junctions, minority carriers are injected from the opposite side of the
junction, thus making possible the observation of minority carrier traps.

During the fill pulse, a majority carrier trap in n-type material below the Fermi level will fill
with electrons as can be seen in Fig. 3.8a. After the fill pulse, the quiescent bias is applied, typically
-0.5 V and always less (more negative) than the fill pulse bias, so the depletion region extends
deeper into the material (see Fig. 3.8b). Now most of the filled traps in the depletion region are
above the quasi-Fermi level and would prefer to be empty, so electron emission to the conduction
band occurs according to eq. (3.46). As the emission occurs, the fixed charge density increases for
an electron trap in n-type material, but because the applied bias is constant the total charge is
constant the depletion depth must decrease to maintain the total charge. As the depletion region
decreases, the capacitance increases, which is shown in Fig. 3.8c and d. As this process is repeated
at higher and higher temperatures, the emission rate increases according to eq. (3.19) and is shown
here rearranged for clarity:
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Figure 3.8: Schematic illustration of the effect of capture and emission of electrons from an
electron trap. (a) The sample is biased in the fill pulse regime to allow ET to fill with electrons. The
fill pulse bias is always greater than the measurement bias to allow traps to fill. The bottom part of
the figure shows the bias scheme as a function of time while the other graph shows the resulting
capacitance. (b) At the start of the measurement, the levels are completely filled resulting in a lower
charge density in the depletion region. This dictates the depletion depth and capacitance. (c) As the
traps emit, the charge density increases due to the uncovered fixed charge of the traps. In this case,
the depletion region shrinks as the same total charge can be uncovered in a smaller volume, and the
capacitance increases. This is the standard intuitive process for a deep level exposed to a voltage
change. [12].
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Again, remember that the emission rate constant z, is simply 1/e, assuming negligible
emission to the valence band. The emission rate varies exponentially with temperature, so the
challenge is to develop a system that can determine this rate from the capacitance transient, which is

given by
N N t
Ct)=C_|1-—— |=C_|1-—exp| —— 3.50
R e T

which is similar to Eq. (3.46) but n,(0) is assumed Nt .With today’s computing power and memory
capacity, recording parts or all of the transients is relatively simple. The difficult part is extracting
the emission rate/time constant from recorded data especially considering that more than one trap
can have similar time constant that would need to be extracted separately and this is where the
double boxcar, Fourier transform, Padé-Laplace, and other analysis methods are used. Once the
emission rate vs. temperature is extracted, the trap activation energy and capture-cross section can
be determined by modifying eq. (3.45) to Plotting 1/kT vs. In(zT %) gives trap energy from the slope
and the cross-section is extracted from the y-intercept. This is very straight forward so far, but as
alluded to earlier the extraction of the emission rate constants is nontrivial and this has been the
basis for the plethera of analysis techniques. The following sections will describe three of these
techniques.

The original DLTS analysis method used a boxcar integrator to determine the
temperature for a given emission rate.[13] Stated more simply, the DLTS signal ACy is simply C
(t2)-C (t1), Better signal-to-noise ratio is possible without significant distortion of the signal by
averaging the capacitance around t; and t;,

The change in capacitance for a given rate window is given by

AC,=C(t,)-C(t) :Czw%{exp{;—tlj —exp(;—tzﬂ (3.51)

Taking the derivative of Eq. 3.51 and setting it to 0 to find the maxima or minima, the peak in
the ACy signal can be found as

rTog ——27h (352)
In(t, /t,)

One can sees that e, is a quantity depending on the constants t; and t,, which are fixed at the
beginning of the measurement. The time interval t,-t; is also called rate window, and the procedure
IS summarized in fig 3.9.
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Figure 3.9 a) Discharge capacitance transients at different temperatures, with the rate window t;-t;
in evidence; b) associated DLTS signal [22]

3.3.3 Capture Kinetics via DLTS

Under ideal situations, defects are randomly distributed and in low enough concentration
such that the no defect occupancy affects any other defect occupancy. If defects are present
in very high concentrations, clustered, or decorate dislocations, for example, the defects
can be physically close enough that the Coulombic barrier associated with one defect can
influence the occupancy of other defects. Interacting defects vs. ideal non-interacting defects
can be determined via differences manifested in the DLTS spectra. Studying the capture
kinetic behavior allows one distinguish ideal point defects from interacting ones. Another
non-ideality that can arise for multiple reasons is a distribution of energy levels for a given
defect instead of the ideal discrete energy level. Determination of the energy distribution is
also possible using capture kinetic analysis although a few modifications to the ideal theory
previously presented is required.

In capture Kinetics the fill pulse time is varied to measure the change in the DLTS peak
height. The changes that occur here are a result of incomplete filling of the level where in the
past it was assumed n; (0) = Ny, so it is necessary to focus on fill pulse time when capture is
the dominant process. Keeping the discussion restricted to n-type material, the change in ny
is [23]

d—nTzc np; =c,n(N; —n;) (3.55)

assuming the level is completely empty at the start of the fill pulse the solution is
n ()=N; [ 1-exp(-c,nt) | (3.56)

The ¢'is used to signify a difference between the measurement time t that starts at the end of the fill
pulse and t’ that starts at the beginning of the fill pulse. This expression is evaluated at the end of
the fill pulse tep right before the bias changes and emission becomes the dominant process. The
value of nT (t' = tep) will be called n,, and corresponds to n; (t = 0) in previous equations. For a
sufficiently long fill pulse time, c,nt: is large and n,.—N; . Conversely, as c,ntgp —0, N;—0. If the

52



Chapter 3

change in capacitance ACg with a fill pulse tep is compared to the change in capacitance for an
infinitely long fill pulse AC,, the ratio is

ACF — r‘ITO,F
AC, N,

0

=1-exp(-c,nt:) (3.57)

This can be rearranged to a more usable form

In{l— igF j:—cnntFP (3.58)

o0

Because cyn is constant, the left side of the above expression should be linear with tgp for an ideal,
non-interacting defect to the point where the time is long enough for the level to completely
saturate. This measurement can be performed by finding the saturation point where ACg no longer
increases with tgp , which defines ACc. Then measuring ACg at several shorter fill pulse times, a
plot can be generated to determine if the defect is ideal.

When the defects are non-uniformly distributed and closely spaced due to linear
arrangements or clustering for example, a Coulombic interaction can occur influencing the

Figure 3.10 Before capture (top), the defect is uncharged and has no Coulombic barrier associated
with it. After capture begins (bottom), a time dependent barrier forms reducing the capture rate of
the next electron. In order for the effect to be observed, neighboring defects have to be close enough
to be influenced by the resultant Coulombic potential [24]
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electron capture of neighboring defects. This Coulombic barrier to capture is modeled as a
time-dependent potential ¢ (¢ ) that builds up around the defects and reduces the subsequent electron
capture as in Fig. 3.10.

Further understanding of interacting defects is possible considering the theory of Schréter et
al., which allows one to distinguish bandlike and localized states [25-30]. This model shows that
continuous energy bands are likely to result from pure dislocation states due to wave function
overlap. In contrast, for the case where point defects decorate a dislocation, Schroter showed that
such wavefunction overlap would be minimal and a deep level associated with this type of defect
formation would manifest as a localized state and not exhibit band-like character [25, 30-32].
Figure 3.11 a and b shows simulation and experimentally observed behavior of bandlike levels,
respectively. The band like level in Fig. 3.11 is distinguished by the peak shifting to lower
temperatures for longer fill pulse times. As the fill pulse increases, more of the defect band fills
starting furthest from the conduction band then filling available states above this.
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Figure 3.11 (a) Simulated DLTS spectra of interacting levels for a bandlike energy distribution
[30]. (b) Measured minority carrier bandlike distribution of states in Sig;Geos/Si [32]. The
simulation uses a broader distribution of states, which causes the larger distortion of the DLTS
curve at larger fill pulse times. The features of the bandlike distribution are the decrease in peak
temperature and increase in peak height at longer fill pulse times and the high temperature side of
the curves typically nearly overlap.

The defect band can be considered as an infinite series of discrete levels with their own

Ec -Er and cross-section. Assuming the cross-section is constant, the emission rate will vary
exponentially with Ec-Er. For a short fill pulse where only the bottom of the band fills, the DLTS
will approximate the peak of a discrete level. As the fill pulse is increased, the bottom part of the
band will have the same emission response but additional parts of the band will emit faster (i.e. at
lower temperatures) due to a lower Ec-Er. The result of this is three-fold. First, the peak
temperature will shift to lower temperatures as the averaged band Ec-Er decreases for longer fill
pulse times. Second, the peak height will increase because more defects are captured and emitted at
the longer fill pulse times. Third, the high temperature side of the DLTS peak will nearly line up.
This is because of the exponential dependence of the emission rate on temperature meaning that the
bottom part of the band dominates this part of the spectra [29]. On the other hand, a discrete
interacting level has the same “effective” Ec-Et independent of the fill pulse length, by definition,
so the emission rate is constant and therefore the peak temperature is also constant.
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3.3.4. Experimental setup

The DLTS measurements have been performed as follows: the sample temperature varies
slowly, while the sample bias varies in a fashion like that described in fig. 3.8, with a fixed period
P. Moreover, the capacitance of the sample at reverse bias Vy, and the capacitances during the
transient at t; and t, are measured. In order to achieve this, we make use of the following
experimental equipment, which is depicted in fig. 3.12.

Temperature controller and cryogenic apparatus

This instrument, a Lake Shore DRC91C, allows one to set and control the temperature of the
sample. It is interfaced to a computer by means of a NI board and Visual Basic software. The user
4-24 determines the temperature interval and heating rate through the software. For our setup, the
heating rate must be lower than 0.083K/s. The temperature interval can vary from 77 K, i.e. the
liquid nitrogen temperature, to about 700 K for GaN devices. The lower maximum temperatures are
employed for more materials and devices, such as GaN-based HEMTSs, LEDs. The sample is Kept
in a cryogenic apparatus, consisting of a dewar containing liquid nitrogen, and a sample holder. A
thermocouple measures the temperature, while the sample holder can be heated by a Thermocoax
cable with resistivity 12.5 W/cm.

Pulse generator and capacitance meter

The pulse generator and the capacitance meter are, together with the exponential correlators,
building blocks of the Sula Technologies Deep Level Spectrometer. The impulse parameters
are mentionend below:

» the period P

» the reverse bias Viey

» the filling pulse bias Vs

> the pulse duration (pulse width) t,.

The capacitance meter works at a frequency of 1 MHz, thus being able to reproduce accurately
capacitance transients with time constants of the order of some tens of ms. The output of this
instrument yield the reverse-bias capacitance Cop, and the capacitance transient, which is further
processed by the correlators.

Exponential correlators and boxcar averager

The deep level spectrometer incorporates four correlators, which play the role of reducing
the noise affecting the capacitance transient. The output of each correlator is then processed by a
boxcar averager, which, in turn, yield as output the signal AC=C(t;)-C(t2). To each double boxcar
averager correspond four different values of the couple (ty,t2), so that in a single measurement it is
possible to collect four spectra speeding up the experimental procedure. The ratio ti/t; is fixed and
equal to 2.5. The values of the emission rate en corresponding to the different values of the rate
windows range from 1.16 x 10* s™ t0 2.33 s™%.

The correlator performs the following operations: the periodic signal consists of the sum of
noise N(t) and ideal signal, described by an unknown amplitude A multiplying the function
s(t) = exp[-ent]. The signal is filtered by means of a weighting function W(t )= exp[-t/t], produced by
an exponential function generator with variable time constant. The best measure S of the unknown
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amplitude A
P
S=[[ Aexp(—e;t)+N(t) W (t)dt (3.59)
0
occurs just when s(t)=W(t). This provides the best SNR.

The signal is the processed by the double boxcar averager. Here two input channels correspond

to two linear gates which sample the signal at instants t; and t,, while a differential block yields at
the output the difference of the signals measured by the two gates. The measurement setup is
illustrated in fig 3.12
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Figure 3.12 Block diagram of the instrumentation for the DLTS measurements, evidencing the
correlator and the double boxcar average

Optical Spectroscopy methods

In order to extract the results on Band gap, defect related transition, polarization induced
transition and optoelectronic devices efficiency calculation, different optical methods have been
used in this thesis, which is discussed below. The idea has been taken also to correlate electrical
properties with optical properties as the thesis is mainly focused on high polarization field
materials, i.e. high carrier density structures with defects/dislocations.
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3.4 Surface Photovoltage Spectroscopy

In 1839, Becquerel has discovered experimentally the photovoltaic effect [33], which
consists, in general, of an illumination-induced change in the potential distribution of a given
structure, due to the transfer and/or redistribution of some charge within the structure caused by an
incident illumination.A specific variant of the photovoltaic effect is the surface photovoltaic effect,
which is defined as the illumination-induced change in the surface potential, and named as the
surface photovoltage (SPV).

Monitoring the change in the surface voltage as a function of the incident photon energy is a
technique based on the SPV effect: the surface photo voltage spectroscopy (SPS). This method
makes it possible to have a detailed picture of the electronic structure, due to its sensibility of the
change in band bending in function of an external illumination, and so information about the bulk
properties, such as band gap and type of semiconductor, which allow to reconstruction of the
surface and interface band diagrams. It also allows the analysis and the measurement of surface and
bulk defect state and energy levels in quantum structures.

3.4.1 Surface electrical properties of semiconductor

The boundary of media with different physical properties is generally defined as an

interface. Especially the surface between a semiconductor and a solid is usually named “interface”,
and between a semiconductor and vacuum or a gas “free surface”.
Ideal crystalline semiconductor presents, in general, a periodic structure of allowed energy bands
separated by forbidden energy gaps. Its termination at free surface or interface creates surface- or
interface-localized electronic states, within the semiconductors band gaps, and/or a surface dipole, a
double layer of charge. Breaking the symmetry of lattice termination is not the unique phenomena
involved in the creation of electronic states, also the presence of surface atom that are not tied with
an upper one, steps, kinks, adsorbed impurity atoms and the effect of the surface reconstruction or
relaxation, such as a change in the bonding configuration of surface atoms to minimize the surface
energy, are involved in this process.

The presence of the surface-localized states makes the semiconductor bulk and surface not

more in thermal equilibrium. In order to establish equilibrium, there is a charge transfer of free
carrier between the two, therefore the carrier density deviates from its equilibrium value in the
vicinity of the surface and the result is a surface space-charge region (SCR). Thus, this region is
electrically non-neutral and a potential drop occurs across it, to underline the fact that the surface
potential is different form the electric one in the bulk even in equilibrium conditions.
Associated to the semiconductor surface is also the presence of a surface barrier, which is defined
by the electron affinity y, the energy needed to release an electron from the conduction band into the
vacuum, and by the surface dipole A®s, determined by additional microscopic dipole contributions,
such as reconstruction, stoichiometry changes [1].

Introducing the concept of the local vacuum level E,, defined as the energy of an electron at
rest in a given point free from the influence of the crystal potential but not from the macroscopic
potentials due to the electric field in SCR, the different effect of surface and surface dipoles is
illustrated in fig. 3.13.
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Figure 3.13 Schematic band diagram of semiconductor surface SCR at equilibrium.

So the electron affinity is defined as y =E|-E¢, where E. is the conduction band energy, but at
the surface the effective electron affinity x* may deviate from the bulk value due to the various
dipole effect. Also fig. 3.13 shows the work function W5, defined as the separation energy between
the local vacuum E; at the surface and the Fermi level Er.

3.4.2 Surface Photovoltage (SPV) effect

Under illumination, a transfer and/or redistribution of charge in the structure is typically of
the photovoltaic effect and a specific variant is the surface photovoltage effect, defined as the
illumination-induced change in the surface potential.

Generally there are two way of formation of free carrier by creating electron-hole pairs, due
to the illumination and so to the absorbed photons: via band-to-band transitions, typically for
photons energy above the energy gap, named super-bandgap photons, and/or release captured
carriers via trap-to-band transitions, typically for sub-bandgap photons. Thus a significant transfer
and/or redistribution of charge occur between the surface and the bulk or vice versa in an
illuminated device. It’s important to note that SPV is present only if carrier generation is followed
by net charge redistribution.

Such redistribution normally affects only the surface charge region and so its potential drop
across. The underlying bulk region remains quasi-neutral, only the presence of significantly non-
uniform generation or recombination may also cause a potential drop in the quasi-neutral region,
this effect is known as the Dember potential [34].

Therefore the SPV mechanism strongly depends on the energy of the incident photon. Super-
bandgap and sub-bandgap mechanisms are all demonstrated for a depleted n-type surface in figure
3.14.
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Figure 3.14 Schematic band diagrams of the semiconductor depleted n-type surface space-region
under different illumination conditions

The most common super-bandgap mechanism is demonstrated in figure 3.14 (b): the electric
field in the SCR causes the excess electrons to be swept away from the surface and the excess holes
to be swept towards it, this reduce the density of surface trapped electrons and decreases the band-
bending. A second mechanism in figure 3.14 (c) presents the situation in which electrons (i) or
holes (ii) are trapped at surface defects. This transfer charges the surface and increases the band-
bending in the electrons case and decreases the band-bending in the hole one.

Figure 3.14(d) shows the effect of sub-bandgap SPV illumination, in which the surface
charge region and its potential is directly modified by excitation of trapped carriers. In case (i) the
photons have an energy hv > E-E; and this produces electrons transition from a surface state of
energy E; to the conduction band, here the electrons are swept quickly away by the electric field to
the semiconductor bulk. So the negative surface charge is reduced and the band-bending is
decreased. By analogy, photons with energy hv > E-E, cause electrons transition from the valence
band to the surface state of energy E;, this is equivalent to hole transitions from the surface state to
the valence band like in figure (ii). This results in an increase of both the surface negative charge
and the surface band-bending. In this case SPV is necessary to have a significant diffusion of the
excess holes into the bulk and/or recombination of electrons and holes inside SCR, because there is
no field-assisted driving force of holes into the bulk.

Finally, there are other mechanisms based on band-to-band transitions due to sub-bandgap
photons. The most important is the Franz-Keldish effect, shown in figure 3.14 (e), in which photons
with sub-bandgap energy produce band-to-band transitions via photon-assisted tunneling in a
sufficiently large electric field [35]. In this circumstance the photon energy is typically close to

energy gap.

3.4.3 SPV effect on buried interfaces

The previous section has taken in consideration only semi-infinite, uniform bulk
semiconductors. Nowadays semiconductor samples may be thin, not much larger than the diffusion
length and/or absorption length, so that the excess carriers may be present near their back part as
well and also presents a multi-layer structure: several buried interfaces due to homojunctions and
heterojunctions within the sample.
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The screening by quasi-neutral region seems to make unable the buried interfaces, deep
enough in the sample, to contribute to the measured of the SPV signal. This idea is erroneous.
Considering a semiconductor thin film grown on a semiconducting bulk, defined by different
material parameters, the schematic band line-up of this structure, reported in figure 3.16, underlines
the fact that also the interface contributes to the SPV effect [36].

SemiconductorI  Semiconductor I SemiconductorI  Semiconductor II

(@) (b)

Figure 3.15 Schematic band diagrams of thin film structure in the dark (solid curve) and under
illumination (dashed curve), where the interface SCR (a) is the dominated contribution and the
surface SCR (b) to the SPV effect

In this structure there are two different surface charge regions: interface SCR, between the
substrate and the film, and surface SCR, between the film and the ambient. Figure 3.15 clearly
shows the sensitivity of the SPV to interface and surface SCR, especially, there are changes in the
band-bending of either the SCR that produce SPV. However in case (a) the interface-related SPV
dominates, in the other case (b) the surface-related SPV dominates, as evident from the surface
position of local vacuum energy E,. Thus optical absorption in any non-neutral region, present in the
sample, may contribute to the measured SPV signal because the potential of the free surface is
strictly linked to any other illuminated region, no matter how deep within the sample.

The sensitivity of SPV measurements to a certain region of a semiconductor is limited only
by the absorption length of the photons, or rather the possibility of introducing an excess of free
carrier in the a particular region, thus by proper design and interpretation of experiments, may be
used to gain information about the various semiconductor interface and bulk properties (via the
Dember effect), in addition to semiconductor surface properties.

3.4.4 SPV experimental measurements

The surface potential is a built in potential, rather than an external potential, in other words
is not equal to the difference in Fermi levels between the front and the back part of a sample, and
thus it cannot be measured by a simple voltmeter. Moreover any contact alters the surface properties
and hence the quantity under measurement. Consequently many elaborate techniques for measuring
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the surface potential without applying direct electrical contact have emerged and here the two most
famous are presented.

3.4.4.1 Kelvin probe method

Figure 3.15 shows the schematic band diagram of a semiconductor SCR at the equilibrium,
or rather in the absence of photochemical activity, and so the surface band-bending eV, causes a
change of equal magnitude in the surface work function W,. Therefore, in the absence of
photochemical activity, the change in the surface work function is equivalent to a direct SPV
measurement, in absolute value terms.

The oldest method for measuring the relative changes in work functions is measuring the
work function difference between two materials forming the two sides of a parallel plate capacitor.
Figure 3.16 reported this situation for two metals. Prior the connections (a) the metals are
electrically neutral, no macroscopic electrical field arise, and share the same local vacuum energy
level. Short-circuiting the metals (b), charge must flow from the smaller work function metal to the
other one until the equilibration of the Fermi level. This transfer of charge results in an electric field
in the gap between the two plates and a drop in the local vacuum across it. Finally the potential
energy drop is equal to the difference in the work functions of the two metals and is usually known
as the contact potential difference (CPD) [37].
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Figure 3.16 Parallel plate capacitor band diagram formed from two different metals with the two
plates isolated (a), short-circuited (b) and connected through a d.c. bias equal and opposite to the
contact potential difference (c)

A method for measuring CPD was suggested by Lord Kelvin applying to the capacitor an
external d.c. bias equal and opposite to the CPD, figure 3.16 (c). In this condition the Fermi levels
in both materials differ by eVcpp, just as in the isolated case, no charge exchange between them
need take place and so the capacitor is discharged. Therefore for determining the CPD is sufficient
to calculate the applied bias that discharges the capacitor, even if neither the capacitor charge nor
capacitance is known. This method is named Kelvin probe and nowadays rely on a periodically
vibrated plate brought in proximity to the sample surface, such that a steady-state a.c. current
develops in the effective a.c. capacitor formed. This current can be zero if, the capacitor is
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discharged, and thus, the CPD can be determined by determining the d.c. bias for which the external
a.c. current is nullified.

3.4.4.2 The metal-insulator-semiconductor structure

Metal-insulator-semicondutor (MIS) structure is an alternative way for measuring directly
SPV. Assuming that after the equilibrium a MIS structure is brought into the open-circuit mode by
disconnecting the two terminals, the surface voltage Vs may change due to the photovoltaic effect,
applying an illumination to the capacitor. The change in Vs must produce an equal change in the
voltage measured between the plates of the capacitor, thus the SPV at the semiconductor/insulator
interface in a MIS structure can be found by measuring the photo induced voltage between the MIS
capacitor terminals. Experimentally this is easily applicable to the study of free semiconductor by
placing a static metallic grid in proximity of the sample, with air or vacuum gap functioning as the
insulator, and using chopped illumination with lock-in detection of the ensuing SPV signal.

The application choice between the two different approaches is based on their own physical
properties. The MIS method is more suitable for experiment that involves fast relaxation
phenomena, allows for a systematic modification of the surface band-bending in the dark as an extra
degree of freedom and alleviates the need for an ohmic back contact. On the other hand, the Kelvin
probe is more suitable for following phenomena with large time constants, as in particular surface
states with long time-relaxation. This does not perturb the true band-bending of the free surface and
the extra information afforded by the work function is extremely useful in experiments involving
surface chemistry and/or film deposition [38].

3.4.4.3 SPS set-up

The surface photo voltage spectroscopy (SPS) is defined as the measurement of the SPV
signal for various values of photon energy. The data give us information about the behavior of the
sample for a specific spectrum of various wavelength.

The SPV signal is generated using a broadly tunable light source. The most suitable set-up is

to use of a “white” light source in conjunction with a monochromator, because the super-bandgap
absorption coefficients is typically orders of magnitude larger than the sub-bandgap coefficient
makes SPS is vulnerable to the spurious contribution of high-order diffraction peaks and stray light
and so the using of monochromator results in making these effects small as possible.
Typically the sample under study is placed in a metallic box, which results as a dark box and a
Faraday cage, and this box must include the probe, a vibrating plane as in the Kelvin probes or
static one in the case of the MIS structure. In the last case, static metal plane, the illumination must
be also periodically chopped to allow for lock-in detection of the signal.

Real-time computer program records the SPV spectrum, controls the monochromator motor
and thus the wavelength changes, operates the control electronics of the probe, reads the
measurement result by interfacing with the probe read-out electronics via an analogue-to-digital
converter and finally stores the obtained spectrum for subsequent display and analysis. The SPS set-
up schematic is given in figure 3.17.
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Figure 3.17 Block diagram of SPS set-up

In Kelvin probe method the use of the chopper is avoided because the lock-in can detect the
vibrational signal from probe and so that’s why in figure 3.16 is written as “if applicable”, and also
the use of an auxiliary light-source, such as white, laser or UV light, allows for “photo-bias” of the
system and for additional quantitative analysis [38].

3.4.5 Applications of SPS

The analysis of the SPS spectra gives information about the semiconductor bandgap, the
type of the sample, the gap state and characterization of multiplayer structures and eventually
quantum wells. This tool makes the SPS an important technique in the fields of the surface
electronic structure, surface reactions, metal-semiconductor interface, bulk and surface defects and
more.

The method has been applied to study different materials and structures such as Si, CdS,
GaAs, ZnO etc. and their heterostructures [38-41], while the GaN and it’s heterostructures studies
have been limited in literatures so far due to different issues such as materials quality, high
polarization field etc. so far. There are some literatures which had reported some results on GaN
layer which is shown in Fig 3.18 [42], but still there hasn’t been any report on heterostructures
which is an important field of study in this thesis and shown in next chapters.
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Figure 3.18 SPV spectra showing the GaN band gap and YL related transition [42]

Thus he SPV analysis offers the possibility of performing contactless and non-destructive
characterization of buried and surface interfaces and quantum wells, resulting in a complete
description of the electrical and optical properties of the sample.

3.5 Photocurrent Spectroscopy

Photoconductivity is an optical and electric phenomena, where a material/substance shows
the increase in conductivity on absorption of the light radiation such as visible, ultraviolet etc.
Photocurrent spectroscopy, also known as the spectral photoconductivity (SP) method, has been
used to investigate the photoconductivity changes [43] subsequent to extrinsic or intrinsic photon-
absorption processes that induce charge transitions in semiconductor materials or devices.

In a semiconductor, intrinsic absorption occurs due to larger or equal photon energy to the
bandgap value (hv >Eg), so that carriers of both types are generated. Differently, extrinsic
absorption is generated by below-bandgap energy light, able to excite transitions of carriers from
deep levels to either bands, as schematically shown in Figure 3.19. SP may allow for distinguishing
surface or bulk defect states from the analysis of the relevant spectra. In fact, spectral photocurrent
measurements carried out by sub-bandgap light [44, 45] might be used to study deep levels in the
bulk as these measurements are less sensitive to surface effects in comparison to above-bandgap
illumination because the photocurrent is collected from the whole bulk, so that the contribution of
the surface region is usually negligible

Figure 3.19 Band-to- band and intraband transitions induced by photons
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Conversely, spectral photocurrent measurements carried out by above-bandgap light [45] might be
eminently used to study the surface states.

3. 5.1 Basic Principles

Photoconductivity effects in solids were discovered by Smith [46] at the end of the
nineteenth century. In the 1920s, Gudden [47] developed the photoconductivity theory
demonstrating the dependence of photoconductivity, light absorption and luminescence on the light
wavelength and assessing that the interaction occurs between one photon and one electron.

The dark conductivity ¢ of a semiconductor is given by:

o=e(nun+ pup) (3.60)

where, un and g, the electrons and holes mobility, respectively, and n and p their concentrations,
respectively.

Photoconductivity [43] 4o is defined as the increase of conductivity occurring in a semiconductor
under optical excitation. When light of near-bandgap energy hits a homogeneous semiconductor,
the conductivity increases by an amount 4o due, in most cases, to the increase of the free-carrier
densities Ap and 4n:

Ac=e(Any, +Apu,) (3.61)

It should be reminded that only the majority carrier transport, electrons for n-type and holes for p-
type semiconductors, is usually considered since low injection conditions are used. Moreover, the
charge neutrality is assumed to be maintained during illumination, i.e., 4p = 4n. Photogenerated
excess carriers in semiconductors are typically or ders of magnitude lower than their density in the
dark (4p«p and An«n); conversely in semi-insulators the excess carriers are much higher than the
dark density. Photo-carrier densities An = f z,; 4p = f 7, depend on the number f of electron—hole
pairs generated per second per unit volume. The parameter f is, in turn, related to the excitation
intensity @(1) and to the absorption coefficient o (1). The spectral response is therefore a function
of /.
From the Beer’s law

Aue =a()dN, (3.62)
where, Aaps. IS the absorbance, a(4) is the absorption coefficient, d is the penetration depth and N is
the absorbing species concentration, f can be expressed by:

f=pa()¢(A) (3.63)

where S is the number of carrier-pairs generated by each photon (typically < 1) [48]. The
photoconductivity Ao can be finally expressed, taking into account reflection

Ao =efagl-R)A-e ") (u,r, +1,7,)  (3.64)
A strict correlation thus exists between a (hv) and 40 (hv), as depicted in Fig. 3.20 [44].
For photon energies hv >Eg, corresponding to the high absorption region I in Figure 3.20 the

light is mainly absorbed close to the surface, hence the photoconductivity 4o is controlled by the
surface carrier lifetime. In the intermediate region hv = Eg, (region II) the photoconductivity is
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controlled by the bulk lifetime, with a maximum occurring for « = 1/d, d being the sample
thickness. For hv « Eg (region I11) the bulk lifetime still controls the photoconductivity, which
decreases by orders of magnitude as absorption coefficient does. In this region, however, the
impinging light induces transitions involving deep levels (DL) in the bandgap. Here, the absorption
coefficient o is proportional to the density of deep levels centers Np, by the relation:

a=s,Np, (3.65)

with s, the optical capture cross section of the centers [44].

-———0
Ac

Figure 3.20 Light wavelength dependence of the absorption coefficient a and of the
photoconductivity o in the regions above (1), near (11) and below (111) bandgap [49]

At photon energy exciting extrinsic transitions, the photoconductivity spectra show peaks,
the height of which is related to the density Np, of the deep levels involved in the process. Usually,
photoconductivity measurements are carried out in an ohmic planar configuration, The use of a
rectifying Schottky contact configuration sensibly increases the signal intensity. The high collection
efficiency, due to the electric field acting across the depletion region, allows well-resolved spectra
to be obtained from which many details can be inferred. The Schottky contact configuration,
however, limits the exploration to the depletion region W [1] also when W is much lower than the
light-penetration depth. Light absorption can induce processes other than the intrinsic and extrinsic
transitions [44], as for instance intraband transitions, i.e., transitions between internal levels.
Intraband transitions cannot be, however, detected by photoconductivity measurements since they
do not involve carrier transfer to the conduction or valence band, hence do not affect the free-carrier
concentration.

3.5.2 Experimental tools/setup for Photocurrent Spectroscopy

Photocurrent setup consists of following major tools:

1. Light sources are one of the basic building blocks of many optical spectroscopy
experiments. The spectrum can be discrete, as in Hg lamps, continuous, as in Quartz
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Tungsten Halogen (QTH) lamps, or a superposition of continuous and discrete spectrum, as
in Xenon Arc lamps.

2. The monochromator is the element which allows the selection of a narrow band AA of
wavelengths from a source of radiation. The selected wavelengths can be directed to the
sample to analyse, as in absorption or photocurrent spectroscopy, or can be extracted from
the emission of the sample.

3. A thermopillar, which is a series connection of a certain number of thermocouple junction.
A thermocouple junction consists of two dissimilar metals connected in series. To detect the
radiation, one junction is blackened to absorb the radiation. The temperature rise of the
junction generates a voltage. An increase in the output voltage is obtained by increasing the
number of thermocouple junctions.

4. The lock-in technique is used to measure very small AC signals, even when they are buried
in noise. A lock-in is a filter with a very narrow bandwidth, tuned to the frequency of the
signal. The filter rejects most of the noise, having Q factors as high as 10°. In addition to
filtering, the lock-in also provides gain, up to 10°. The basic principle of the lock-in is that
the experiment is performed at a fixed frequency, possibly far from the frequency regions
where significant noise source can be present. In the present experiments a reference signal
is fed to the lock-in by means of a photodiode sensing the on- and off-states of the chopper.
The reference signal enters a Phase-Lock Loop (PLL) circuit which tracks the input signal
frequency. The lock-in is then capable to extract the first harmonic of this square wave, in
form of a sinusoidal function. The other signal may be either the photocurrent signal from
the sample or the signal from the light detector.

Set-read wavelength

Chopper control
frequency

«—>

| Slit 2
sample

|\\§7:| =

Photo Monochromator Current amplifier

F |

Light source

Square wave reference

Photocurrent signal
Lock-in amplifier
_

Figure 3.21 Block diagram of Photocurrent setup
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3.5.3 Applications in GaN and heterostructures/quantum wells

Spectral photoconductivity has been an advanced tool for characterization the GaN materials
and heterostructures. In recent years, it has been used for defect characterizations in GaN layers
[50] and also for GaN based heterostructures for various applications such as LEDs, solar cells etc
[51]. Fig. 3.22 shows the deep levels in GaN responsible for different luminescence. Fig. 3.23
shows the 2DEG related peak in AlGaN/GaN based HEMT structure with variable chopper
frequence which is one of the main area of interest in this thesis.
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Figure 3.22 Showing Deep levels in GaN layers [50]
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Figure 3.23 Showing presence of 2DEG related absorption in AlGaN/GaN based HEMTs [51]
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Chapter 4

Characterization of GaN layer

In this chapter | report on how GaN layer has been characterized with various electrical
and optical methods. As in this thesis GaN layer has been used as reference material in order to
understand the results of GaN based heterostructures, it is significant to explore the electrical and
optical properties of GaN. The chapter starts with experimental results from basic electrical
techniques like 1-V, C-V to understand the electronic transport properties and proceeded with
defect characterization by DLTS method. The electrically active defects and their capture cross
section iare investigated and compared with various references. Optical spectroscopy methods like
Surface Photovoltage, Photocurrent and Photoluminescence have been used to investigate the
optical properties and to correlate the defect related transitions/emission with DLTS results.

4.1 Sample details and growth information

GaN layer was grown on sapphire (Al,O3) by Metal-Organic Chemical Vapor Deposition
(MOCVD) technique. The grown Ga-face (0001) GaN layer thickness was 3 um and confirmed by
Reflection and transmission analysis by X-ray Diffraction method by sample provider. The thick
GaN layers (0001) was grown on sapphire at 1050 °C using LT (low temperature) GaN nucleation
layer. This leads to the formation of semi-insulating (unintentionally doped) n-type GaN. The
experimentally measured Hall carrier concentration at 300 K is around ~ 4 x 10%” cm™. The carrier
concentration has been also measured by Capacitance-Voltage analysis which is discussed in next
sections.

Electrical measurements are performed on semitransparent ‘Pt’ Schottky contacts (dots of
1mm diameter) and Ti/Al/Ni/Au Ohmic contacts (dots of 1 mm diameter). The ohmic and Schottky
contacts are prepared by Ti/ Al/Ni/Au and Pt evaporation, respectively; for ohmic metallization,
further annealing was performed at 850° C for 30 s in N, ambient. Ohmic contacts have been
checked and found quasi-Ohmic behavior, probably due to semi-insulating nature of GaN layer as
it’s not doped, consequently with lower carrier concentration.

Pt(20nm) TV/AUN/ Au
= )

GaN (3pm) (N, =3x 10'7 cm3)

=2 sapphire

33

Figure 4.1 Schematic of GaN layer on sapphire with Schottky (filled dot) and Ohmic contacts
(empty dots)
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4. 2 Current - Voltage (I-V) characterization

The Current-voltage measurements have been performed vs. temperature (218 K — 403 K).
The measurements have been performed in range of -2 V to 2 V. shown in Fig. 4.2 it can be seen
that the current rises with temperature in forward and reverse bias. A very high leakage current is
observed at low bias (for instance 100 nA at 1V) which is still an open issue in GaN based device as
leaky devices suffer with several problems like current collapse, early degradation etc. due to
presence of traps/defects [1]. The conduction mechanism involved for higher reverse leakage and
forward bias current is discussed in order to understand the role of dislocations and metal-
semiconductor interface related properties, respectively.
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Figure 4.2 Forward and reverse bias characteristics of Pt-GaN at different tempearatures
Forward bias analysis

The forward bias characteristics is analyzed with the Thermionic emission (TE) model, as
explained in chapter 3.. The apparent Schottky barrier height (SBH) ¢, and ideality factor (n) have

been calculated with TE model from eq. 4.1 and 4.2, shown in Fig. 4.3a. It shows the variation of
barrier height and ideality factor with temperature

| =1, AAT 2 exp( q¢°) (exp( eff) 1) 4.1)
2 a4,
where, I, =AT exp( T j 4.2)

where, lp is the saturation current density, k is the Boltzman’s constant, ¢, is the apparent Schottky

barrier height, n is the ideality factor, A is the Schottky diode area, A* is the effective Richardson’s
constant (~ 26.4 Alcm?K?).

The experimental values of the barrier height, ¢, and the ideality factor, n, are determined
from intercepts and slope of the forward-bias In I vs V plot at each temperature.
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Figure 4.3a Apparent Schottky barrier height and ideality factor variation versus tempearature

An apparent increase in the ideality factor and decrease in the Schottky barrier height
moving towards low temperatures are possibly caused by structural defects in the semiconductor,
inhomogeneous doping (which is not the case in the sample as it’s undoped), interface roughness,
interfacial reactions and diffusion/interdiffusion of the contamination of applied material on
semiconductor surface. Other possible effects are due to inhomogeneities of thickness and
composition of the layer, non-uniformity of interfacial charges or presence of a thin insulating layer
between metal and semiconductor [2, 3, 4, 5, 6]. Since current transport across the
metal/semiconductor (MS) interface is a temperature activated process, at low temperature electrons
having lower energy can surmount such barrier and the dominant current flow is through the
regions of the low Schottky barrier height (SBH). As the temperature increases, more number of
electrons having sufficient energy to surmount higher SBH at higher temperature activated process,
which results in increase of the barrier height. This is evident by plotting SBH variation with 1/T,
which is shown in Fig. 3b. It can be observed that at low temperature (218- 300 K) SBH varies
significantly while at higher temperature (300 K-403 K) it’s almost constant.
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Figure 4.3b Apparent Schottky barrier height variation with temperature
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According to [7], a linear relationship between experimental SBH and ideality factor (n)
values is an indication of the barrier irregularity and can be explained by lateral inhomogeneities of
BHs. The value of homogeneous barrier height can be obtained from the extrapolation of the
experimental Schottky barrier heights vs ideality factors plot to n =1 [7, 8, 9]. Thus, for Pt-GaN,
homogenous a barrier height value is obtained around 0.97 eV, shown in Fig.4.
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Figure 4.4 Variation of Schottky barrier height with ideality factor. The linear extrapolation for n =
1 gives the ideal barrier height for Pt-GaN.

Another way to determine the Schottky barrier height and the Richardson constant is to use
the activation energy plot. Using the values of the saturation current density, Jo, at each temperature
from the 1/J-V data (ig. 5), the conventional Richardson plot of In(Jo/T %) vs 1000/T is obtained in
the temperature range 228-403 K. From the linear fit fig. 4)Schottky barrier height and Richardson
constant are calculated to be 0-81 eV and 1-8 A/cm?K?, respectively. The estimated value of the
Richardson constant is much lower than the theoretical value of n-GaN (26-4 A/cm’K?). The
deviation in the conventional Richardson plot may be due to the spatially inhomogeneous barrier
heights and potential fluctuations at the interface that consists of low and high barrier areas [2, 3,
10, 11] reported that the A+ value obtained from the temperature-dependent I-V characteristics may
be affected by lateral inhomogeneity of the barrier.

74



Chapter 4

T
1

-20
-22

T
1

N

SN
—
1

30l ]
3ol ]
3l ]
36l ]

In (3,/T°) (Acm’K™)

_40 I 1 N 1 N 1 N 1 N 1 N 1 . 1 .
14 16 18 20 22 24 26 28

q/2kT (eV™)

Figure 4.5 Conventional Richardson plot for the measurement of barrier height and Richardson
constant

The conventional Richardson’s plot, however, is based on the thermionic emission
mechanism in eq. (4.1) and, hence, assumes an almost ideal barrier, with ideality factor and the
Schottky barrier height independent of the temperature. Hence, the nonlinearity of the conventional
Richardson’s plot can be associated with the previously shown experimental evidences, namely, the
temperature dependence of SBH and n. In order to take into account the deviation from the ideality
and the experimentally observed dependence of n and SBH on the temperature, a “modified”
Richardson’s plot, In(Jo /T?) versus q/2nkT, is also reported in Fig. 4.6. This approach was proposed
by Hackam and Harrop [12] in order to consider the effects of deviation from n = 1 at zero bias
voltage as well. In this case, a better linear fit has been obtained, giving a barrier height value of
0.85 eV and a Richardson’s constant of 1.8 x 10> A/cm?K?. This value of A*, however, is still
significantly lower than the theoretical predictions (26.4 A/lcm?K?) [13] found that the value of A*
determined by a modified Richardson’s plot in freestanding GaN material is close to the theoretical
value. On the other hand, [14] found a reasonable value of Richardson’s constant A* through a
conventional Richardson’s plot. Clearly, the wide range of variability of these results can be
ascribed to the different interface quality, which, in turn, depends on several factors such as the
surface defects density, the surface treatment (cleaning, etching, etc.), the metal and the deposition
process (evaporation, sputtering, etc.). As an example, [15] observed a dependence of A* on the
dislocation density of the material, in Ni/GaN Schottky diodes. In our case, it can be argued that the
underestimation of the A* value, even after considering the non-ideality of the
barrier in the Richardson’s plot, can be related to the formation of a laterally inhomogeneous
Schottky barrier which, in turn, may result into an effective area for the current conduction lower
than the total area of the diode.

75



Chapter 4

NN
(0] NN N
T T T T
"/ n
/ _
1

N
(o]
——
/
1

@
N
——
/
1

In (3,/T°) (Acm’K™)
3 2
’
/

w

(o]
—
1

6 | 7 8 9 10 | 11
q/2nkT (eV?)

Figure 4.6 Conventional Richardson’s plot for calculation of barrier height and Richardson
constant

For the tunneling dominated current-transport equation 4.3, the slope of the In I versus V
plot (q/Eo=0/nkT) is essentially temperature independent and is called a voltage factor or tunneling
constant. In addition, at a constant bias voltage, In I is more of a linear function of temperature than
an inverse temperature. According to the tunneling model, which was developed for Schottky
barriers, the band bending works as a barrier for carriers tunneling into interface states or
dislocations, where various traps may be involved in multi-tunneling steps [16]. Thermally
activated carriers make (stepwise) tunneling into the interface states.

L=l {exp {@] —1} (4.3)

0

where, E,=nKT is the tunneling parameter and Iy is tunneling saturation current.

However, Eq values remains almost unchanged over the same temperature range with an average of
0.15 eV, shown in Fig.4.7. The high value of n can been attributed to several effects such as
interface states, tunneling currents in the high dislocations [17-19] image force lowering of the
Schottky barrier in the high electric field at a MS interface, and generation currents within the space
charge region [20]. The TFE mechanism can be ruled out in this region, since Eq is more or less
constant in the measured temperature range.
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Figure 4.7 Variation of saturation current and tunneling parameter with temperature varitaion with
TFE model

Reverse Bias analysis

We studied reverse bias leakage current mechanisms in Pt/Au Schottky contacts on Ga-polarity
GaN. In this study, we assume that the main mechanism for leakage current occurs through Poole-
Frenkel Emission (FPE) and focus on reverse bias current density and electric field characteristics.
In FPE, leakage current is mainly governed by the emission of electrons via trap states into a
continuum of states associated with the presence of conductive dislocations. It is successfully
explained by the FPE model, in which, usually, the conduction band need not necessarily be in an
insulator and its emission refers to the electrical-field-enhanced thermal emission from a trap state
into a continuum of electronic states. The current density associated with FPE is given by [21, 22]

J=CE, exp| - (4.4)

where E; is the electric field in the semiconductor barrier at the metal/semiconductor interface, @ is
the barrier height for electron emission from the trapped state, & is the relative dielectric
permittivity, T is the absolute temperature, ¢ is the permittivity of free space, k is the Boltzmann’s
constant, and K is a constant. From Eq. (4), In(J/E;) should be a linear function of sgrt (Es), i.e,

In(J / E;)=R(T)JE, +S(T) (4.5)
RN = |
where, KT\ 702 (4.6)
__9¢
S(T)=—7+InC
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Figure 4.8 Variation In(J/Es) with electric field for 218 K- 318 K

Figure 4.8 shows the plot of In(J/Es) versus sqrt(Es) as linear in the temperature range 218-
318 K for Pt Schottky contact on GaN; this is a proof for a Frenkel- Poole effect. As defined in egs.
4.6, we also plotted R(T) and S(T) as functions of 1/T for Pt/GaN Schottky diode. The calculated
relative dielectric constant from the slope of R(T) versus 1000/T (figure 4.9a) is 6.0£1 and the
emission barrier ®; from the slope of S(T) versus 1000/T (the inset of Fig. 4.9b) is 0.14+.04 eV,
respectively. The extracted value of & for Ga-polarity GaN is in good agreement with the
previously reported [23, 24]. Recently, Arslan et al. [25] reported that dielectric constant and
emission barrier are 5.8 and 0.12 eV for AIINN/AIN/GaN hetero-structures, respectively.
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4. 3 Capacitance -Voltage (C-V) characterization

The C-V measurements have been performed at 300 K to calculate the carrier concentration
in GaN layer, depletion region and barrier height as mentioned in chapter 3. The C-V measurements
have been carried out at 1 MHz in order to use the C-V results for DLTS characterization.. As can
be seen from Fig. 4.10a , the Schottky barrier starts depleting (plateau) around 3 V', shows full
depletion at very high reverse bias (~ 15 V) and step-like features. It can be observed from the C-V
characteristics Schottky junctions are not completely depleted which is probably due to
inhomegenies in the Schottky layer (metal-semiconductor interface) or to the quality of the Ohmic
contacts on the GaN layer, that it is undoped and semi insulating. The C-V characteristics are used
for calculation of the Schottky barrier height , SBH, by plotting 1/C? vs V, as explained in chapter
3 [20]. The obtained SBH value ~ 0.78+.02 eV (Fig. 4.10b) is in very good agreement with
calculations by Current-Voltage analysis, as mentioned above.
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Figure 4.10 C-V characteristics of Pt-GaN at 300 K (a) diagram of 1/C2 vsV (b)

The results of the C-V measurements have been used in order to obtain ncvy and Ncy(v)
profiles, which are shown in Fig 4.11. The Schottky junction is at x = 0 um. The distribution of
carriers with reverse bias and depth indicates that reverse bias increase shows that carrier
concentration starts decreases at higher bias. It’s shown in fig. 4.9a that depletion starts around 3V,
which can be correlated with decrease in carrier concentration with depletion and reaches to lower
value with higher bias, evidenced with fig. 4.11. Moreover, the carrier concentration value is in
good agreement with Hall effect measurements as provided by the sample grower.
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Figure 4.11 Carrier concentration profile with depth (a) and reverse bias (b)

4.4 Deep Level Transient Spectroscopy (DLTS)

Deep level transient spectroscopy has been performed to obtain information on defects/traps
level in the band gap of GaN, that is very essential for understanding the electronic and optical
properties of GaN devices and GaN based devices in view of their applications. DLTS is performed
using a SULA TECH system, to detect the presence of deep levels in unintentionally doped GaN
over a temperature range 100 - 500 K. Samples have been biased with -1 V, -3V, -5 V for different
tests with 1 V as filling pulse for trap filling with pulse width = 10 ms. The transient signal has been
recorded for different emission rates, as shown in Fig. 4.12. The capacitance, C’, and its variation,
AC, with temperature is also shown in Fig. 4.12. We have observed three different defect levels and
calculated their energy levels by plotting Arrhenius plot. The calculated energy level values and
capture cross section values are shown in Fig. 4.13.
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Figure 4.12 DLTS spectra for Pt-GaN (left axes), and AC vs. temperature (right axes)

It is worth discussing the evolution of the positive peak in DLTS spectra which should in
general to be associated the ‘minority carrier trap emission’ [26] which turns to be “hole trap” in
i/n-GaN layer. However, this ‘analomous nature of positive peak’ can’t be explained in terms of

minority carrier trap emission as [26]

a) Capacitance DLTS method does not allow to detect minority carriers in n-type of GaN layer

b) The evolution positive peak could be due to high leakage in Schottky layer i.e. high
impedence and also to lack of the high quality Ohmic contacts as explained above. It could
be due to the increase in current at high temperature which increases the impedence too
which can affect the capacitance measurements and inverse the capacitance transient which
results in positive peak evolution in DLTS spectra [26].

However, such appearance of positive peak in DLTS spectra had also been discussed in some
studies in GaN [26, 27]

The calculated activation energy values of defects have also compared with earlier reported
results on Ga-polar GaN layers by DLTS and Deep level transient optical (DLOS) spectroscopy
method [28, 29, 30]. The defect levels present in GaN are mainly associated with charged
dislocations which is also responsible for high leakage in GaN based devices as shown in an earlier
part of this chapter (see Pool-Frenkel analysis on the trap level at 0.14 eV). Other authors
attributed these defect levels mainly due to Gallium (Ga) or Carbon (C) vacancies or complexes in
GaN [28]. In the next part of this chapter, we have performed the optical measurements by SPV, PC
and PL in order to correlate the presence of defects with transitions/emissions.
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Figure 4.13 Arrhenius plot of GaN sample. Activation energy and capture cross section of the
levels detected are reported

4.5 Surface Photovoltage Spectroscopy, Photocurrent and
Photoluminescnece analysis

First we will discuss about SPV results obtained with two different light sources and compare
their spectra. Later on, we will compare the SPV results with Photocurrent and Photoluminescence
analysis for energy gap, defect related information. The aim of the study is to get further
information on energy gap and defect/trap level transitions/emissions with optical methods.

In the last section, table 4.1 has been prepared and summarized with extracted defect level positions
from Conduction/Valence band in GaN with optical and DLTS mehtod as well as with some
literatures.

Surafce Photovoltage (SPV) spcectroscopy measurements have been performed on GaN
layer with two different lamps of QTH and Xe lamp (see chapter 3) at 300 K. SPV measurements
have been performed with two different gratings A (300 lines/um) for detection of energy gap
related transition and deep levels related transition, wavelength ranges from 300 — 900 nm and
grating B (1500 lines/ um) to detect deep levels related transitions, wavelength ranges 900-2000
nm. Fig. 4.14a shows the SPV spectra for GaN with QTH and Xe lamps which clearly shows the
observed band to band transition related to GaN energy gap. It should be reminded that by
changing the photon energy also the optical absorption coefficient a, and in turn the penetration
depth ol varies. For photon energies ranging from 3 to 4 eV, ot ranges from 0.07 to 1 um in GaN
[31]. This means that from 3 to 4 eV the carrier generation and collection occurs mainly within the
GaN layer.
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Figure 4.14a SPV spectra of GaN layer recorded by using QTH and Xe lamps

Thus from Figure 4.14a, comparing the both lamps spectra GaN energy gap related
information is achieved. It can also be observed the peak at 3.16 eV in the QTH lamp spectrum
while it cannot be observed the using Xe lamp, probably because of the very low
intensity/absorption compared to GaN gap peak. This peak at 3.16 eV could be related to defect
level transition in GaN by considering the data from DLTS analysis which show the one defect
level at Ec-0.24 eV. This defect level is mainly attributed [32] to dislocation core level in GaN layer
as discussed in DLTS analysis section above.

Photocurrent and Photoluminescence measurements have also been performed at 300 K and
5 K with QTH lamp and He-Cd laser to get information on energy gap and observation of bound
and free excitonic emission in PL spectra (fig. 4.13b)). The comparison of SPV, PC and PL spectra
is shown in fig.4.14b. Photocurrent measurements have been performed in Schottky-Ohmic contact
configuration with bias = -2 V as shown below. A sharp peak has been observed in PC spectra at
3.43 eV, which shows the electron-hole recombination feature and then the signal starts decreasing.
In case of PL, measurements have been done at 300 K and 5 K both in order to observe the
transitions related to bound exciton and free exciton (FE) near to GaN energy [33]

Figure 4.14b presents PL spectra of GaN on c-plane sapphire measured at 300 & 5 K. The
PL spectrum at 5 K exhibits the dominant transition of near band-edge (NBE) band at 3.489eV,
together with shoulder at higher energy of 3.502 eV and another at lower energy of 3.496 eV. The
spectra exhibit three emission lines identifying the shallow neutral donor-bound (D°X) and free
exciton (FXa and FXg), the bound exciton (D°X) level at 6.7 meV below the free exciton (FXa)
energy. The splitting of FXa and FXg levels is 6.8 meV. Our results are in agreement with literature
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results [34, 35], and the linewidths of D°X, FXa and FXg as small as 4.0, 3.9 and 6.9 meV,
respectively, show the high quality crystal of GaN layer.

The temperature dependence of GaN film has also been investigated. The redshift and
broadening of all emission lines with increasing temperature have been observed. The temperature
dependence of the linewidth is attributed to phonon-induced band broadening [36]. The
characteristic redshift with increasing temperature is attributed to band gap reduction from lattice
expansion and to electron-phonon interactions [37]. The first contribution has major importance at
low temperature.
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Figure 4.14b SPV, PC spectra at 300 K and PL spectra at 300 K and 5 K
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Defect related information has been also achieved by performing measurements below GaN
gap with all three different spectroscopies and comparison is shown in Fig. 4.15. SPV and PC
measurements have been performed at 300 K and PL measurements have been performed at 5 K for
defect level emissions. In SPV spectra one peak at 2.98 eV is clearly observed transition, which is
usually related to Blue band (BB) emission also observed in PC and PL spectra around 2.98 eV and

3.05eV.
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Figure 4.15 SPV, PC spectra at 300 K and PL spectra at 5 K

In case of PL spectra, the broad peak can be related to defect level response as earlier
discussed which is mainly related to extrinsic feature (probably due to vacancy complexes nature)
in PL spectra. This defect related transition can also be correlated with defect position analysed by
DLTS at Ec-0.57 which is in good agreement with SPV, PC and PL. The other feature at 2.48 eV is
observed in SPV and PC spectra while in PL spectra this peak is not observed. The peak at 2.48 eV
can be due to defect related transition responsible for green band earlier reported in some reports
[38]. This defect level can also be correlated with the DLTS results which show a defect level at Ec-
0.98 eV. The other peak observed in SPV and PC spectra at 2.28-2.32 eV and also a broad peak in
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PL spetra at similar position is observed which can be related to Yellow band (YB) emission in
GaN which is still not clear about it origin due to minority carrier enhanced to majority carrier trap,
originated from screw/mixed/edge dislocation. Here, | have considered both possibilities in order to
explain this transition/emission with consideration of results from literature.

The case of Yellow Luminescence (YL)

I will deal with the origin of Yellow luminescence by considering two possible theories
based on a) Screw/ mixed dislocation and b) Edge/mixed dislocation, which is still an open topic. It
has been observed that the intensity of YL increases with the concentration of the Ga vacancy,
particularly in n-type GaN [39]. Furthermore, the Ga vacancy is energetically the most favorable
configuration in n-type GaN [40] . However, the Ga vacancy itself is a shallow accepter [40] and
hence the Ga-vacancy/impurity complex has been suggested to be one of the sources as YL [41,
42]. Transitions between a shallow donor and a deep acceptor [43] or a deep donor and a shallow
acceptor [44] could be responsible for YL. It has been suggested that YL is due to screw component
of dislocation in some reports [45]. Recent theoretical calculations [46, 47] indicated that
dislocations may well be charged, giving rise to deep-gap states, also discussed above with optical
spectroscopies and DLTS results. Lee et al. reported that YL could also be due to edge dislocation
even in absence of Ga/N vacancy or complexes where it is discussed that the dangling bonds at Ga
and N atoms mostly contribute to deep-gap states and valence-band tails, respectively [32]. All the
edge dislocations can act as deep trap centers except the Ga-vacancy dislocation, which may act as
a source for YL. Full- and open-core dislocations show deep-gap states, which are mostly
contributed by the Ga dangling bonds, located at the dislocation. Here, it is shown in Fig. 4.16 the
emission mechanism for YL luminescence in undoped n-GaN with the consideration of a deep
acceptor level above to valence band E,+ (0.8-1) eV [48]. The suspected source of this YL band
around 2.2 eV is a deep carbon level or gallium vacancy. It shows that YL mainly originate due to a
transition from shallow donor/dislocation state to deep acceptor state which results in YL
transition/emission in GaN.
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Figure 4.16 Emission mechanism of Yellow Band in GaN
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Table 4.1 Summary of defect levels observed by DLTS, SPV, PC and PL

Summary on defect levels in GaN

Methods Defect levels (eV) Capture cross section
by DLTS (cm?)
BB GB .

BB GB

DLTS Ec-0.24 E--0.98 - 53x 1018 98 x 10

E-0.57 2.5 x 1015

SPV 2.98 2.48 2.28

PC 2.98 248 2.30

PL 3.02 - 232 -
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Chapter 5

Characterization of InAIN/AIN/GaN based
heterostructures for high electron mobility
transistors

In this chapter InAIN/GaN based heterostructures for high mobility transistor (HEMT) have
been characterized with various electrical and optical methods. As InAIN layer has been emerged
with the possibility of lattice matching with GaN substrate/layer for HEMT and various
optoelectronics applications, so it becomes quite significant to explore the electrical and optical
properties of HEMT structures. The chapter starts with experimental results from basic electrical
techniques like I-V, C-V to understand the electronic transport properties, different scattering
mechanism for mobility variation and proceeded with defect characterization by DLTS method. The
presence of electrically active defects and information on their capture cross section is explored
which is still not available in literatures which makes this work in this thesis quite significant.
Optical spectroscopy methods like Surface Photovoltage, Photocurrent and Photoluminescence
have been used to investigate the optical properties, in particular 2DEG related transitions and
emissions, which is proposed for first time on this kind of heterostructures, and to correlate the
defect related transitions/emission with DLTS results.

5.1 Sample and growth details

Seven samples with AIINN/AIN/GaN heterostructures were grown in an AIXTRON metal
organic chemical vapour deposition (MOCVD) reactor on c-plane sapphire substrates. AIINN was
around 15 nm thick, AIN layer was varied as 0 to 7.5 nm (shown in Table I), while the 3-pum thick
GaN layer has been grown on sapphire. Indium content varies from 13% to 14% as assessed by
High Resolution X-Ray Diffraction (HR-XRD) [1]. Electrical measurements have been performed
on semitransparent ‘Ni (40 nm)/Au (50 nm)’ and ‘Pt (50 nm)’ Schottky contacts, (dots of 1 mm
diameter) and Ti (30 nm)/Al (200 nm)/Ni (50 nm)/Au (150 nm) Ohmic contacts (dots of 1 mm
diameter), as shown in Fig. 5.1a as schematic. The Ohmic and Schottky contacts have been
prepared by ‘Ti/ AI/Ni/Au’ and ‘Pt’ evaporation, respectively; for Ohmic metallization, further
annealing is performed at 850° C for 30 s in N, ambient. Ohmic contacts have been checked and
found very good Ohmic behavior, shown in Fig. 5.1b, due to high carrier concentration due to
formation of two dimensional electron gas (2DEG) at (In)AIN/GaN interface. For sample 3, effect
of annealing has been shown on Ohmic behavior of the contacts; similar effect has been found for
other samples.
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Table 5.1 Sample details of INAIN/AIN/GaN structures

Sample 1 | Sample 2 | Sample 3 | Sample 4 | Sample 5 | Sample 6 | Sample 7

INAIN (nm) 15 15 15 15 15 15 15
AIN (nm) 0 05 1 15 2 2.5 75
GaN (um) 3 3 3 3 3 3 3
Schottky
Q Q

@
In,Al,_N

2DEG

Sapphire

Figure 5.1a Schematic of InAIN/AIN/GaN heterostructure for electrical measurements, Ohmic
contacts have been deposited by Ti/Al/Ni/Au (shown as Q, squares in orange color) and Schottky
dots of Ni/Au or Pt (circle in red color)
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Figure 5.1b Effect of annealing on Ohmic contact behavior for sample 3, shows the achieved
Ohmicity at high temperature annealing in comparison to unannelaed condition

5.2 Surface morphology analysis by Atomic force microscopy analysis (AFM)

Atomic force microscopy measurements have been performed in non-contact mode for
surface morphology analysis and for the calculation of surface roughness etc. The surface
morphology of all samples have been compared and found very smooth surfaces in all samples
except for the sample 7, as shown in Fig. 5.2. The role of surface roughness and it’s role in
electrical and electronic properties have been discussed in this chapter.

Figure5. 2 surface morphology analyses of samples with variation in AIN interlayer [2, 3]
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5.3 Band diagram Simulation

Conduction band profiles have been simulated by using nextnano software [3] conduction
band offset (CBO) AE.= 2.1 eV for AIN/GaN, AE.= 1.6 eV for AlIINN/AIN as also discussed in
chapter 2, metal (Schottky) thickness is taken as 10 nm for all the samples with different AIN
interlayer thicknesses [5], the results are shown in Fig. 5.3. Fig. 5.3a shows the conduction band
profile for all samples with variation of AIN interlayer thickness which shows the formation of
2DEG well at AIN/GaN interface and variation of depth of 2DEG well with variation in interlayer
thickness (shown by arrow), while Fig. 5.3b shows the carrier concentration variation in different
samples at AIN/GaN interface which also shows the variation in density with respect to interlayer
thickness similarly as depth of 2DEG well as mentioned above. The Fermi level is shown as dashed
line and marked as Ef in Fig. 5.3a. The detailed analysis of subband energy levels and their position
and role in electrical properties are discussed later in this chapter while discussing some theories. It
IS to be noted that all the structures have been considered as ‘in strained’ condition which is
explained in chapter 2 in terms of strained and relaxed nature and influence on electrical and other
properties. It is shown in some earlier reports [3, 6] that thicker AIN interlayer tends to get relaxed
above 6.5 nm and starts forming the cracks in surface for AIN/GaN heterostructures and we have
found similar things in our case but this isn’t considered in the simulation as simulations can only
be performed for strained structures due to it’s limitations. However, the effect of strained and
relaxed nature of AIN interlayer is well explored and explained with electrical and optical
measurements which has been an important feature of the thesis and discussed in next sections.

T T T T T T T T
—0nm

4 (a) —0.5nm
1nm
3 ——1.5nm

—2nm

P.E. (eV)

0 10 20 30 40 50

Depth (nm)

Carrier concentration x 10*° (cm™)

Figure 5.3 Conduction band profiles of INAIN/AIN/GaN heterostructure with varying AIN layer
thickness (a), and Carrier concentration variation with AIN layer thickness variation in
heterostructures (b)
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5.4 Current-Voltage (I-V) characteristics and analysis

In this section, electronic properties of the INAIN/AIN/GaN have been investigated with
Current-voltage measurements for analysis of 2DEG concentration, dominant conduction
mechanism, leakage analysis and mobility limiting mechanism in this kind of heterostructures.

541 “‘In-Ga alloy’ Schottky-Schottky configuration Current-voltage
measurements and 2DEG properties analysis:

Here, we examine on the current transport properties of AIINN/AIN/GaN high electron
mobility transistors with different AIN interlayer thickness. We have determined the 2-dimensional
electron gas (2DEG) properties directly from simple current-voltage measurements, carried out with
two Schottky contacts in a planar back-to-back configuration. A model has been developed to
straightforwardly extract the 2DEG electrical properties from room-temperature current-voltage
curves and we correlated them to the effects of varying AIN thickness. The 2DEG properties
calculated form current-voltage analyses are in very good agreement with results obtained with
standard Hall effect measurements [2].

The work presented in this section is focused on the electrical characterization of
Al gslng 14N/AIN/GaN heterostructures by means of simple, room temperature Current-Voltage (-
V) measurements which are here used to directly derive the main 2DEG electrical transport
properties, such as the 2DEG carrier concentration and sheet resistance. The method we here
propose offers the advantage, with respect to other methods such as Hall effect measurements, of
requiring two Schottky contacts that are easier to realize than Ohmic contacts on nitride-based
compounds. Moreover, it can be carried out with very common current/voltage meters, instead of
requiring expensive dedicated apparatuses. We also report the effect of varying the AIN interlayer
thickness in the heterostructure up to 7.5 nm.

Five samples with AlInN layer around 15 nm thick, AIN layer varied as 0, 0.5, 1, 2.5 and 7.5
nm, grown on 3-um thick GaN layer have been used for this study. Current-\Voltage measurements
have been performed at room temperature with back-to-back Schottky contacts in a planar
configuration directly formed by In-Ga alloy with a spacing of 2 mm, shown in the inset of Fig.
5.4a.

We have carried out I-V measurements on all samples and observed a change in the curve
slope at different applied bias except for the sample with a 7.5 nm thick AIN interlayer Figure 4a
reports the typical 1-V curves observed for samples with 1 and 7.5 nm thick AIN structures,
indicating how a change in slope is clearly visible in 1 nm thick AIN samples and less in 7.5 nm
AIN samples. We can understand the I-V curves behaviour by considering that for low bias voltages
the transport is limited to the top AlINN barrier layer. As the applied bias voltage increases, for one
of the reverse biased schottky diode (shown in Figure 4a), the depletion region extends further
through the AlInN and AIN layers, allowing the current flow to reach the interface with the GaN
substrate, where the 2DEG is located [7]. The onset of the 2DEG contribution is revealed by the
marked current increase observed in the S-shaped I-V curves (Figure 5.4a)

We noted that the bias value corresponding to the onset of 2DEG conduction, V,peg, varies
linearly as a function of the AIN interlayer thickness for thicknesses up to 2.5 nm. Samples with a
7.5 nm AIN layer do not show an evident change in slope at this scale (Fig. 5.4b).
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Schottky contact
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Figure 5.4a Current vs. Voltage plot showing difference between change of slope as 2DEG
conduction in samples with 1 nm AIN (blue) and 7.5 nm AIN thickness (red). It also shows the
depletion of reverse-biased Schottky with increasing bias (inset)
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Figure 5.4b V,peg as a function of the AIN interlayer thickness

In order to understand the origin of the different behavior of samples with a 7.5 nm thick
AIN layer, we have carried out Atomic Force Microscopy analyses of samples with different AIN
thicknesses, reported in Figure 5.3 b and 5.3g. We have clearly identified the formation of
nanocracks on the AlInN surface that become more pronounced as the AIN layer thickness
increases, becoming macroscopic defects (micron-sized) in heterostructures with a 7.5 nm thick
AIN layer. Other recent results report the formation of cracks in AIN/GaN heterostructures [6] and
we could relate their presence in samples with a 7.5 nm thick AIN layer to the observation of large
currents at very low bias voltages, due to high leakage effects.
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To calculate the 2DEG sheet carrier concentration, we determine the total effective
polarization charge density from the data in Figure 5.4b. The slope of the linear region of V,peg Vs
the AIN thickness (tan) gives,

dV3pes _ e(Tan scan + T amnan ) (5.1)

dt &by
where, ¢ is the electron charge, cancan and cannnzain are the effective polarization charge densities
of the AIN and the AIlInN layers, respectively, gy is the vacuum dielectric constant and g, is
dielectric constant averaged over the AIN (~10.3) and AlINN (9.8) layers. From equation (5.1) we
calculate the total effective polarization charge density (camnvcan + cammnain) and by calculating
Etotal, the total electric field across the AIN and AlInN layers as [2]:

— VZDEG (52)

total —
o tAIN +tAIInN
we can then determine the 2DEG sheet carrier concentration nopgg by:

(T anscan T T amn/an — Napes)
Etotal = (53)
EoE,

The room-temperature 2DEG carrier concentrations of the investigated AIlINN/AIN/GaN
structures vs. AIN thickness are plotted in Fig. 5.5a, as determined from I-V curves (solid squares)
and Hall measurements (open squares). They are reported together with other experimental data
from the literature for similar structures by Capacitance-Voltage (C-V) (solid triangles) [8],
showing very %ood agreement. The error associated to our experimental data has been estimated to
be +0.01 x 10" cm™ and it’s mostly due to stoichiometric and thickness fluctuations. The observed
differences could be ascribed to the different growth techniques and to the different characterization
methods employed (I-V, C-V and Hall). Moreover, our results are in good agreement with the
theoretical calculation by Ambacher et al. [9]. The Hall measurements data reported in Fig. 5.5a
from refs. 8 and 9 (circles) deviate from the behaviour of the here investigated samples possibly
because the In concentration in their AlInN layer was ~18%. For such indium concentration, it is
known that the structure becomes lattice matched and spontaneous polarization gives the major
contribution to form 2DEG [8, 10], while in our samples, that are not lattice-matched, the
piezoelectric polarization also plays a role.

In figure 5.5a, the last point (7.5 nm thick AIN layer) of the 2DEG concentration curve
relative to our data (solid red squares) has not been directly determined from experimental data. In
fact, as is clearly shown in Figure 5.4b, the I-V curves relative to the thicker AIN sample (7.5 nm)
does not allow to extract the 2DEG concentration from the V,pes, possibly because of the
deterioration of the AlInN barrier layer morphology that induces the flow of a very high current at
very low voltages. This effect hinders the direct application of the I-V method to the study of
samples with a cracked or dislocated barrier layer that acts as a lower resistance path for the
injected carriers, inhibiting the direct assessment of the 2DEG properties by I-V measurements.
Nonetheless, if we extrapolate the V,pec Vs AIN thickness curve obtained from thinner AIN
interlayers (Figure 5.4b), and we use the extrapolated values to estimate the 2DEG concentration,
we obtain a very good agreement with the experimental values obtained from Hall measurements
performed on the same samples (Figure 5.5a).
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Figure 5.5 (a) 2DEG concentration as a function of the AIN interlayer thickness. Our data are
obtained from I-V curves (solid squares) and Hall measurements (open squares) and they are
compared with results form the literature, obtained with C-V (solid triangles) and Hall
measurements (circles), on similar samples. The last point (7.5 nm) of our I-V curve has been
extrapolated (see text). The lines are plotted only for eye-guidance. (b) 2DEG Hall mobility (left
axis) and sheet resistance (right axis) variation with AIN interlayer thickness

Hall measurements have been also performed to determine the Hall mobility and the sheet
resistivity as a function of the AIN interlayer thickness, shown in Figure 5.5b. The mobility
increases with the AIN interlayer thickness and reaches its maximum values of 1230 cm?V's™! for
an AIN thickness of 2.5 nm, while further increasing the AIN thickness (7.5 nm) induces a drastic
decrease in the mobility. As the AIN thickness increases, dislocations are generated to minimize the
strain induced by lattice mismatch between GaN and AIN, thus degrading the interface roughness,
increasing the scattering processes and consequently, reducing the electron mobility, similarly to
what has been observed in the AIGaN/GaN system [11].

The sheet resistance behaviour (Figure 5.5b) further supports the results so far discussed: the
quite large value for the thickest (7.5 nm) sample well correlates to its strong morphological
deterioration and significant 2DEG mobility decrease as discussed above. It is noteworthy that the
sheet resistance has been measured both with the Hall effect method and with the I-V method, using
the slope of the I-V curve after the onset of the 2DEG conduction, providing results in very good
agreement.
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In summary, we have studied the transport properties of nearly lattice-matched
AlINN/AIN/GaN heterostructures with various AIN spacer layer thicknesses using I-V
measurements at 300K with Schottky contacts in a planar back-to-back configuration. By
comparing I-V and Hall measurements we could assess the reliability of the here proposed method
based on simple I-V analyses in the determination of the major transport properties of the 2DEG.
Our results confirm the beneficial role played by an AIN interlayer, provided the structural
morphology of the AlInN barrier layer is preserved from the degradation induced by defects, such
as extended dislocations and macroscopic cracks, that we have clearly identified by Atomic Force
Microscopy analyses in samples with AIN thickness ~7.5 nm.

5.4. 2 (Ni/Au) Schottky junction behaviour

In order to clarify the effect of charged dislocations and surface donor states on the transport
mechanisms in polar AlINN/AIN/GaN heterostructures, we have studied the Current-Voltage
characteristics of Schottky junctions fabricated on AlInN/AIN/GaN heterostructures. The reverse-
bias leakage current behaviour has been interpreted with a Poole-Frenkel emission of electrons from
trap states near the metal-semiconductor junction to dislocation induced states. The variation of the
Schottky barrier height as a function of the AIN layer thickness has been measured and discussed
considering the role of the surface states in the formation of the two dimensional electron gas at
AIN/GaN interface. A brief investigation has been also done on Schottky barrier inhomogeneity at
metal-semiconductor interface in this kind of heterostructures which is a very important issue for
device applications.

A surface donor model has been proposed [12, 13], even if the characteristics of such donor
surface states are still debated. In this letter, we focus on the analysis of leakage current and
Schottky barrier height in (Ni-Au)/ Alggslng.14N/AIN/GaN heterostructures obtained by current-
voltage (I-V) measurements. The density and energy distribution of surface donor states were
obtained and their role on the 2DEG density in pseudomorphic Alggslng14N/AIN/GaN
heterostructures was clarified. Moreover, such surface donor states are also found to be responsible
for Poole Frenkel emission to the dislocation network which controls the reverse bias leakage
current in (Ni-Au)/ Alggslng.14N/AIN/GaN Schottky diodes.

Pseudomorphic samples of Al;«InyN/AIN/GaN heterostructures with different AIN
interlayer thicknesses vary as 0, 1, 2, 2.5 and 7.5 nm. The Background doping concentration in GaN
buffer layer was found of the order of 10" cm™ by Hall effect measurements. Another
heterostructure is examined, with a nominal thickness of 30 nm AlInN layer and a ~1 nm thick AIN
interlayer. All samples were pseudomorphic, except for the one with the 7.5 nm AIN interlayer,
which showed partial relaxation [3, 6].

Current-voltage measurements have been performed at room temperature on Ni-Au
Schottky contacts (dots of 1 mm diameter) and Ti/Al/Ni/Au Ohmic contacts (dots of 0.6 mm
diameter. Forward and reverse bias current-voltage measurements performed at 300 K are shown in
Fig. 5.6a. In the pseudomorphic heterostructures, the reverse bias leakage current is reduced by
increasing the AIN interlayer thickness from 0 nm up to 2 nm; while for the samples where the AIN
layer thickness tan is 2.5 nm or even larger (7.5 nm) than the AIN layer critical thickness ~ 6.5 nm
[6], the leakage current rapidly increases by increasing tan.

97



Chapter 5

T T T T T T T T T
3 et A addasassd
4 kA A
107 fH444asuay,, , gas” o0

= JAN ~O

—~~ AA‘AA KAA LLUJF y
9 ’EO'G .V o A 4 o~ /:L”J ]
) ey .0 o ] 3
o F mjurg.ll - ;ILI.. ]
E Cogum O =0 E
£ g E L. c ogt
< 10°F a5fa. " “gato :
~ 3 Rl TA E g ]
— 3 t ) E
GCJ 10'105 o 0nm % 6 ]
= E ®m 1nm [ < 4 E
S F ©0 2nm = 9 1
A2F A o ]
S [ s 30 :
F o nm B 012345678 9]
3 ! 4 H
E > AIN thickness (hm) 3
10-14' e | ] | | | R

-1.0 -0.8 : —0.6‘—0.4 l —0.2l 0.0 : 0.2 l 04 06 08 1.0
Applied Bias (V)

Figure 5.6 (a) Variation of reverse bias leakage current with different AIN interlayer thickness.
Variation of Dislocation density (V-Pit) is also shown in the inset

5.4.2.1 Leakage and Poole-Frenkel Emission Analysis

Sample without any AIN interlayer is used as reference samples to investigate the effect of
the insertion of the AIN layer on the leakage current. It has been recently suggested that the main
cause of leakage in nitride based heterostructures could be due to the presence of V-pits, which are
formed when screw-type threading dislocations terminate at the surface to reduce the surface
energy. This phenomenon is further enhanced by the segregation of indium along the dislocation,
forming a leakage path [14]. To investigate this hypothesis, we performed Atomic Force
Microscopy (AFM) to directly determine the V-pit density in each sample. The V-pit density as a
function of the AIN interlayer thickness is shown as inset of fig. 5.6a. It is evident that the V-pit
density does not increase significantly vs tan in the pseudomorphic layers while, it starts increasing
at taiy =2.5 nm and reaches a high value for tan =7.5 nm. Besides, in this relaxed structure the
formation of micro/nanocracks was observed, which strongly affects the Schottky behavior [2, 3]

We have applied the Poole-Frenkel transport model [15, 16] to interpret the leakage
mechanisms in such AlINN/AIN/GaN heterostructures. Poole-Frenkel emission refers to electric-
field-enhanced thermal emission from a trap state into a continuum of electronic states. The current
variation associated with Poole-Frenkel emission can be expressed as

q((p, —\9E, [ 78, )

[ =CAF - 54
exp = 54
which can also be written as
log(J / Es) = [% /q—ES]—[%+ logC] =[R(T)]+[S(T)] (5.5)
TEHE, KT
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where C is a constant, A is the area of the Schottky contact, J is the current density, E; is the electric
field at the semiconductor surface, ¢ is the barrier height for electron emission from trapped state,
and ¢, and &, are the free space permittivity and high frequency relative dielectric permittivity,

respectively. The Electric field (Es) values were calculated by dividing by the total thickness of
AlInN and AIN layers the applied bias as also mentioned in ref. 16.

1

300 400 500 600 700 800
Eso.s (VO'SlcmO'S)

Figure 5.6 (b) Measured reverse-bias current divided by electric field vs square root of electric field
for Schottky contact on the Al gslng.14N/AIN/GaN heterostructure (semi-log scale)

In fig. 5.6b we have plotted (1 / E4 vs,/E; and found a linear dependence in the log scale as

predicted by equation (5.4) for the pseudomorphic structures. These results indicate that the Poole-
Frenkel mechanism is the dominant mechanism controlling the reverse leakage current in
AlInN/GaN nearly lattice matched heterostructures. For the higher AIN layer thicknesses of 2.5 nm
and 7.5 nm (relaxed structures, high dislocation density and even cracks in the case of the 7.5 nm
thick layer), the reverse bias leakage current significantly increases. Actually, for the relaxed

structure with 7.5 nm thick AIN layer, the current becomes nearly independent of «/ES suggesting

that other mechanisms, such for example conduction through electrically active nanocracks, could
play a major role.
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Figure 5.7 Temperature dependent 1-V and In(J/Es) vs. Es plot to show the Pool-Frenkel emission
in samples 1, 3 and 6 (lines are used only for eye guide lines)

In order to confirm the Poole Frenkel mechanism responsible for high leakage current in this
kind of heterostructures, 3 samples with substantial differences in AIN layer thickness have been
measured with temperature variation. From temperature dependent 1-V measurements (260 K- 400
K) on sample 1, 3 and 6 with varying AIN interlayer thickness, as shown in Fig. 5.7 we can observe
the linear dependent plot of In(J/ES) vs. sgrt (Es) which confirms the Poole-Frenkel mechanism.
Thus, from fig.5.7 we can extract slopes and intercept to obtain the high frequency relative
dielectric constant (&) and emission barrier height of traps (¢;) for the pseudomorphically grown
structures, by plotting R(T) and S(T) vs. 1/T (as defined in eq. 5.5, see Fig. 5.8). The values of
ranges 5.8 - 8 and ~ 0.10 - 0.167 eV were obtained for &5 and ¢; respectively [17]. We can therefore
conclude that the leakage current in these heterostructures is controlled by emission of electrons
from trap states to the conductive dislocation network.
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Figure 5.8 R(T) vs. 1/T allows calculating high frequency relative dielectric constant (a) and
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S(T) vs. L/T allows calculating the emission barrier height of trap (b)
5.4.2.2 Role of the surface trap states in the formation of 2DEG

Such states lie below the conduction band edge and above the Fermi level, thus they could
be related to the surface donor states which are considered as the source of the 2DEG in nitride-
based heterostructures [12, 13]. To validate this hypothesis, the Schottky barrier height (¢, ) is
extracted by forward bias I-V plots from the thermionic emission model [18] and correlated with
the 2DEG density nyp directly measured for all the samples by Hall effect measurements on Van
Der Pauw geometry at 300 K as reported in ref. 13 (Fig. 5.9a). Hall effect allows us to obtain a
direct measurement of the 2DEG density value, as a possible contribution from the GaN substrate
should be ruled out as the estimated doping of the buffer layer is around 10*'cm™, two orders of
magnitude lower than the 2DEG related free electron density which is of the order of 10'*-10% cm™®
[19]. The measured I-V curves were fitted with [15], also discussed in chapter 3:

V -IR .

=1,/ e alv - IR,) —1| where 1,=AAT?exp 4%
nkT KT (5.6)

with A the Schottky contact area, A" the effective Richardson constant (~56 A cm™ K™) [18], T the

absolute temperature, g the electron charge, and k the Boltzmann constant.

The Schottky barrier height (¢,) increases with AIN layer thickness for pseudomorphic
heterostructures, while it decreases for the relaxed layer. From fig. 5.9a, it should be noted that the
@, and the 2DEG density show the same trend vs tan, revealing the existence of a correlation

between these two parameters. However, for the sample without AIN interlayer, the n,p value is
higher than for the samples with AIN interlayer. Thus it doesn't follow the increasing trend in 2DEG
density value with increasing AIN thickness observed for AIN layers for pseudomorphic structures.
Possible reasons for such a behaviour were discussed in ref. 20. The 2DEG density is plotted
against ¢_ as shown in fig. 5.9b, and an almost linear relation was found. This plot can be used to

investigate the energy distribution of the surface/interface donor states located at the metal-
semiconductor interface. If we assume that their distribution is uniform, as earlier proposed by
Gordon et. al [12], and we consider surface states as the origin of the 2DEG [13], the surface donor
density can be calculated by the slope of the least-squares fit line of 2DEG density vs¢ . In this
study, the value of (2.7 + 0.2) x 10* cm™- eV is estimated. The so-calculated value of surface
donor density is in good agreement with earlier reports on AIGaN/GaN heterostructures [21, 22].
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Figure 5.9 (a) Variation of Schottky barrier height (in red solid squares, left axis) and 2DEG
density (in blue open squares, right axis) on AIN layer thickness variation. The lines are a guide to
the eye

It should be noted that even if the Poole Frenkel mechanism does not apply to the reverse I-
V curve of the relaxed sample (t ain=7.5 nm) possibly controlled by other conduction mechanisms,
like conduction through threading dislocations, we have inserted the data (calculated from forward
bias I-V characteristics) relevant to this sample in Fig. 5.9 to understand how the 2DEG density can
be affected by the formation of cracks propagating toward the surface. It can be clearly observed
that the barrier height value for this sample is significantly reduced, which means that threading
dislocations propagating toward the surface can significantly affect the metal semiconductor
interface through the increase in the surface states. Moreover, we have simulated by 1-D
Schrodinger Poisson equations the Conduction band (CB) profile for a surface barrier height of 1.6
eV, a metal thickness of 10 nm and a conduction band offset between AIN/GaN of 2 eV [6], to
show the effect induced on the band structure by the variation of the AIN interlayer thickness. The
results are shown for all samples in fig. 5.3.
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Figure 5.9 (b) Measured 2DEG density variation with barrier height (red solid circles) and linear
fitting (straight line)

These results allow us to calculate the interface/surface states density value in
AlINN/AIN/GaN heterostructures, and clearly demonstrate that these states are the origin of the
2DEG in nitride-based heterostructures, in agreement with results recently obtained by theoretical
simulations in AlGaN/GaN structures [21 22]. In addition, we have calculated the 2DEG density
value for the sample with 30 nm thick AlInN barrier layer from ref. 10. The obtained value of
2DEG density (~ 3.3 x 10" cm™) is higher than the one for the 15 nm thick barrier layer, indicating
that the distribution of surface donor states could indeed be important in the formation and control
of the 2DEG carrier density. In fact, an increment in AlInN barrier layer thickness lowers the Fermi
level below conduction band thus emptying the donor states which emits carriers in conduction
band resulting in increase of 2DEG density as shown in fig. 5.4b. The conduction band (CB) profile
was simulated for both structures and shown in Fig. 10 the increase in 2DEG density (n;) value for
30 nm thick barrier sample in comparison to 15 nm thick barrier samples can be noted.
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Figure 5.10 The variation in 2DEG density (dashed line for 15 nm and dotted line for 30 nm)

5.4.2.3 Barrier inhomogeneity at (Ni/Au)-InAIN/AIN/GaN interface

From above analysis and discussion, the leakage mechanism and role of surface trap states
in INAIN/AIN/GaN heterostructures have been well understood and proposed. From, forward bias
analysis a detailed study on Schottky barrier height has been explored to understand the metal-
semicoductor interface quality as it is still an open issue in GaN based HEMT structures which has
been earlier reported in very few studies [23]. To investigate this issue, Sample 6 has been
considered with temperature dependent I-V analysis as shown in Fig. 5.7. as in case of other sample
variation in current is quite low to conclude anything.

The forward bias characteristics is analyzed with the Thermionic emission (TE)
model as explained in chapter 3 for the temperature range. The apparent Schottky barrier height
(SBH) ¢, and ideality factor (n) have been calculated with TE model, shown in Fig. 5.11a. It shows

the variation of barrier height and ideality factor with temperature. An apparent increase in the
ideality factor and decrease in the Schottky barrier height at low temperatures are possibly caused
by structural defects in the semiconductor, inhomogeneous doping (which is not the case in the
sample as it’s undoped), interface roughness, interfacial reactions and diffusion/inter-diffusion of
the contamination of applied material on semiconductor surface. Other possible effects are due to
inhomogeneities of thickness and composition of the layer, and non-uniformity of interfacial
charges or the presence of a thin insulating layer between metal and semiconductor [24, 25, 26].
Since current transport across the metal/semiconductor (MS) interface is a temperature activated
process, electrons at low temperatures can surmount the lower Schottky barrier height (SBH) and
the dominant current flow is through the regions of lower Schottky barrier height (SBH). As the
temperature increases, more electrons have sufficient energy to surmount higher temperature
activated process, electrons at low temperatures can surmount the lower Schottky barrier height
(SBH) and the dominant current flow is through the regions of lower Schottky barrier height (SBH).
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Figure 5.11 (a) Apparent Schottky barrier height and ideality factor variation with tempearature
(b) Variation of Schottky barrier height with ideality factoe. The linear extrapolation for n = 1 gives
the ideal barrier hright for (Ni/Au)-InAIN/AIN/GaN

According to [19], a linear relationship between the experimental SBH and ideality factor
(n) values is an indication of the barrier irregularity and can be explained by lateral inhomogeneities
of BHs. The value of homogeneous barrier height can be obtained from the extrapolation of the
experimental Schottky barrier heights vs ideality factors plot to n = 1 [27, 28]. Thus, for (Ni/Au)-
INAIN/AIN/GaN, homogenous barrier height value is obtained around 1.46 eV which is also in
agreement with Mott-Schottky law [19], shown in fig. 5.11b.

In conclusion, we have investigated the characteristics of surface/interface donor states in
AlINN/AIN/GaN heterostructures. We have experimentally determined the density of
surface/interface donor states, which are considered the source of the 2DEG in these
heterostructures, by relating the Schottky barrier height and the 2DEG density. Moreover, we have
found that these surface/interface states are also responsible for Poole Frenkel emission to the
dislocation network, which could be considered as the source of reverse bias leakage current
observed in (Ni-Au)/AlINN/AIN/GaN Schottky diodes.

104



Chapter 5

54.3 Mobility limiting mechanisms in polar nitride semiconductor
heterostructures

The mechanisms controlling the carrier mobility of two dimensional electron gas (2DEG) in
ultra-thin polar semiconductor heterostructures, such as I11-V nitrides, have been analyzed. In,Al;.
«N/AIN/GaN heterostructures with different AIN layer thicknesses have been investigated. These
structures can be considered a very good benchmark for the analyses of 111-V nitrides, due to the
possibility to modulate the strain by varying the In composition. In order to determine an estimate
of the mobility, charged dislocation and remote surface roughness scattering lifetimes have been
calculated. Atomic Force Microscopy and Scanning Tunnelling Microscopy analyses have been
used to measure the parameters required for the lifetime calculation, such as surface roughness,
correlation length and dislocation density, and the total mobility has thus been calculated without
the need of any a priori assumptions on the values of these parameters. The mobility of InAl;-
«N/AIN/GaN heterostructures has been measured at room temperature and liquid nitrogen
temperature by Hall effect. The comparison between the calculated and the Hall Effect measured
mobilities, allowed us to establish, without using any ad-hoc assumption or fitting parameters, that
the remote surface roughness is the most effective factor in controlling the transport properties of
2DEGs in nitride based heterostructures at low temperature.

The identification of the dominant scattering mechanisms controlling the electron mobility
in the high density 2DEG is therefore important to deepen the fundamental understanding of these
systems, as well as to optimize the growth mechanisms the of the heterostructures in order to
improve their electronic quality. In an ideal, defect free material the electron mobility at room
temperature is mainly limited by electron-phonon interactions. In a real sample the mobility is
further reduced by structural defects/impurities that interact with the electrons, in nitrides the
negatively charged threading dislocation lines play a major role.  Compared to other
semiconductors, the nitrides have a peculiar defect: the negatively charged dislocation lines which
can significantly reduce room temperature mobility [29]. Since threading dislocations propagate
through the heterointerfaces, and are known to form V-pits in indium containing materials [30, 31,
14], they may also contribute to the interface roughness. Cao et al. [6] have shown that among the
several scattering mechanisms that can be considered such as Coulomb scattering due to charged
dislocations, surface charged states and background impurities, the dominating one at low
temperature in AIN/GaN layers is the interface roughness. Similarly, Antoszewski et al. [32]
showed that in AlGaN/GaN structures with 2DEG density higher than 7 x10* cm™ the interface
roughness becomes the dominant scattering mechanism. Recently, Liu et al. [33] and Cao et al. [34]
showed that the remote surface roughness (RSR) scattering mechanism explains the low
temperature mobility in AlGaN/GaN and in AIN/GaN 2DEG channel layers, respectively, while the
scattering due to dislocations, alloy disorder, phonons, etc., plays an important role in limiting the
2DEG room temperature mobility [34]. The role of surface roughness has been also deeply
discussed in ref. 35. In particular the authors discuss the role of correlation lengths on the RSR
scattering in AlGaN/GaN heterostructures, and reach the conclusion that large correlation lengths
(of the order of hundreds of nm or larger) control the quantum lifetime, while the transport lifetime
is controlled by short (atomic level) correlation lengths.

We analyze the role of surface roughness scattering on InAIN/AIN/GaN heterostructures
which have got advantages over AIGaN/GaN and AIN/GaN structures due to higher 2DEG density
and mobility, and lattice matching for In~ 18%. In previous reports the RSR mechanism has been
proposed [33, 34], here the values of important parameters like dislocation density, surface
roughness and lateral correlation lengths, have been ad hoc assumed to calculate the mobility for
AlGaN/GaN, AIN/GaN structures. On the contrary, in the present report, we have measured
dislocation density, surface roughness and correlation length by scanning probe microscopy method
and the measured values have been used to calculate the electron mobility. We have considered
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Ing14AlpgeN /AIN/GaN structures with different AIN thickness in order to analyze strained and
relaxed structures. In polar semiconductor heterostructures the 2DEG density is function of the
barrier thickness. Barrier thickness fluctuations result in variations of the electric potential in the
channel and these fluctuations are the origin of the RSR scattering mechanism. The 2DEG mobility
in InkAl;.xN/AIN/GaN heterostructures was measured by Hall effect. The morphological parameters
and the dislocation density required to calculate the RSR and dislocation related mobilities were
obtained by atomic force microscopy (AFM) and Scanning Tunnelling Microscopy (STM) analyses.
The mobility values have been calculated by these parameters without the need of any a priori
assumption or fitting parameters. The comparison between calculated and measured total mobility
shows that in nearly lattice matched pseudomorphic InsAl;.xN/AIN/GaN heterostructures the
surface roughness scattering is the dominant mechanism at low temperatures.

Four samples with In,Al; xN/AIN/GaN heterostructures were grown by AIXTRON by metal
organic chemical vapour deposition (MOCVD) on c-plane sapphire substrates. InyAl;-xN thickness
was around 15 nm thick, the AIN layer thickness was varied as 1, 1.5, 2.5 and 7.5 nm, while the
semi-insulating GaN template was 3-um thick. The last sample, with AIN thickness equal to 7.5
nm, is included in our investigation to study the different behaviour of mobility and surface
roughness between a pseudomorphic and a relaxed layer. A sketch of the analyzed structure is
shown in inset of fig. 5.12 (a).

Hall measurements have been performed on all samples at 300 K and 77 K. The surface
morphology was studied by topography maps of 5 um x 5um by Atomic Force Microscopy (NT
MDT-Solver PRO 47) in semi-contact mode. High resolution topography maps were acquired by
STM in the constant current mode at room temperature in ultra-high vacuum (UHV) conditions, by
using an electrochemically etched tungsten tip. By AFM and STM analyses the surface roughness A
and the autocorrelation length A values are obtained by the one-dimensional height-height
correlation function [35, 36]. Moreover, the density of V shaped defects was also measured by
AFM. By comparison with Transmission Electron Microscopy analyses [37], the V pit density is
assumed to be around one half of the threading dislocation density, as it has been recently
demonstrated that only screw and mixed type dislocations form V-pits [31].

Surface roughness, V-pit density, Hall mobility and 2DEG density, measured at 300 K and
at 77 K, are plotted against interlayer thickness in fig. 5.12 (a, b). It can be observed that both
surface roughness and V-pit density keep almost constant for an AIN interlayer thickness tan from
1 to 2.5 nm and increase to higher values for tan above 2.5 nm. For tan from 1 to 2.5 nm the
surface roughness shows values around 0.25 nm (typical value in those structures, corresponding to
half a GaN unit cell [33]) and the V-pit density is around 2x10® cm™? (of the same order of
magnitude of the dislocation density in GaN). The Hall mobility also increases up to a maximum
value for tan around 1.5 nm and it starts decreasing for tan above 2.5 nm, reaching a very low
value of for tan= 7.5 nm (relaxed growth). The variation of 2DEG density with AIN thickness
measured by Hall effect at 300 K and 77 K [3] s also reported in fig. 5.12b, background
concentration in GaN buffer layer is found around 10"’cm™, which is quite low to influence the
2DEG density (which can reach 10®° cm™ [17]) at AIN/GaN interface, that indicates the good
confinement of electrons.
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Figure 5.12 Surface roughness (open squares) V-pit density (solid squares) (top layer) and Hall
mobility at 300 K (solid triangle) and 77 K (solid dots), and also 2DEG density at 300 K (in dash
line) and 77 K (dot line), (bottom layer) plotted as a function of AIN layer thickness. The sketch of
InxAl1.xN/AIN/GaN heterostructure is also shown in the inset

Here, it should be reminded that the barrier layer also plays an important role in 2DEG
properties as it induces a very high electric field due to the related polarization, as discussed in ref.
14. The mobility increases as temperature decreases (fig. 5.12b) showing that strong Coulombic
scattering due to charged dislocations Ngis(10%/cm?), remote surface charged states, and background
charged impurities Npa (10/cm®) do not play a significant role. For increasing 2DEG
concentration the screening of 2DEG becomes stronger, thus decreasing the contribution of the
Coulombic scattering to the total mobility [38]. Thus, the increase in low temperature mobility from
1 to 1.5 nm thick AIN sample could be possibly due to better confinement of the 2DEG and the
increased screening effect due to higher 2DEG density, even if the surface roughness keeps
constant. At the same time, for AIN layer thickness ranging from 1.5 and 2.5 nm, the low
temperature mobility remains almost constant even if the surface roughness slightly increases, this
can be due to a higher ng at 2.5 nm with respect to 1.5 nm, which enhances the screening effect.

Therefore, the combined effect of surface roughness, 2DEG density and dislocation (V-pits)
density on mobility should be considered. To calculate the dependence of mobility on surface
roughness, we have applied the models developed for AlGaN/GaN [33] and for AIN/GaN [34] to
our In14AlgsN/AIN/GaN heterostructures. Both models give similar values for the calculated
mobility. The origin of roughness induced scattering (RSR) is due to the coupling between surface
roughness and polarization. As in polar heterostructures the 2DEG density ns is function of the layer
thickness, the roughness, i.e. the fluctuation in the layer thickness affects ns and, in turn, the
electrical potential in the channel. In order to calculate the RSR limited mobility we estimated the
first ground subband energy level [5]
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where h is the reduced Planck constant, m* is the electron effective mass, e the electronic charge, &
the vacuum dielectric constant and ¢ the GaN relative dielectric constant.

Band diagrams, subband energy levels and electronic wave functions have been simulated
AE= 2.1 eV for AIN/GaN, AE.= 1.6 eV for AlInN/AIN, metal thickness around 10 nm for all the
samples with different AIN interlayer thicknesses [4], the results are shown in fig. 5.13. The effect
of the barrier layer thickness on the subband energy levels and the localization of the electron wave
functions can be noted.
The square matrix element of surface roughness scattering from k to k’ state is [5]:

2 (4)\mA*A? E} o) Al
R e e 58)
T s

Where q = k-k’ is the two dimensional (2D) scattering wave vector, Lt = LpariertLinterlayer and A iS
the sample area.
For degenerated 2DEG, we can consider that scattering process is elastic, so k= k’ and

q° =2k’ [1—cosn9]. The transport relaxation time is given by [33]:
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where, Ex and Ej- are the energies to k and k’, respectively, as evaluated by equation (5.7), and 1-
dimensional Schrodinger-P6isson simulations shown in fig. 5.13, and S; is the scattering factor, that

can be written to a good approximation as { g } , Where g,,. =2ra, is the Thomas-Fermi wave

9+

vector and ag, is the effective Bohr radius of 2DEG. Finally, the mobility limited by surface
roughness scattering has been calculated by y=%<r> averaging t over the Fermi-Dirac distribution

function at low temperature.
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Figure 5.13 Band diagram, calculated from Schrodinger-Poisson solver, showing the fluctuation in
different subband energy wave functions at heterointerface for different AIN interlayer thickness

The calculated mobility shows a monotonic increase with barrier width [33], valid for thin
barrier widths. To estimate the SRS mobility two variables are needed, the lateral correlation length
A and the roughness height A (eq. 5.8). Several correlation lengths can be assumed for the present
structure. The problem has been deeply discussed in ref. 35 for AIGaN/GaN 2-D heterostrucures.
The authors conclude that large correlation lengths (of the order of hundreds of nm or larger)
control the quantum lifetime but not the transport lifetime, which is controlled by short (atomic
level) correlation lengths. In order to quantify correlation length A and roughness height A values,
AFM and STM topography maps were analysed (Fig 5.14a and b). The one-dimensional height-
height correlation function (HHCF), defined by

H(r)= ZAZ[l—exp(— ;\ﬂ (5.10)

with r as the variable corresponding to the distance between two points on the surface, has been
calculated through the profiles obtained along the scanning axis, by AFM and STM maps (fig. 5.14a
and b, insets). A correlation length of 55 nm was found by AFM, of the same order of magnitude of
the grain size, while a correlation length of 2 nm was found by STM maps. These values do not
vary significantly among the different heterostructures here studied, on the contrary to the
roughness values, plotted in Fig 5.12a as a function of the AIN layer thickness. The surface
roughness scattering controlled 2DEG mobility has been calculated for different values of
correlation lengths and constant value of the barrier height (fig. 5.15a). It must be noted that the
mobility strongly increases as a function of the correlation length, reaching, for A higher than 60
nm, values above 10° cm?/Vs, at least two orders of magnitude higher than the experimental one.
This indicates that, as already proposed by [35], scattering by surfaces with very large A cannot
control the 2DEG transport mechanism.

" - exp AFM
/ ——— A=55nm

H (10°20m-2)

Figure 5.14 Typical topography maps of InAIN;.,/AIN/GaN heterostructure with AIN layer
thickness of 2 nm obtained by AFM (a) and STM (b). The fitting of the one-dimensional height-
height correlation function H is also shown in the inset of Fig (a) for the AFM line profile, of Fig
(b) for the STM line profile

Scattering by charged dislocations in 2DEG structures [38] and a GaN [6] has been also
considered and calculated by:
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with ¢ the relative permittivity, c the lattice spacing in the (0001) direction of wurtzite GaN, ¢ is the
fraction of filled states, K¢ =./22n, is the Fermi wave vector, Ng; is the dislocation density, m” is

electron effective mass in 2DEG, ¢ is the Thomas Fermi wave vector and I(QTF] is the
2ke

dimensionless integral evaluated as L84KE (oo [38], as a function of the measured value of
are .

dislocation density.

Finally, the dislocation and remote surface roughness (RSR) scattering mobilities have been
combined together and the total mobility values calculated and plotted in fig 5.15b. The dislocation
related mobility has been obtained by assuming that the dislocation density equals the double of the
V-pit density, and by measuring the V pit density directly by AFM. The RSR mobility has been
calculated by using roughness and correlation length values directly measured by AFM and STM
analyses, respectively, free carrier density measured by Hall effect and barrier height obtained by
the simulations. The so obtained calculated total mobility has been compared with the experimental
one as measured by Hall effect at 77 K. It is noteworthy that all the parameters used for the
calculation have been measured; no assumptions and no fitting parameters have been used for such
a comparison. A good agreement between the experimental and calculated mobility values can be
noted for all the roughness values except for the highest one. The last point corresponds to samples
with barrier interlayer thickness of 7.5 nm, i.e. a thickness which exceeds the critical thickness. In
these samples strain relaxation induce the formation of cracks piercing the 2DEG and thus creating
electrical shunts [2]. The 2DEG electrical transport in such a sample should be strongly affected by
those cracks which are not considered in the theoretical model. Moreover, we can note in fig. 5.15b
that the RSR scattering mechanism is the most effective one in controlling the 2DEG mobility in
Al xInkN/AIN/GaN heterostructures, as the dislocation related mobility does not play a major role.
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Figure 5.15 (a) Remote surface scattering mobility calculated vs surface roughness for different
correlation length values. (b) Experimental Hall mobility at 77 K (black triangle), calculated
mobility limited by surface roughness scattering (solid squares), dislocation scattering (solid circles)
and total calculated mobility (solid circle) plotted as a function of surface roughness

We have measured Hall mobility, 2DEG density, surface roughness and correlation lengths
by AFM and STM in InAl;4N/AIN/GaN heterostructures with increasing AIN interlayer
thicknesses up to 7.5 nm. Surface roughness and dislocation scattering limited mobilities have been
calculated and compared with measured values. No fitting parameters and no a priori assumptions
have been used for the mobility evaluation, only directly measured parameters have been employed.
The comparison between experimental and calculated data clearly demonstrates that surface
roughness scattering is the dominant mechanism limiting the mobility in high mobility InyAl;.
«N/AIN/GaN heterostructures.

5.5 Capacitance-Voltage (C-V) analysis

The C-V measurement has been performed at 300 K to calculate the 2DEG carrier
concentration in INAIN/AIN/GaN heterostructures, depletion region width and the barrier height as
mentioned in chapter 3. The C-V measurements have been performed at 1 KHz frequency mainly
for use of DLTS measurements in order to be sure of applying bias and extracting the correct
information on defect levels as it becomes quite complex in this kind of heterostructures to
conclude precisely. The C-V measurements have been performed on ‘Ni/Au’ and ‘Pt Schottky
diodes for different samples which is shown in Fig. 5.16 as on some samples it was so noisy signal
during measurement, possible due to high leakage/conductance in structure and also the lack of
good quality diodes. Fig. 5.16 shows the measured C-V curves for different samples and also the
conventional C? vs V plot in order to calculate the Schottky barrier height for different samples for
Ni/Au and Pt Schottky diodes. It can be observed that in case of Ni/Au Schottky diode depletion
plateu is at low bias in comparison to Pt Schottky which could be due to differences in different
interface of both metals due to their fundamental characteristics. In case of ‘Pt” Schottky barrier
height can be directly extracted from linear slope of C? vs V plot while in case Ni/Au, linear
dependence is very less appeared. However, in both metal Schottky diodes case, it can be observed
that capacitance. From fig. 5.16b, it can be observed that with increase in AIN interlayer thickness
Schottky barrier height also increase accordingly which was also discussed in previous section and
correlated with surface trap sates [18].

111



Chapter 5

(2) (b)

(Ni/Au)-InAIN/AIN/GaN (Pt)-InAIN/AIN/GaN

"CV 1KHz ™ L 5  CV1KHz Poie B
T [ - c B
e [ w sample2(0.5nmAIN) = 4 Ll
® 10°L e sample 5 (2 nm AIN) 1 ® 3t
g sample 6 (2.5 nm AIN) E c
@ © 2F
e t
O (&) B
©10™"° 4 o 1
o E o oL
© @© . —
O O 1st from negative to positive
I -1F . | | 2nd —— from positive to negative
g 9 -8-76-5-4-3-2-10 1
"m sample 2 (0.5 nm AIN); " . T
10%° e sample 5 (2 nmAIN) 6x10
e sample 6 (2.5 nm AIN)3 —_
h 16
&1019 : i C?-LS.SX'IU
(o] o 3
O, L ~ 5x10"
< 3 ] N
10" - 3 O4‘5:<10‘E
. \
t . 1 : 1 : 1 : 1 . A
-4 -3 2 -1 0 1 ]
4x10"° b— - : - -
Voltage (V) -3 -2 -1 0 1 2

Voltage (V)

Figure 5.16 C-V characterisctics of different sampels with Ni/Au (a) and Pt (b) Schottky diodes,
showing 1/C? vs V plot to calculate Schottky barrier height

From measured C-V and C? vs V characteristic, it is possible to calculate the 2DEG
concentration at AIN/GaN interface and also to calculate the thickness of AlInN layer and AIN
layer separately. On plotting the calculated carrier concentration with thickness (depth) the total
thickness of barrier and interlayer is found in very good agreement with nominal and Transmission
Electron Microscopy (TEM) measured results. From fig. 5.17, it can be observed the order of
carrier concentration around 10'°-10® cm™ which has been also compared with available results
from previous model of 1-V [2] and Hall Effect measurements, shown as fig. 5.18. The difference in
values have been found to be 20-30% which can be attributed to techniques and principles related
and also to different measuring conditions.
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Figure 5.17 The calculated Carrier concentration (Ng) from C-V measurements with Ni/Au (a) and
Pt (b) Schottky diodes
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Figure 5.18 The comparison of calculated 2DEG density from conventional Hall Effect
measurements (red circles), C-V measurements (black squares) and I-V model (blue triangles) [2]

5.6 Deep Level Transient Spectroscopy (DLTS) Analysis

Deep Level Transient Spectroscopy (DLTS) measurements on InNAIN/GaN based heterostructures
are rarely performed and very few reports are available so far. As explained above, these
samples/structures suffer by high leakage current due to high number of dislocations, which makes
DLTS measurements highly complex and difficult to analyze. However, 3 samples have been
successfully characterized and discussed here. DLTS measurements have been performed on
sample 1, sample 3 & 6 successfully by using Current-DLTS and Capacitance DLTS respectively.
One of the main goal of performing DLTS measurements is to understand if insertion of AIN layer
affects the defect level position/capture cross section or generation of addition defects in barrier
layer or at interface.
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5.6.1. Sample without ‘AIN’ interlayer

Current DLTS (I-DLTS) measurement on Sample 1

Despite of high leakage in sample 1, Current-DLTS measurements has been performed in order to
achieve information on defect levels in structure, i.e. in barrier layer. The Capacitance mode DLTS
was also applied but due to high leakage/conductance, it was not possible to record a reliable
spectra. In order to achieve some reliable information from measurements, a low bias was applied
with a filling pulse after confronting the leakage and CV plot.

Here is the details on applied bias and pulse [Vrev., Vpuise]:

e [-0.5V, +0.5V] for probing barrier layer of INAIN layer (a)

e [-0.1V, +0.5V], [-0.1V, +1.5V] and [-0.1V, +2V] for probing barrier layer of InAIN
layer (b)

e Constant filling pulse of 1 ms

The measured DLTS spectra for is illustrated below:
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Figure 5.19 DLTS spectra for sample 1 for different emission rates at different bias and pulses

Fig. 5.19a shows the normalized DLTS spectra (AI/T) where, Al is the change in current with
temperature with applied bias and pulse at [-0.5 V, +0.5 V] which shows a sharp positive peak
appearance at 243 K for 102.6 s emission rate and for other rate windows with increase in
temperature which is marked as T1. In this study, as the I-DLTS spectrum is positive (increase of
drain current during the transient) we are in presence of a majority carrier trap. The appearance the
peak could be related to dislocation type of traps in this kind of heterostructure, responsible for
higher leakage in HEMT devices. The measurements have been performed with different emission
rates (not shown) in order to confirm the peak appearance and also for preparation of Arrhenius plot
for calculation of it’s energy position. The appearance of this sharp peak was further checked by
giving different bias and pulse with [-0.1, +0.5], [-0.1V, +1.5V] and similar peak is observed with a
shift in it’s position with temperature (shown as fig. 5.19b). The shift in peak to higher temperature
values could be due to different polarization parameters compared to previous one. Apart from this
peak, an another peak is observed at higher temperature which is marked as trap 2 (T2) which is
quite near to first trap position. In order to calculate the energy position and capture cross section of
these traps, Arrhenius plot was prepared which is shown as fig. 20. Thus, from Arrhenius plot, the
energy levels have been calculated for observed traps at, T1: Ec-0.64 eV with capture cross section
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of 2.7e-12 cm? and T2: at Ec-0.70 eV with a capture cross section of 1.9e-13 cm?. However these
traps are found to be very close to each other in energy values and also in their capture cross section
values. These traps could be related to dislocation levels in barrier layers similar like GaN. These
traps could be responsible for leakage in this kind of structure and these traps can have the band of
dislocation networks as also discussed above in terms of Poole-Frenkel emission. A tabulated

summary and a schematic band diagram is plotted to explain this below:
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Figure 5.20 Arrhenius plot reporting the signatures of the deep levels (majority carriers) detected

in samplel
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Figure 5.21 Schematic diagram of traps level position and dislocation related energy levels in

INAIN barrier layer
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Table 5.11 Parameters of deep levels in sample 1

Deep Levels Energy position ~ Capture cross
(eV) section, 6, e (cm?)
Tl E.-0.64 2.7x 1012
T2 E_-0.70 L.9x 108

Thus, I-DLTS measurements allow identifying the deep levels in barrier layer of InAIN
which have correlated to dislocations in layer. The identified traps are from majority carriers in the
structure, the origin of these traps are not identified whether they have been originated from a
vacancy or vacancy complexes.

5.6.2. Sample with ‘AIN’ interlayer

Capacitance DLTS (C-DLTS) measurement on Sample 3 and Sample 6

Capacitance DLTS method has been applied for identifying the deep levels in sample 3 and
sample 6, which are the structures with interlayer of AIN to compare with sample 1 which doesn’t
have any interlayer of AIN in the structure. It would be interesting to remind again that an interlayer
of AIN of 1 nm and 2.5 nm have been inserted in sample 3 and sample 6 in order to improve the
interface properties to avoid problems like alloy scattering, penetration of wave function in order to
confine the 2DEG electrons to achieve better electrical properties for devices. The main goal of
performing the DLTS characterization on these structures is to compare if the presence of interlayer
affects the deep levels which have been identified in sample 1 and also to see if additional deep
levels have been identified.

The Capacitance mode DLTS has been applied on these samples which have also high
leakage due to presence of still high dislocation but with higher mobility (as shown in Fig. 5.5). In
order to achieve some reliable information from measurements, a low bias was applied with a filling
pulse after confronting the leakage and CV plot.

Sample 3 (with 1 nm interlayer of AIN)
Here is the details on applied bias and pulse [Vrev.,, Vpuisel:
e [-0.4V, +0.8V] for probing barrier layer of InAIN (a)

e [-0.5V, +1.5V], [-1V, 0V] for probing barrier layer of INAIN (b)
e Constant filling pulse of 1 ms
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Figure 5.22 C-DLTS spectra for sample 3 for different bias conditions shown as (a) and (b) for a
constant filling pulse duration

From fig. 5.22a shows the normalized DLTS spectra (AC/C) where, AC is the change in
current with temperature with applied bias and pulse at [-0.4 V, +0.8 V] which shows two broad
negative peak appearance at 338 K and 443 K for 102.6 s™ emission rate respectively, and for other
rate windows with increase in temperature which is marked as T1 and T2. In this study, as the C-
DLTS spectrum is negative (decrease of gate capacitance during the transient) we are in presence of
a majority carrier trap. The appearance these peaks could be related to dislocation type of traps in
this kind of heterostructure as also mentioned for case of sample 1, responsible for higher leakage in
HEMT devices. The measurements have been performed with different emission rates (not shown)
in order to confirm the peak appearance and also for preparation of Arrhenius plot for calculation of
it’s energy position. The appearance of these broad peaks were further checked by giving different
bias and pulse with [-0.5, +1.5], [-0.5V, +0V] and similar peak is observed with a shift in it’s
position with temperature (shown as fig. 5.22b). The shift in peak to higher temperature values
could be due to different polarization parameters. We have not detected any other trap level at low
temperatures (< 200 K).
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Figure 5.23 Arrhenius Plot reporting the signatures of the deep levels (majority carriers) detected in
sample 3
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In order to calculate the energy position and capture cross section of these traps, Arrhenius
plot was prepared which is shown as fig. 5.23. Thus, from Arrhenius plot, the energy levels have
been calculated for observed traps at, T1: Ec-0.8 eV with capture cross section of 2.7e-13 cm? and
T2: at Ec-0.94 eV with a capture cross section of 1.9e-14 cm?. However these traps are found to be
very close to each other in energy values and also in their capture cross section values. It is worth to
mention that these deep levels could be of same nature and from same origin as deep levels
observed in sample 1 because their energy levels and capture cross sections are very close to each
other. These traps could be related to dislocation levels in barrier layers similar like GaN. These
traps could be responsible for leakage in this kind of structure and these traps can have the band of
dislocation networks as also discussed above in terms of Poole-Frenkel emission. Thus, C-DLTS
measurements allow identifying the deep levels in barrier layer of InNAIN which have correlated to
dislocations in layer. The identified traps are from majority carriers in the structure, the origin of
these traps are not identified whether they have been originated from a vacancy or vacancy
complexes.

Sample 6 (with 2.5 nm interlayer of AIN)

Here is the details on applied bias and pulse [Vrev., Vpuise]:
e [-0.5V, +1V] for probing barrier layer of INAIN
e Constant filling pulse of 1 ms

From fig. 5.24 shows the normalized DLTS spectra (AC/C) where, AC is the change in
current with temperature with applied bias and pulse at [-0.5 V, +1 V] which shows one sharp
negative peak at low temperature regime and a broad positive peak at high temperature appearance
at 140 K and 390 K for 102.6 s™ emission rate respectively, and for other rate windows with
increase in temperature which is marked as T1 and T2. In the case of T1, as the C-DLTS spectrum
is negative (decrease of gate capacitance during the transient) we are in presence of a majority
carrier trap while in case of T2 which appears at C+, which could be correlated to minority carriers
in this kind of structures. Apart from these deep levels signature in DLTS spectra, two small and
less appeared C- peaks (negative capacitance peaks) have been also observed at 205 K and 335 K
for 102.6 s™* emission rate, represented as A and B respectively. It is found that these deep negative
peaks are very close to each other, even at different emission rates or bias which makes the
calculation for Arrhenius quite complex. The appearance of the deep level T1 could be related to
dislocation type in this kind of heterostructure as also mentioned for case of sample 1& 2,
responsible for higher leakage in HEMT devices, while the T2 can be correlated to interface states
originating from 2DEG channel. The appearance of these broad peaks were further checked by
performing another measurements with same bias and pulse of [-0.5V, +1.0V] at low and high
temperature regime (shown as fig. 5.25 a & b). . The measurements have been performed with
different emission rates (not shown) in order to confirm the peak appearance and also for
preparation of Arrhenius plot for calculation of it’s energy position.
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Figureb. 24 C-DLTS spectra for sample 6 for constant filling pulse duration, showing the presence
of deep levels (majority and minority carriers)
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Figure 5.25 C-DLTS spectra for sample 6 in low (a) and high temperature (b) regime for constant
filling pulse duration

In order to calculate the energy position and capture cross section of these traps, Arrhenius
plot was prepared which is shown as fig. 5.26. Thus, from Arrhenius plot, the energy levels have
been calculated for observed traps at, T1 (majority): E.-0.23 eV with capture cross section of 3.0e-
15 cm?and T2 (minority): at E,+0.5 eV with a capture cross section of 1.0e-18 cm?. However, the
deep level T1 is found to be very close to the trap energy calculated by Poole-Frenkel emission
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earlier in I-V analysis. While for deep levels marked as A& B in fig. 5.24, the Arrhenius
calculations were very complex due to the more or less same position in temperature in spectra,
which doesn’t allows to calculate the reliable data and that’s why they have not been included in
fig. 5.26. Thus, deep level T1 could be related to dislocation levels in barrier layers similar like
sample 1, 3 & GaN. On the deep level T2, which seems to be originated from minority carrier
emission, mainly from 2DEG channel at AIN/GaN interface? As, it’s discussed in chapter 2 that
insertion of AIN layer induces the positive charges due to spontaneous polarization and balances the
total charges in 2DEG channel, it could be said that due to thick AIN layer there could be some
donor levels/positively charged traps of dislocation type/other type and they emit during the reverse
bias and observed in DLTS spectra. While in case of sample with thinner AIN layer (sample3), it
could be that thin layer doesn’t induce so much positive charges in the structure and which results
no appearance of such deep level in sample 3. We can not explain the real origin for this emission
which would be considered for further study as future work.
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Figure5. 26 Arrhenius plot reporting the signatures of the deep levels (majority and minority
carriers) detected in sample 6
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Figure 5.27 Deep level positions in sample 3 and 6
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5.7 Optical characterization with SPV, PC and PL

The main focus has been given to 2DEG related or induced transitions above GaN energy
gap which has not been studied before. In order to understand the mentioned phenomena different
optical spectroscopy techniques have been used such as Surface Photovoltage (SPV), Photocurrent
(PC) and Photoluminescence (PL) for justification and clear explanations in achieved results.

5.7.1 Band gap shift in Al,In,N/AIN/GaN heterostructures studied by Surface
Photovoltage Spectroscopy

GaN based heterostructures have recently gained increased interest due to their applications
for High Electron Mobility transistors. In this work AlINN/AIN/GaN heterojunctions grown by
MOCVD (metal organic chemical vapor deposition) with different AIN thicknesses have been
investigated by Surface Photovoltage Spectroscopy. The density of the two dimensional electron
gas forming at the interface has been measured by Hall effect. A band gap shift has been detected
and its dependence on the 2DEG electron density at the AIN/GaN interface has been analyzed on
the basis of the Moss Burstein and renormalization effects.

The present contribution aims at the characterization of the 2DEG electron gas in AlINN/
AIN/ GaN heterostructures by Hall measurement and Surface Photovoltage Spectroscopy (SPV) at
300 K. By SPV the band to band transitions in the GaN layer was detected at an energy value close
to the GaN band gap (3.4 eV). Its dependence on the AIN interlayer thickness, and on the 2DEG
density evaluated by Hall effect has been discussed on the basis of the Moss-Burnstein (MB) and
renormalization effects.

Samples with the AIN layer varied as 0.5, 1, 1.5, 2.5, and 5 nm have been measured for this
study. Surface Photo Voltage Spectroscopy (SPS) analyses were performed at room temperature.
More detailed information on the method can be found in chapter 3. Optical transmission
coefficient has been also measured by the same apparatus. Hall Effect measurements have been
carried out on Van der Pauw structures at room temperature.

SPV spectra measured on AlINN/AIN/GaN heterostructures and on the GaN template are
shown in fig. 5.28. The most relevant peak in a SPV spectrum is usually related to band to band
electronic transitions [chapter 3]. It should be reminded that by changing the photon energy also the
optical absorption coefficient a, and in turn the penetration depth o™, varies. For photon energies
ranging from 3 to 4 eV, o ranges from 0.07 to 1 pm in GaN, from 1 to 96 pm for AlInN while AIN
is completely transparent in this range [39]. This means that from 3 to 4 eV the carrier generation
and collection occurs mainly within the GaN layer, and when the photon energy becomes
comparable with the GaN band gap, it occurs mainly at the interface between GaN and AIN, or at
the GaN surface in the template. Thus the peaks in fig.1 are all related to band-to band transitions at
the GaN /AIN heterointerface (fig. 5.28a) or at the GaN surface (fig. 5.28b). While in the GaN
template the maximum value in the spectra expectedly occurs at 3.44 eV (Egcan), @ Value which is
good agreement with the literature value of Eg can (3.45 €V), in the heterostructures the peaks are
detected at higher energy values (Eg wer, fig.28a). Moreover, SPV signals detected in AlInN /AIN
/GaN structures are usually remarkably lower than the ones measured in GaN templates mainly due
to strong recombination of e-h pairs with the 2DEG at AIN/GaN interface.

As shown in fig. 5.28a, the shift in the band gap AEg , defined as AEg = Eg, HeT - Ec, can,
depends on the AIN interlayer thickness dan. Moreover, it is to be noted that AEg is not revealed by
optical transmission measurements, as shown in fig. 5.29, where both optical transmittance T and
SPV spectrum for the same sample are reported.
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Figure 5.28 (a) SPV (a.u.) spectra, normalized to the maximum values, measured in the
AlINN/AIN/GaN heterostructures (a) and in the GaN template (b). In Figure 28 (a) the spectra have
been shifted with increasing AIN layer thickness for clarity

The 2DEG electron density nyp in the different heterostructures has been measured by Hall
Effect measurements and the results are plotted vs the interlayer AIN thickness in fig. 5.30. It must
be noted that the 2DEG density n,p initially decreases as a function of the interlayer thickness da;,
afterwards it increases up to almost 5 nm. Above this value n,p again decreases, meaning that an
efficient confinement is lost possibly due to crack formation. The possible reasons for this
behaviour are reported [2, 3], while here we focus our attention to those samples where Hall data
show good confinement due to the presence of the AIN layer, i.e. from 0.5 to 2.5 nm.
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Figure 5.29 Transmission coefficient T (1) of GaN template (red, short dashed dot) and of

AlInN/AIN (Inm)/ GaN heterostructure (black, solid line), and SPV (A) of AlInN/AIN (1 nm)/ GaN
(blue, dashed line)
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In order to explain the variation of AEg vs dan the volume density of the free carrier
concentration n in the proximity of the AIN/GaN heterointerface was calculated by n,p. For this
purpose the “thickness” h of the 2DEG electron gas must be evaluated by [40]:

ce. Og, 2 h? Ve v
h(n,y) =05 =§Cl(2m*J (ezno J (5.12)
2D 2D

with c; first coefficient of the Airy function, & GaN relative permittivity, &5 vacuum permittivity, e
electron charge, and ¢; energy of the lowest energy state in the triangular potential well induced by
the heterojunction. h depends on the nyp and varies between 2.5 to about 3 nm. The electron
concentration n. calculated as nop/ h, ranges from 8 to 12x10% cm™. It must be noted that GaN is
degenerate at the heterointerface.

The band gap shift AEg plotted vs ngin fig. 5.31 shows that AEg monotonically increases as
a function of ne. In order to understand this trend it should be reminded that E is measured by SPV
close to the GaN/AIN interface where the 2DEG electron gas is confined, i.e. where GaN is
degenerate. The optical band gap Ec of a degenerate semiconductor widen with increasing carrier
concentration as predicted by the BM effect [41]. This effect is usually attributed to the conduction
band occupation inducing optical transitions at energies higher than the minimum-energy
fundamental electronic gap. The magnitude AEgy Of this shift is described by:

2

AE :2’; -(37%n,)" (5.13)

With, n. free electron concentration and m* GaN effective mass.
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Figure 5.30 2DEG density vs interlayer AIN thickness measured by Hall Effect at 300 K [2]
In order to calculate m* in a polar semiconductor like GaN, non-parabolic conduction band

must be considered. Moreover, for degenerate semiconductors m* at the Fermi Energy depends on
ne [42, 43 and 44]. In order to account for these effects we used for the momentum effective mass
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m, [14] m =m (1+2E./E")with E* a constant which will be obtained in the following as a
p p e0 c

fitting parameter, meo* the dynamical effective electron mass (for GaN 0.20 mg with mg the electron

mass [45]), Ec the conduction band energy given, in the hypotheses of spherical band and

H 27,2

degenerate semiconductor, byEC _ Z kf with &2 = (322"
meO

Finally, the dependence of m” on n, can be obtained:

2me0

2/3 2 2N2/3
m’ =m:0(1+2A;‘? J with 4="G7)7 (5.14)
and thus the dependence of AEgw on n.. However, the carrier concentration dependence of the
measured band gap shift is usually less abrupt than that expected for free electron model (eq.
(5.13)), [46]. To account for this discrepancy the band gap renormalization has been proposed,
which considers a band gap shrinkage AEgrny Which takes into account the Coulomb interaction
between the free electrons in CB and the electron impurity scattering [47]. Therefore:

AE,=AE,, +AE,, (5.15)

where AEgy is given by equation (5.13) and AEgyn has been evaluated by the equation given by
Yoshikawa [48], which is in agreement with the theoretical work of Bulutay [47]:

AE,, =-472x10"n " (5.16)

with ne (m?) and E* ineV .
Finally, AEg was plotted as a function of n. in fig. 31 and fitted by the following equation:

2
AE, =V +— h —
° 2m (1+24n"° | E¥)

(32%,)" ~472x10"n®  (5.17)

obtained by the substitution of egs. (5.13, 5.14) and (5.15) in equation (5.16) and adding V. Vq has
been introduced to take into account strain effects on Eg and the degeneracy of the layer. Thus the
two fitting parameters used are Vo, and E*, which takes into account the effects of non-parabolic
band structure on m* [42, 43, 44]. From the fitting procedure an E* value of 5.8 eV has been
obtained, which can be used to evaluate the dependence of the effective mass on free carrier
concentration (eq. 5.14). The values shown in fig. 5.31 are in very good agreement with the
variation of m* as a function of n. calculated and experimentally determined for GaN [44]. It is
noteworthy that the V, value obtained by the fitting procedure allows zeroing the bandgap shift
when n, approaches the degeneracy limit of free carrier concentration.
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Figure 5.31Experimental values (red filled squares) and fitted curve (red solid line) of the band gap
shift AEg as a function of free carrier concentration ne. Calculated values of the electron effective
mass are plotted in the inset as a function of free carrier concentration ne

The presence of the band gap shift in these structures should not be ascribed to the well-
known Quantum Confined Stark Effect which usually plays a significant role in nitride based
semiconductor low dimensional structures, as the polarization induced electric field should be
screened out by the high density of free charges (larger than 2 x 10* cm™) [49].

The present investigation shows the effect of quantum confinement of free carriers on band
structure properties in GaN based heterostructures. The band gap shift has been measured by SPV,
as the technique allows obtaining the energy gap in the close proximity of the heterointerface. The
energy gap was found to increase as a function of the free carrier concentration, which is related to
the 2DEG density, due to the combined Moss Burnstein and renormalization effects. The
application of the model allows us to calculate a parameter which quantitatively account for the non
-parabolic conduction band and to evaluate the effective mass dependence on free carrier
concentration.

5.7.2 Subband Energy Levels and Fermi edge singularity in InAIN/AIN/GaN
Heterostructures

An additional study has been performed on nominal lattice matched heterostructures with
%In varying from 17-20 (detail are provided later in table II). In this study, optically induced
electronic transitions in nitride based polar heterostrucures have been investigated by absorption
and emission spectroscopy. Surface photovoltage (SPV), Photocurrent (PC) and Photo
Luminescence (PL) spectroscopy have been applied to high quality InAIN/AIN/GaN structures to
understand the optical properties of two dimensional electron gas. Energy levels within the two
dimensional electron gas (2DEG) well at the interface between the GaN and AIN have been directly
observed by SPV and PC. Moreover, a strong enhancement of the Photoluminescence intensity due
to holes recombining with electrons at the Fermi Energy, known as Fermi Energy Singularity
(FES), has been observed. These analyses have been carried out on InAIN/AIN/GaN
heterojunctions with the InAIN barrier layer having different In content, a parameter which affects
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the energy levels within the 2DEG well as well as the optical signal intensity. The measured energy
values are in a very good agreement with the ones obtained by Schrodinger-Péisson simulations.

Subband transitions in wurtzite group-lll-nitride based heterostructures have been
extensively studied in AlGaN/GaN systems [50, 51], but only recently in AlInN by
magnetotransport measurements [52] and non-contact electroreflectance spectroscopy [53].
Radiative recombination in the 2DEG channel layer in nitride based heterostructures investigated by
PL demonstrate direct recombination in the AlInN layer, while PL analyses by [54] clearly show the
presence two components in the emission spectra related to AlInN layer [55].

In addition, a strong enhancement of the luminescence spectra of electrons recombining
close to the Fermi level (Ef) has been theoretical predicted [56, 57] and only in a few cases
experimentally observed in two dimensional structures (quantum wells [58], modulation doped
heterostructures [59], and GaN/AlGaN heterointerfaces [60]). This effect, called Fermi-edge
singularity, is a direct consequence of the increased electron-hole scattering rate of electrons close
to Er in an high density electron plasma (electron concentration around 10** cm™ and above).

The main subject of this study is the detection and identification of 2DEG related transitions
above the GaN gap energy and of Fermi Edge Singularity (FES) in INAIN/AIN/GaN heterostuctures
by Surface Photo Voltage spectroscopy, PhotoCurrent (PC) and Photoluminescence (PL)
spectroscopy measurements. The use of these three different spectroscopical methods, allowing for
the observation of absorption and emission related transitions, has allowed us to obtain an almost
complete picture of the electronic states of this structure. Moreover, by detecting transitions above
the GaN energy gap, we have been able to investigate the optoelectronic properties of the two
dimensional electron gas, in particular the FES which can be observed only with high 2DEG.

Nearly lattice-matched AlINN/AIN/GaN heterostructures with slightly different In (%) and
layer thickness, and thus different 2DEG density, have been examined in order to investigate the
effect of accumulated charges in 2DEG channel layer on the surface photovoltage (SPV),
photoluminescence (PL) and photocurrent (PC) spectra. The obtained results have been compared
with band diagram simulation by Schrodinger-Pdisson simulation.

The nominal thickness of the InAIN layer, AIN interlayer and In%, are reported in table I11.
The experimentally measured 2DEG density at AIN/GaN interfaces for the different HS are also
reported in table I1. High crystalline quality of layers have been confirmed by XRD analysis. GaN
buffer layer thickness is kept around 3 um for all samples.

Table 5.111 Sample details: nominal thickness of InAIN layer and %In, nominal thickness of AIN
interlayer, experimentally measured 2DEG density by Hall Effect technique. It also shows the
observed subband energy related to 2DEG well values from GaN valence band edge measured by
SPV, PC and FES position by PL

Samples o dpan da 2DEG density  Es qipbana bY  Elsubband BY FES(eV)
R S %In o
(m)  (m) < 108(em?) SPV(ev)  PC(eV) by PL
1 199 10 1 1.25 3.56 3.55 3.69
2 18.5 14 1 1.35 3.64 3.57 3.73
3 17.6 10 4 1.50 3.64 3.59 3.79

Surface Photo Voltage Spectroscopy (SPS) [see chapter 3] analyses were performed at room
temperature by means of a custom-made apparatus based on Xenon lamp source and a SPEX 500M
monochromator. Hall Effect measurements have been carried out on Van der Pauw structures to
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calculate the 2DEG density at room temperature. Photoluminescence measurements were
performed by exciting the carriers with 193 nm ArF excimer lasers with at 5 K. Photocurrent
analyses were performed in an Ohmic-Ohmic configuration on SiNy passivated samples. A thin
passivation layer of SiNx (~10 nm) was deposited on top of the hetrostructure to optimize the
device performance. Ti/Al/Ni/Au metal stacks were fabricated to optimize Ohmic contacts and
checked by I-V and Hall measurements. Photocurrent measurements were performed at +1.5 V bias
using a QTH lamp and a chopper frequency at 72 Hz.

In order to shine light on the band structure and thus on the transitions at confined energy
levels within the 2DEG channel, 1-D Schrodinger-Pdisson equation has been solved to calculate the
energy levels within triangular 2DEG well using nextnano software [4]. The ideal HS has been
simulated, with the nominal value of In%, the results are shown in fig. 5.32 for 5 and 300 K, i.e. the
temperature of emission and absorption spectroscopy experiments, respectively. The energy gap
and band offset values for GaN, AIN, InAIN are extracted by [5] considering unstrained structures.
The first and second confined energy levels (E; and E;) values are 3.7 eV and 3.8 eV, respectively.
It must be noted that E; is located below the Fermi level, while E; is above, they do not change
substantially with temperature between 5 and 300K.

WIN (a) Wm (b)
300 K SK

Interface states (E )

Interface states (E ) .
at AIN/GaN

at AIN/GaN

Figure 5.32 Schematic of the band structure for INAIN/AIN/GaN heterostructures calculated at 300
K (for SPV) and 5 K (for PL) from Schrodinger-P&isson equation to show the possible photoexcited
electronic transitions (marked as 1, 2, 3)

SPV spectra performed on AlINN/AIN/GaN heterostructures are shown in fig. 5.33. The
peaks observed at 3.44 and 3.48 eV could be related to band-to-band transitions in the GaN layer, in
very good agreement with similar values reported with previous study discussed above and also
with the literature [61, 62]. The very low values of SPV signal must be noted (of the order of pV),
due to the strong recombination of photogenerated electron hole pairs with the 2DEG electrons and
the polarization induced charge. Nevertheless, due to the presence of piezoelectric and spontaneous
polarization in wurzite nitride structures, a strong built-in electric field is induced in the region close
to interface of AIN/GaN. Such an induced electric field, of the order of MV/cm as previously
calculated on similar structures [2], allows for the charge collection of the e-h pairs. The observed
band tails below the GaN bandgap can be related to Franz-Keldysh effect in nitrides [63]. The
present analysis shows GaN band gap values not shifted with respect to the usual one, on the
contrary to what has been above discussed [20], possibly due to the lower 2DEG concentration in
those samples.

The SPV spectra in fig. 5.33 show different SPV signal values for samples 1, 2, 3, which
can be related to differences in the 2DEG density, i.e. electric field, and surface states; we can also
observe a change in slope for energies above the GaN band edge (marked by different line colours
for different samples) from 3.56 eV, 3.64 eV and 3.64 eV for samples 1, 2, 3 respectively, as
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reported in table 11. These features could be related to transitions from valence band of GaN bulk to
discrete energy levels in the 2DEG channel layer. These transitions might be attributed to electrons
from the valence band are directly driven to the first or second energy level in the 2DEG well by the
high electric field either from the bulk GaN (marked as (marked as 2) in fig. 5.32a) or from the
AlInN layer (marked as 1 in fig. 5.32a). The second mechanism must be ruled out as AlInN is
almost transparent in this spectral range, while the first mechanism should be examined in more
detail: as the Fermi level almost coincides with the second level E,, the level E; has a very high
probability to be completely filled by electrons. Electronic transitions from the VB to E,, which
must be partially empty, are thus more probable. The reproducibility of experimental spectra has
been checked and confirmed by performing several measurements on each samples. Moreover, in
order to improve the SPV signal to noise ratio we tried to decrease the detrimental contribution of
the e-h recombination at the 2DEG channel by illuminating the sample from the back side through
the substrate for sample 1. The comparison between SPV spectra with front and back illumination
(not shown here) shows that the SPV response for back illuminated surface is higher (almost 3
times) than front illumination case. Surface photovoltage spectroscopy allows also for the
determination of the conductivity type of the structure. Fig. 5.34 shows the imaginary part (SPVy)
of the complex SPV signal and the phase spectrum for the samplel. The layer conductivity is
extracted by the sign of the SPV, signal close to the band gap value. The negative value of SPV,
indicates the n-type conductivity within the 2DEG channel in the GaN layer.

On the basis of above analyses, we interpret the peak at 3.44-3.48 eV as the band to band
transitions in GaN and the features at 3.56, 3.64, 3.64 eV, for samples 1, 2 & 3 respectively, to
transitions between the GaN valence band and the second confined energy level (E,) within the
triangular potential well.
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Figure 5.33 Surface Photovoltage signal plotted against photon energy for all samples. The lines
are only a guide for the eyes
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Figure 5.34 Y signal and SPV signal variation measurements for sample 1 which shows n-type of
conductivity for 2DEG channel layer in within GaN layer

In addition, frequency dependent Photocurrent measurements have also been performed on
the same samples with passivation layer of SiNy on top of the surface, and a typical result is shown
for sample 1 in fig. 5.35. A very intense and broad peak is observed around 3.56 eV for all the three
samples examined, a value which is lower than the ones attributed to level E,. The effect of increase
in chopper frequency has been clearly observed which also indicates the fast response of 2DEG
carriers. It is interesting to note that PC spectroscopy, which is based on an electron transport
mechanism, allows for the detection of states filled by electrons through their photoionization. For
this reason the peak observed in PC spectra can be attributed to transitions to E;, which as
demonstrated by 1-D Schrodinger-Péisson simulations is always populated by electrons. We do not
observe any peak or change of slope at the energies corresponding the GaN and InAIN layers
energy gap. This indicates that the electrons, photo-generated in the GaN layer are directly collected
in 2DEG channel due to the presence of the very high built-in electric field (marked as 2 in fig.
5.32a).
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Figure 5.35 Typical measured Photocurrent spectra plotted against photon energy for sample 1,
mentioned in table I

PL spectra of all samples measured at 5 K are shown in fig. 5.36a. The circled (dotted) part
of the fig. 5.36a which is explained as FES, will be discussed later here. First, we explain the PL
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spectra of one sample. The fig. 5.36b shows the PL spectra for sample 1 while the inset shows the
known narrow PL line at 3.476 eV, related to band to band recombination at the GaN gap edge [64].
The three different peaks can be observed in the spectra above the GaN energy gap region. Starting
from the higher energies a broad and asymmetric band can be noted, marked as 'InAIN related’,
consisting of two different peaks (marked). The much larger width of the HE band (~100 meV) is
typical for ternary materials, where the emission and absorption spectra are inhomogeneously
broadened by disorder induced potential fluctuations [65]. The peak at 4.2 eV can be related to a
defect state in the INAIN layer, since some recent and our studies [66] on similar INAIN/AIN/GaN
structures, revealed the presence of defect related states in the range of 0.37- 0.80 eV below to the
conduction band, in good agreement with the present results. The peak at 4.58 eV can be attributed
to the band to band emission of the InAIN, also in good agreement with earlier reported results on
gap related emission [67] for similar In concentration.
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Figure 5.36 normalized PL spectra for all three samples at 5 K showing above GaN energy gap
related transitions (a). The normalized PL spectra for sample 1 (b). The inset shows the GaN edge
related transition for both samples (b)

Interestingly, we clearly observe a peak in the range of 3.65-3.8 eV in all three samples with
a relatively narrow band superimposed on its high energy tail, as shown in fig. 5.36a. Its position is
above the GaN edge and below the two peaks at higher energy (related to InAIN layer). This peak
disappears at higher temperatures according to similar results obtained in AIGaN/GaN [60]. This
peak appears in common for the three samples shown, while its energy increases when the 2DEG
density increases. Because of these properties, this peak can be related to Fermi Edge Singularity
(FES). Similar features have been previously reported in AlGaN/GaN systems etc. [60, 68] but have
never been directly observed in InAIN/AIN/GaN systems up to now in our knowledge.

In order to explain the origin of this optical transition, we may consider the two possibilities
shown in fig. 5.31 (b): 1) the recombination of electrons at GaN 2DEG Fermi level with holes in
the InAIN layer; 2) their recombination with heavy holes localized as interface states at AIN/GaN
interface, which could be mainly attributed due to the alloy fluctuation induced holes localization
[58]. The first transition can be ruled out, as positively charged donor states have been found near
the InAIN valence band edge [69] but in the energy range of 0.7 -1.3 eV, i.e. their energy values are
too high to be considered responsible for the transition related to FES. On the contrary, the second
transition related to heavy holes at AIN/GaN interface could be considered a possible origin for the
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observed FES feature. Interface states play a fundamental role in the origin of the 2DEG, as
demonstrated by [67]. Holes localized at such interface states can significantly contribute to the
transitions observed by PL and attributed to FES, according to similar phenomena observed by
Akopian et. al [60] in AlGaN/GaN systems. This conclusion is also well supported by the 2DEG
density variation of the FES related energy level and by the very good agreement between the Fermi
Energy value related to the FES feature and the one calculated by Schrédinger-Poisson simulation.

In summary, absorption and emission studies have been performed by Surface Photo
Voltage, Photocurrent and photoluminescence spectroscopy on high quality lattice matched
INAIN/AIN/GaN heterostructures with different In concentration and 2DEG density. Optically
induced electronic transitions have been clearly observed by absorption studies and related to the
first and second confined energy levels in the triangular shaped potential well at the interface
between GaN and AIN. In particular the first level E1, which is populated at room temperature, was
detected by PC, while the second level E; which is not populated, was detected by SPV. The use of
these two different spectroscopic methods allowed to directly observing transitions to empty and
completely filled energy levels. Emission studies made by PL spectroscopy allowed for the
detection of band to band and defect states emission in the AlINN layer, and for the first time in
these heterostructures, to the detection of the Fermi Edge Singularity. The measured energy values
are in good agreement with the ones obtained by Schrodinger-Pdisson simulations. The slight
discrepancies between measured and simulated values can be understood taking into account the
possible difference vs the nominal structure, in In% concentration, strain effects and possible Ga
incorporation effect both in AIN and AlInN layers [3, 70].

The use of these different, independent and complementary methods has allowed us to
obtain a complete and detailed picture of electronic transitions related to the 2DEG and to the
subband energy levels, in a material system which is now subject of intense investigation both for
fundamental studies as well as for many applications.

5.7.3 Photoresponse analysis of metal-semiconductor-metal (MSM)
InAIN/AIN/GaN HEMT structures

We have also performed work on fabrication of metal-semiconductor-metal (MSM)
photodetector (PD) fabricated on InAIN/GaN two dimensional electron gas (2DEG) HEMT
structures. The electrical and photodetection properties have been compared in two structures with
(sample 2) and without (sample 1) an AIN interlayer in between the barrier (InAIN) and the GaN.
We obtained gain in both structures for high bias voltages. To analyze the transient behaviour we
have measured time dependent evolution of the signal under energy excitation higher than the GaN
band absorption and the barrier absorption for both of the samples with higher and lower leakage
current. The absorption due to the GaN layer gave faster response than absorption for energy above
the barrier band edge. The fabrication and improvement of this kind of device can lead to
integration with the already mature HEMT technology.

As discussed above in thesis, with the presence of the 2DEG in the heterostructures, the
electric field distribution below the electrodes is modified, in particular the structure results to have
a strong vertical field (along the c-growth direction) [71]. When light incides on the surface the
photogenerated electrons are driven toward the interface while photogenerated holes are repelled
toward the substrate, which reduces the probability of recombination of the carriersleading to an
improved detector responsivity with extremely high photocurrent values [72]. In fact it has been
observed, since the first study on 2DEG based photoconductors [73] and the first study on nitride-
based 2DEG photoconductors [74] that a huge gain is observable in such a system. However, the
use of a MSM metallization scheme can highly reduce dark current, improving device
characteristics [75].
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In this work we studied the photoresponse of INAIN/GaN MSM devices and analysed the
difference in device performance with and without the introduction of an AIN spacer in between the
barrier and the GaN, which is usually used to enhance the electron mobility in the 2DEG [76] We
also studied, by means of electroreflectance (ER), optical absorption of the GaN, the InAIN barrier
and the 2DEG interface layer, as it has been recognized to be optically active both in absorption
[77] and emission [78].

MSM structure have been processed on two different INAIN/GaN heterostructures (labelled
as sample 1 & 2). Interdigitated (IDT) MSM devices have been fabricated by optical lithography
patterning and Pt deposition (60 nm), assuring a good Schottky behaviour. The IDT area was 270
pm x 260 pum. The width of the contacts was 7 pum with an interspacing of 6 um. As far as the
characterization of the structure is concerned, we performed electroreflectance measurements (ER)
to identify absorption edges detected in photocurrent measurements.

(a) (b)

ho

SchottkyY l J« l Schottky

In Al GaN (15 nm)

Pt- Schottky

2DEG

Sapphire

Schematic top view
Figure 5.37 Schematic of MSM structure (a) and top view (b)

We have used a Pt-semitransparent-Schottky top contact and ohmic contact (Ti/Al/Ni/Au -
30 nm/200 nm/50 nm/150 nm) connected with the 2DEG after the annealing at 850~ for 30 seconds.
Details of the experimental technique and data analysis of ER can be found elsewhere [79, 80].

MSM photocurrent measurements have been carried out by top illumination of the sample
with Xe arc lamp as source and a monochromator to select the light wavelengths (fig. 5.37). We
also measure photoresponse of a calibrated commercial silicon photodiode and a thermocouple
(depending on the wavelength) to estimate the total power of the incident light and, therefore,
knowing the sizes, to extract the responsivity of our MSM PDs.

The electrical characterization of the two samples provide the confirmation of better
blocking behavior of the sample with AIN spacer (sample 2). From the current-voltage
measurements performed in dark, lower leakage current of sample 2 is revealed as shown in fig.
5.38. This can be explained by the raising of the effective Schottky barrier with the introduction of
AIN spacer.
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Figure 5.38 Leakage current measured for Pt-MSM on both samples
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Figure 5.39 ER measurements of the two samples analysed. The measurements were performed

with a bias voltage (8 V sample A and 10 V sample B) with a superposition of a modulating voltage
of 1V

ER spectroscopy determines the relative change in reflectivity (DR/R) caused by a
change of electric field strength or carrier densities when applying a modulation voltage. Fig. 5.39
shows typical ER spectra of the two samples. The signals arising from the GaN band gap, the 2DEG
channel layers, and the quaternary barrier layers are clearly visible. The energy positions for the
latter yields band gaps of 4.725 eV and 4.595 eV for the strained barrier layers of sample 1 and 2,
respectively. These values are fully consistent with the results of Sakalauskas et al. [81].

Fig. 5.40 shows spectral responses of both fabricated MSM PDs for different biases. It
indicates that the responsivities measured from both PDs exhibit sharp cutoffs at the absorption
edge. Since energy approximate estimation band gaps of AlInN and GaN are respectively 4.6 eV
and 3.4 eV, the cutoff observed at around 3.4 eV was related to the absorption of the GaN layer.
The bias increment lead to higher responsivity values due to an increase of electric field strength
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and penetration in the structure. In fact, at low bias (1 V) the electric field is unable to penetrate in
the GaN structure for screening effect due to the high 2DEG density, and the GaN absorption edge
is not detectable. In contrast the InAIN absorption edge is observable, being directly in contact with
metallization. Raising the bias has the effect of increasing GaN band edge absorption as well as
barrier absorption. Interestingly, sample 1 shows a peak in the photoresponse located at around 3.35
eV, slightly lower than the GaN absorption. These peak, which shifts with the applied voltage,
could be ascribed to possible defects or traps at the interface as already been observed by Huang et
al.[71] These states, at least in part, are reduced with the introduction of the AIN spacer. In fact
sample 2, shows only a small shoulder at energies lower than the GaN band gap, ascribable to the
same cause of sample 1.

In both samples, for high voltages we observe the presence of a responsivity higher than the
ideal case. In the graphs the dash-dot line is the dependency of the ideal responsivity (for quantum
efficiency # equal to 1). Following the formula

Ul
R="L 5.18
E (5.18)

where E is the incident photon energy, to obtain a responsivity higher than the ideal case we have to
assume the presence of gain, and the responsivity becomes:
(76)

R= = (5.19)

where G is the Gain. At energy corresponding to the GaN band edge we obtain for sample A biased
at 2.5V again of G =5.5, while for sample B biased at 15 V we obtain G = 51.
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Figure 5.40 Responsivity versus applied voltage for the two samples
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In order to better characterize the MSM PDs we studied the time response of sample 2 (with
AIN interlayer), which presented lower leakage current and a lower noise. We analysed transient
behaviour under light excitation of photon energy above the GaN band edge (but lower than the
barrier) and light of photon energies above the INAIN for low bias voltages (1 V) and high bias
voltages (2 and 5 V for sample 1&2 respectively), shown in fig. 5.41. For sample 1, low bias is
applied due to very high leakage which doesn’t allow to measure at higher bias. The photocurrent
variation (Alpny transients for switching periods of 60 seconds are analysed.
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Figure 5.41 Transient behaviour of sample 1&2 analysed for two different excitation energies and
two bias voltages. low (1 V) and high (2/5 V)

At low voltage bias (1 V) for photon energies above the GaN but below the InAIN

band edge the photoresponse is weak. This can be understood by a short distance of band bending in
the channel. However, when the photon energy is increased above the InAIN barrier edge,
photogenerated carriers in barrier can contribute to the photoresponse, increasing the signal. At
higher bias (2 and 5 V for sample 1 and 2 respectively) the electric field penetrates deeper in the
GaN and the contribution to the photoresponse is way higher. Interestingly, the transient is slower
when the photon energy is above the INAIN barrier absorption. We speculate that trap states that can
originate both at the interface and inside the barrier, collect and reemit carriers delaying the
photoresponse. In table 111 we resume the values obtained for the exponential raising fit of the
signals.

Table 5.1V Time constant for the raising of the signal for the two bias voltage used and the two
photon excitation energies

Bias (V) E (eV)= 3.5 E (eV)=4.7
1 1=0245% T=435s
2% and 5** 1=081s T=1.13%
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We have succesfully fabricated and tested high responsivity MSM PDs on 2DEG nitride

structures. The structure of the two samples analysed differs only in the presence of a thin AIN

spacer

between the barrier and the GaN. The insertion of spacer layer results in remarkable

reduction in leakage current which allows the higher voltage measurements for sample 2 in
comparison to sample 1. We observed that at high voltages both structures showed gain. Transient
analysis revealed different behaviours in the photodetection mechanism depending on the energy
absorption range. Future work is required to better understand photogeneration and collection of
carriers in these kind of structures.

References

1.

2.

ok~

10.

11.

12.

13.

14.
15.
16.
17.

18.
19.
20.

21.
22.
23.

A. Vilalta-Clemente, M. A. Poisson, H. Behmenburg, C. Giesen, M. Heuken, P. Ruterana,
Phys. Status Solidi A 207, 1105-1108 (2010)

S. Pandey, B. Fraboni, D. Cavalcoli, A. Minj, A. Cavallini, Appl. Phys. Lett. 99, 012111
(2011)

A. Minj, D. Cavalcoli, S. Pandey, B. Fraboni, A. Cavallini, T. Brazzini, F. Calle, Scripta
Materialia 66, 327 (2012)

www.nextnano.de

C. Wood, D. Jena, Polarization Effects in Semiconductors: From Ab InitioTheory to Device
Applications, Springer USA (2010)

Y. Cao, D. Jena, Appl. Phys. Lett. 90, 182112 (2007)

J. Carrano, T. Li, P. Gudrowski, C. Eiting, R. Dupuis, J. Campbell, J. of Appl. Phys.83,
6148 (1998)

M. Gonschorek, J. F. Carlin, E. Feltin, M. A. Py, N. Grandjean, V. Darakchieva, Monemar,
M. Lorenz, G. Ramm, J. of Appl. Phys. 103, 093714 (2008)

O. Ambacher, J. Majewski, C. Miskys, A. Link, M. Hermann, M. Eickhoff, M. Stutzmann,
F. Bernardini, V. Fiorentini, V. Tilak, B. Schaff, L. F. Eastman, J. Phys.: Condens. Matter
14, 3399 (2002)

A Teke, S. Gokden, R. Tiilek1, J. H. Leach, Q. Fan, J Xie, U. Ozgiir, H. Morkog, S
Lisesivdin, E. Ozbay, New J. Phys. 11, 063031 (2009)

Jingiao Xie, Xianfeng Ni, Mo Wu, Jacob H. Leach, Umit Ozgiir, Hadis Morkog,

Appl. Phys. Lett. 91, 132116 (2007)

L. Gordon, M. S. Miao, S. Chowdhury, M. Higashiwaki, U. K. Mishra, C. G. Van de
Walle, J. Phys. D: Appl. Phys. 43, 505501 (2010)

J. P. Ibbetson, P. T. Fini, K. D. Ness, S. P. DenBaars, J. S. Speck, U. K. Mishra, Appl.

Phys. Lett. 77, 250 (2005)

A. Minj, D. Cavalcoli, A. Cavallini, Appl. Phys. Lett. 97, 132114 (2010)

J. Frenkel, Tech. Phys. USSR 5, 685 (1938l); Phys. Rev. 54, 647 (1938)

E. Arslan, S. Butun, E. Ozbay, Appl. Phys. Lett. 94, 142106 (2009)

S. Pandey, D. Cavalcoli, B. Fraboni, , A. Cavallini, T. Brazzini. F. Calle, Appl. Phys. Lett.
100, 152116 (2012)

S. M. Sze, “Physics of Semiconductor Devices” (New York: Wiley), (1981)

D. Cavalcoli, S. Pandey, B. Fraboni. A. Cavallini, Appl. Phys. Lett. 98, 142111 (2011)

S. B. Lisesivdin, A. Yildiz, S. Acar, M. Kasap, S. Ozcelik, E. Ozbay, Appl. Phys. Lett. 91,
102113 (2007)

G. Koley, M. G. Spencer, Appl. Phys. Lett. 86, 042107 (2005).

M. S. Miao, A. Janotti, C. G. Van de Walle, Phys. Rev. B 80, 155319 (2009)

Z.T. Chen, K. Fujita, J. Ichikawa, T. Egawa, IEEE Dev. Lett. 32, 0741 (2011)

136


http://www.nextnano.de/

Chapter 5

24.P. Y. Song, R. L. Van Meirhaeghe, W. H. Lafler, F. Cardon Solid-State Electron. 29,
633(1986)

25.J. H. Werner, H. H. Guttler J. Appl. Phys. 69, 1522 (1991)

26.J. P. Sullivan, R. T. Tung, M. R. Pinto, W. R. Graham, J. Appl. Phys. 70, 7403 (1991)

27.R. F. Schmitsdorf, T. U. Kampen, W. Monch Surf. Sci. 324, 249 (1995)

28. M J. Mamor. Phys. Condens. Matter 21, 335802 (2009)

29.D. C. Look, J. R. Sizelove, Phys. Rev. Lett, 82, 1237 (1999)

30.Z. L. Miao, T. J. Yu, F. J. Xu, J. Song, C. C. Huang, X. Q. Wang, Z. J. Yang, G. Y. Zhang,
X. P. Zhang, D. P. Yu, B.Shen, Appl Phys Lett, 95, 231909 (2009)

31. A. Mouti, J. L. Rouviere, M. Cantoni, J. F. Carlin, E. Feltin, N. Grandjean, P. Stadelmann
Phys Rev B, 83, 195309 (2011)

32.J. Antoszewski, M. Gracey, J. M. Dell, L. Faraone, T. A. Fisher, J. Appl Phys, 87, 3900
(2000)

33.B. Liu, Y W Lu, G R Jin, Y Zhao, X L Wang, Q S Zhu, Z G Wang. Appl. Phys. Lett. ; 97,
262111 (2010)

34.Y. Cao, D. Jena, Appl. Phys. Lett., 97, 222116 (2010)

35. H. Tang, J. B. Webb, P. Coleridge, J. A. Bardwell, C. H. Ko, Y. K. Su, S J. Chang, Phys
Rev B, 66, 245305 (2002)

36.D. K. Ferry, Goodnick S M, Bird J. Transport in Nanostructures, 2nd ed. Cambridge:
Cambridge University Press; 2009)

37.N. Kumar et al., unpublished

38.D. Jena, A. C. Gossard, U. K. Mishra, Appl. Phys. Lett.,76, 1707 (2000)

39. L. F. Jiang, W. Z. Shen, Q. X. Guo, Journal of Appl. Phys. 106, 0315 (2009)

40.]J. H. Davies, “ The physics of low dimensional semiconductors- an introduction” Cambridge
Univ. Press Publication (1998)

41. E. Burstein, Phys. Rev. 93, 632 (1954)

42. C Persson, Bo E Sernelius, A Ferreira da Silva, R Ahuja, B Johansson, J. Phys.: Condens.
Matter 13 891(2001)

43. S. Shokhovets, O. Ambacher, G. Gobsch, Phys. Rev. B 76, 125203 (2007)

44. S. Shokhovets, O. Ambacher, B. K. Meyer, G. Gobsch, Phys. Rev. B 78, 035207 (2008)

45. Vurgaftman and J. R. Meyer, J. Appl. Phys, 54, 3675 (2003)

46. A. Walsh, Juarez L. F. Da Silva, Su-Huai Wei, Phys. Rev. B 78, 075211 (2008)

47. C. Bulutay, C. M. Turgut, N. A. Zakhleniuk, Phys. Rev. B 81, 155206 (2010)

48. M. Yoshikawa, M. Kunzer, J. Wagner, H. Obloh, P. Schlotter, R. Schmidt, N. Herres, U.
Kaufmann, J. Appl. Phys, 86, 4400 (1999)

49. V. Fiorentini F Bernardini, F della Sala, A Di Carlo and P Lugli, Phys Rev B 60 (12) 8849
(1999)

50. J. Bhattacharyya, S. Ghosh, H. T. Grahn Appl. Phys. Lett. 93, 051913 (2008)

51. B. K. Li, M. J. Wang, K. J. Chen, J. N. Wang, Appl. Phys. Lett. 95, 232111 (2009)

52. H. Cheng, C. Kurdak, J. H. Leach, M. Wu, H. Morkog, Appl. Phys. Lett. 97, 112113 (2010)

53. M. Motyka, R. Kudrawiec, G. Cywinski, M. Siekacz, C. Skierbiszewski, J. Misiewicz
Appl. Phys. Lett. 89, 251908 (2006)

54. M. Gonschorek, D. Simeonov, J.-F. Carlin, E. Feltin, M. A. Py and N. Grandjean, The
European Physical Journal Applied Physics, 47 , 30301 (2009).

55.Z. T. Chen, Y. Sakai, and T. Egawa Appl. Phys. Lett. 96, 191911 (2010)

56. P. Hawrylak, Phys. Rev. B 44, 6242 (1991)

57. D. Mahan, Many- Particle Physics (Plenum, New York, 1981)

58. M. S. Skolnick, J. M. Rorison, K. J. Nash, D. J. Mowbray, P. R. Tapster, S. J. Bass,
and A. D. Pitt Phys. Rev. Lett. 58, 2130 (1987)

59. E. S. Snow, O. J. Glembocki, and B. V. Shanabrook, Phys. Rev. B 38, 12483 (1988)

60. N. Akopian, A. Vardi, G. Bahir, V. Garber, E. Ehrenfreund, D. Gershoni, C. Poblenz

137



61.

62.

63.

64.

65.
66.

67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.

81.

Chapter 5

C. R. Elsass, I. P. Smorchkova, J. S. Speck, Appl. Phys. Lett. 94, 223502 (2009)

F. Binet, J. Y. Duboz, E. Rosencher, F. Schoiz, V. Harle, Appl. Phys. Lett. 69, 1202

(1996)

J. F. Muth, J. H. Lee, I. K. Shmagin, R. M. Kolbas, H. C. Casely Jr., B. P. Keller, U. K.
Mishra, S. P. DenBaars, Appl. Phys. Lett. 71, 2572 (1997)

A. Cavallini, L. Polenta, M. Rossi, T. Stoica, R. Calarco, R. J. Meijers, T. Richter, H.

Lath, Nano Lett. 7, 2166 (2007)

J. Bergman, T. Lundstrom, B. Monemar, H. Amano, I. Akasaki, Appl. Phys. Lett. 69,

3456 (1996)

D. Gershoni, E. Cohen, A. Ron, Phys. Rev. Lett. 56, 2211 (1986)

W. Chikhaoui, J.-M. Bluet, M.-A. Poisson, N. Sarazin, C. Dua, C. Bru-Chevallier,

Appl. Phys. Lett. 96, 072107 (2010)

E. lliopoulos, A. Adikimenakis, C. Giesen, M. Heuken, A. Georgakilas, Appl. Phys. Lett.
92, 191907 (2008)

P. Zhang, D.-Z. Sun, X.-L. Wang, M.-Y. Kong, Y.-P. Zeng, J.-M. Li, L.-Y. Lin,

Appl. Phys. Lett. 73, 2471 (1998)

M. Tapajna, K Cico, J. Kuzmik, D. Pogany, G. Pozzovivo, G. Strasser, J. F. Carlin, N.
Grandjean and K Frohlich, Semicond. Sci. Technol. 24, 035008 (2009)

H. Leach, X. Ni, X. Li, M. Wu, U. Ozgiir, H. Morkog, L. Zhou, D. A. Cullen, D. J. Smith,
H. Cheng, C. Kurdak, J. R. Meyer, I. Vurgaftman, J. App. Phys. 107, 083706 (2010)

Y. Huang, D. J. Chen, H. Lu, R. Zhang, Y. D. Zheng, L. Li, X. Dong, Z. H. Li, C.

Chen, and T. S. Chen: IEEE Electron Dev. Lett. 32, 1071 (2011)

T.- M. Kuan, S.- J. Chang, Y.-K. Su, C.-H. Ko, J. B. Webb, J. A. Bardwell, Y. Liu,

H. Tang, W.-J. Lin, Y.-T. Cherng, W.-H. Lan: Jpn. J. Appl. Phys. 42, 5563 (2003)

S. Subramanian, D. Schulte, L. Ungier, P. Zhao, T. K. Plant, J. R. Arthur: IEEE

Electron Dev. Lett. 16, 20 (1995)

M. A. Khan, M. S. Shur, Q. Chen, J. N. Kuznia and C. J. Sun : Electron. Lett. 31, 398 (1995)
H. Jiang,T. Egawa, H. Ishikawa, C. Shao and T. Jimbo: Jpn. J. Appl. Phys. 43, L683 (2004)
R. T'ulek, A. llgaz, S. G"okden, A. Teke, M. K. " Ozt"urk, M. Kasap, S. "Oz celik, E.
Arslan, and E. "Ozbay: J. Appl. Phys. 105, 013707 (2009)

Y. Huang, D. J. Chen, H. Lu, H. B. Shi, P. Han, R. Zhang, Y. D. Zheng: Appl. Phys. Lett.
96, 243503 (2010)

M. F. Romero, M. Feneberg, P. Moser, C. Berger, J. Bla'sing, A. Dadgar, A. Krost, E.
Sakalauskas, and R. Goldhahn: Appl. Phys. Lett. 100, 212101 (2012)

R. Goldhahn, A. T. Winzer, A. Dadgar, A. Krost, O. Weidemann, M. Eickhoff: Phys. Status
Solidi A 204, 447 (2007)

A. T. Winzer, G. Gobsch, R. Goldhahn, D. Fuhrmann, A. Hangleiter, A. Dadgar, A. Krost:
Phys. Rev. B 74, 125207 (2006)

E. Sakalauskas, B. Reuters, L. Rahimzadeh Khoshroo, H. Kalisch, M. Heuken, A. Vescan,
M. Réppischer, C. Cobet, G. Gobsch, R. Goldhahn, J. Appl. Phys. 110, 013102 (2011)

138



Chapter 6

Chapter 6

Characterization of InGaN/GaN
heterostructures

In this chapter I report as InGaN/GaN based heterostructures have been characterized with
electrical and optical methods. InGaN based structures sre considered very important
semiconductors as they offer possibility to achieve most efficient solar cell devices, various color
Light emitting diodes (LEDs) and lasers ranging from red, green, blue and white colors. Moreover,
understanding of the electrical properties such as optimization of good quality metal contacts for
fabrication of devices, understanding of defects with properties and performance, variation of
energy gap and bowing are still under debate and need to be investigated in details. Apart from
above issues which have been covered in this chapter, InGaN based photodetector structures have
been also studied and discussed. The optical spectroscopy methods like Surface Photovoltage,
Photocurrent and Photoluminescence have been used to investigate the optical properties, and also
to correlate the defect related transitions/emission with DLTS results.

6.1 Sample and growth details

InGaN/GaN heterostructures were grown in an AIXTRON metal organic chemical vapour
deposition (MOCVD) reactor on c-plane sapphire substrates. InyGa;xN layer was around 45 nm
thick, while the 3-um thick GaN layer has been grown on sapphire [1]. For electrical measurement
like I-V, C-V, DLTS one sample has been measured with %In ~ 19. For Photocurrent on MSM
photodetector structure one sample has been measured with %In ~ 11.5, while for energy gap
variation and calculation of bowing parameter calculation, Surface Photovoltage analysis has been
performed on samples with varying In concentration in un-doped and n-type doped (Si), InxGa;xN
(%x = 11 to 22) layer while the thickness was kept constant. Si doping was introduced through SiH,4
during growth of InGaN layer [1, 2]. Electrical measurements were performed on semitransparent
‘Pt (40 nm)’ Schottky contacts, (dots of 1 mm diameter) and ‘soldered In” Ohmic contacts (dots of 2
mm diameter), as shown in Fig. 6.1 as schematic. The Schottky contact was prepared by ‘Pt’
evaporation by thermal evaporation technique and Ohmic contact was prepared by soldering of ‘In’
wire directly on surface of sample.
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X = 0.19

Schottky
®

In,Ga; (N (45 nm)

Q

Sapphire

Figure 6.1 Schematic of InGaN/GaN heterostructure for electrical measurements, Ohmic contacts
are shown as Q, (squares in orange color) and Schottky dot of Pt (circle in red color)

6.2 Band diagram Simulation of Ing9Ga0 g;N/GaN

Conduction band profile has been simulated by using Schrodinger-Poisson solver [3] and
nextnano software [4] with parameters taken from ref. 5 which is also discussed in chapter 2. The
simulated band diagram is shown in fig. 6.2 which shows the conduction and valence band profile
for InGaN/GaN structure, which shows the formation of hole accumulation at interface. It can be
observed that polarization induced band bending affects the structure and hole well is formed at
interface. The Fermi level is shown as dashed line and marked as Er in fig. 6.2. It is to InGaN layer
IS assumed to be © in compressive strained’ condition which is explained in chapter 2 in terms of
strained and relaxed nature and influence on electrical and other properties. The valence band edge
at the interface crosses the Fermi level under zero bias and hence, the hole confinement can be
realized close to the interface. On the basis of the calculation results of the band diagrams, we
believe that the accumulation of holes at the InGaN/GaN interface which is induced by the strong
polarization effects. For the InGaN/GaN heterostructures, the InGaN layer is grown on the top of
the thick relaxed GaN layer and is under compressive strain due to the lattice mismatch between
InGaN and GaN. In the cases of compressive strain and In polarity in InGaN, the piezoelectric and
spontaneous polarizations are antiparallel. The piezoelectric polarization causes the negative bound
sheet charges at the InGaN/GaN interface, whereas the bound charge located at the interface is not
significantly affected by spontaneous polarization [5] Therefore, holes will tend to compensate the
negative bound sheet charges, leading to the accumulation of holes in the hole well at the interface
under certain condition.

T
GaN

Potential Energy (eV)

0 500 1000 1500 2000 2500 3000
5 0
Distance (A")

Figure 6.2 Simulated band diagram for InGaN/GaN structure showing the hole accumulation
(2DHG) at interface
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6.3 Electrical characterization of deep levels in Ing10Ga0g;N/GaN structure

In this section, electrical properties of the InGaN/GaN heterostructure have been
investigated with I-V, C-V and DLTS measurements for analysis of deep levels. I-V and C-V
masurements have been done at 300 K before performing the DLTS measurements to optimize the
bias conditions. Fig. 3a shows the I-V results at 300 K which shows high leakage at low bias,
possibly due to high number of dislocation, similar problems in INAIN/GaN based heterostructure
and GaN based devices, also discussed in earlier chapters. As it can be observed that with increase
in bias, leakage increases and tends towards saturation at higher bias (> 5V) so during DLTS
measurements, it will be better to perform the measurements below this range of bias in order to
achieve a good spectra. However, barrier height and ideality factor calculations have also been done
by considering the Thermionic emission mechanism and the obtained values are found ~ 0.83 eV
and 2.8 respectively.
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Figure 6.3a Current-voltage spectra for Pt-(InGaN/GaN) at 300 K

The CV- measurements has been also performed at 1 MHz frequency for DLTS use at 300
K. The measured C-V spectra is shown in Fig. 6.3b which shows the depletion starts at low bias and
depletes the barrier and GaN layer at 10 V.
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Figure 6.3b Capacitance-voltage spectra for Pt-(InGaN/GaN) at 300 K. The inset shows the
calculation for barrier height from C vs V plot

The barrier height value is also calculated by plotting C vs V plot which gives the built in
potential value ~ 0.66 eV which has been compared with value calculated from 1-V measurements,
shows good agreement with each other. Moreover, carrier concentration values have been also
calculated by C-V plot, which is shown as Fig. 6.4. It is interesting to observe the low value of the
carriers in InGaN layer with a value of Ng ~ 5 x 10* cm™ which shows it’s semi-insulating behavior
as it’s not doped structure. The carrier concentration value is found to be Ng ~ 2 x 10" ¢cm™ which
is in good agreement with value, provided by growers.

T T T T T T T T T
~ GaN
T 100t .
: }
&
ZU
c
o
E 16
= 10 -
8 InGaN
c fe
S . S
33 o‘.’l'l.
@ 15 ]
o 10
1 L 1 L 1 L 1 L 1
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Figure 6.4 Calculated carrier concentration profiling of InGaN/GaN structure at 300 K

Thus, the DLTS measurements have been planned by considering the 1-V and C-V spectra
and analysis for detection of deep levels in InGaN layer. The Capacitance mode DLTS has been
applied on these samples which have also high leakage due to presence of still high dislocation (as
shown in fig. 6. 3a). In order to achieve reliable information from measurements, a low bias was
applied with a filling pulse after confronting the leakage and CV plot.

Here is the details on applied bias and pulse [Vrev., Vpuise]:

e [-2V, +0 V] for probing barrier layer of INAIN
e Constant filling pulse of 1 ms

Fig. 6.5 shows the normalized DLTS spectra (AC/C) where, AC is the change in capacitance
with temperature with applied bias and pulse at [-2 V, 0 V] which shows two sharp negative peak
appearance at 118 K and 165 K for 256.4 s™ emission rate respectively, and for other rate windows
with increase in temperature which is marked as T1 and T2. However, the positive peaks (T3)
observed at high temperature are also considered for calculations which is discussed later in this
section. For T1 and T2, as the C-DLTS spectrum is negative (decrease of gate capacitance during
the transient) we are in presence of a majority carrier trap. The appearance these peaks could be
related to dislocation type of traps in this kind of heterostructure as also mentioned for case of
HEMT devices, responsible for higher leakage. The measurements have been performed with
different emission rates (not shown) in order to confirm the peak appearance and also for
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preparation of Arrhenius plot for calculation of it’s energy position. The appearance of these sharp
peaks were further checked by giving different bias and pulse with [-3 V, +0 V].

For the case of positive peak appearance, we explained it on the basis of the band diagram
shown in fig. 6.2, which shows the hole accumulation at interface (InGaN/GaN) at zero bias. This
positive peak appearance can be attributed to these holes accumulated at interface, so the band
structure was also simulated at -2 V and shown as fig. 6.6. In order to explain the accumulation
process of minority carriers, some deep level acceptors located between the midgap band and the
valence band are considered.

2V0V-2V C aC
8.0)(1073 T T T T T T T T T T T T 025
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Figure 6.5 C-DLTS spectra for InGaN/GaN structure for constant filling pulse duration
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Figure 6.6 Simulated band diagram for InGaN/GaN at 0 and 2 V (in reverse bias)
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It may be assumed that exist some such neutral acceptors in the InGaN layer which can trap
electrons (majority carriers) and meanwhile bind valence holes under zero bias [6]. On increasing
reverse bias, when the acceptor level crosses gradually over the Fermi level (Eg), those trapped
electrons are emitted into the conduction band, leaving holes in the valence band and appearing as
positive peak in DLTS spectra. One more interesting thing which can be noted is the dramatic
change in Capacitance (shown in blue in fig. 6.5) trend which starts decreasing once the positive
peaks starts appearing in DLTS spectra. These free holes are driven to the hole well at the
heterointerface by the strong polarization electric field. Thus, the inversion behavior occurs when
the negative bias reaches a certain value. However, when the hole of the level Ea in the InGaN layer
crosses over the Fermi level, the generation of free holes decreases significantly and the strong
inversion is prohibited. Therefore, the capacitance begins to decrease again with further depletion of
the majority carriers when the negative bias continues to increase.
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Figure 6.7 Arrhenius Plot reporting the signatures of the deep levels (majority carriers) and
minority carriers detected in InGaN/GaN structure

In order to calculate the energy position and capture cross section of these traps, Arrhenius
plot was prepared which is shown as fig. 6.7. Thus, from Arrhenius plot, the energy levels have
been calculated for observed traps at, T1: Ec-0.25 eV with capture cross section of 2 e-15 cm®and
T2: at Ec-0.28 eV with a capture cross section of 7 e-16 cm?. The possible minority carrier related
trap is found with Ev+0.97 eV with capture cross section 2 e-11cm?. However the majority carrier
related traps are found to be very close to each other in energy values and also in their capture cross
section values. The summary is prepared for the identified traps by DLTS analysis and shown in
table I.
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Table 6.1 Summary of deep levels in Ing19Gagg:N layer detected by DLTS

Deep Levels Energy position ~ Capture cross
(eV) section, G, re (cM?)
T1(e) E.-0.25 20x 100
T2 (e) E.-0.28 7.8x 1071
T3 (h) E,.0.97 2.0x 1071

6.4 Surface Photovoltage Spectroscopy on undoped and doped In,Ga;N/GaN
heterostructure with varying Indium content

Recent progress in epitaxial growth techniques has led to the availability of high quality
growth of InN and InGaN layers for high efficient solar energy and optical device applications [7].
InGaN alloys are preferred semiconductors for blue lasers and light-emitting diodes [8, 9, 10]. This
alloy system is particularly interesting as its band gap is tunable, i.e. energy gap can be varied in a
wide spectral range and the emission and absorption wavelengths strongly depend on the
composition. The InGaN alloy system has been studied extensively in recent years, nevertheless,
some fundamental issues such for example surface properties, compositional variation of the band
gap and doping related effects are still far to be completely understood. The tunability of the band
gap as a function of the In concentration is also still debated. A number of experimental [11] and
theoretical studies [12] on variation of InGaN band gap with Indium content, does not allow jet to
reach an agreement on this subject. The InGaN band gap varies nonlinearly as a function of In
content as follows:

E (InGa_ N)=(1-x)E ™" +xE " —bx(1-Xx) (6.1)

where, b is the bowing parameter. Up to now no agreement has been reached on the bowing value
and even on the issue if a single bowing parameter can describe the gap over its entire composition
range [13, 14].

The present contribution aims at the characterization of In,Ga;xN/GaN structures with
varying In concentration by Surface Photovoltage Spectroscopy (SPS). SPS allowed for the
detection of band to band and intra band transitions in the In,Ga;.xN/GaN structures, thus the
variation of the energy gap as a function of the In content was obtained, as well as the bowing
parameter. Moreover Si doped In,Ga;.xN/GaN structures were studied, band to band and intra band
electronic transitions were related the Si doping density, evaluated by Electrochemical Capacitance-
Voltage (ECV). The Si donor energy level is identified for different %Indium containing InGaN
layers. The InGaN/GaN band structures has been simulated by 1-D Schrodinger-Poisson equation to
show the effect of doping on band structure [3, 4].

Undoped InGaN layer structures (x ranging from 0.11 to 0.22) and doped samples with
nominal X = 14% (sample 1), 19% (sample 2) and 22% (sample 3) were examined. The Si doping
concentration was of 7 x 10*® cm™, 1 x 10" cm™ and 3 x 10 cm™ respectively. The indium content
in barrier layer was obtained by XRD measurements. Doping concentration was measured by
Electrochemical Capacitance-Voltage (ECV) measurement. The nominal barrier layer thickness of
InGaN was ~ 40- 45 nm for all samples and measured by X-ray Diffracation (XRD) measurements
and buffer layer thickness of GaN was 3 um [1, 2]. The GaN layer has been grown on sapphire.
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Surface Photo Voltage Spectroscopy (SPS) analyses have been performed at room temperature by
the use of light source (quartz-tungsten-halogen, QTH). The SPV data are also normalized to the
photon flux of the QTH lamp.

Figure 6.8a shows some examples of the SPV spectra of InGaN/GaN structures with % In
up to 22 % . While the GaN related energy gap does not change for the different samples examined,
the InGaN gap changes with the In%. The variation of the InGaN gap as a function of the In content
is shown in figlb. In order to calculate the bowing parameter, the strain effect on the band gap
values needs to be considered. Even if the thickness of the investigated structures exceeds the
critical thickness [15] our structures could be considered as made by a strained layer close to the
interface plus a nearly relaxed structure at the surface, according to ref 16.Thus the strain induced
energy gap shift has been calculated from ref.17 and subtracted to the experimentally measured
bandgap, the values obtained are plotted as triangles in figure 8b. The Eg variation as a function of
In concentration has been also calculated by equation (1) with the band gap of GaN taken as 3.40
eV from SPV spectra in Fig. 6.8a for undoped structures and InN band gap as 0.67 eV [18] for
b=2.1 eV as proposed in ref. 19 and for b=1 eV. It can be noted that the Eg values calculated from
the experimental data considering the strain induced shift are in good agreement with b=2.1 eV and
with ref. 20.
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Figure 6.8 SPV spectra of some samples (a) Calculation of bowing parameter for InyGa;.xN layers
(%In up to 22) with experimental results (solid squares), calculated results (solid circles) and
comparison with earlier reported results (solid triangle, open circles) in references. The line shows
the fit for linear region (up to 20% In) (b)

Fig. 6.9a shows the Surface Photovoltage spectra for the Si doped samples. The measured
SPV signal amplitude (always larger than 10 pV, which indicates the good quality of InGaN layers)
has been normalized to the photon flux. The measured signal is always negative, which indicates
the n-type of doping/conductivity in material. Peaks relevant to GaN can be observed at 3.43 eV for
all samples. Peaks related to InGaN are observed at different positions at 2.98, 2.79, 2.67 eV due to
different %In in barrier layer of InGaN (shown by arrow). It can be observed that after band to band
transitions related to InGaN SPV signal decreases and then increases again and gets almost constant
for samples with 14% and 19% In while for sample with 22% In, we can’t distinguish such feature
from spectra as the curve is also much broader.

For photon energies below the InGaN band to band transitions, slope changes can be noted
in each spectra. By comparing SPV spectra of undoped and doped structures with comparable In%
(fig9b) we can argue that these transitions are related to the Si donor levels. The Si activation
energies can thus be obtained by the SPV spectra as

» (nm)
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07 T T T L T . 1 ! I
—a—14% GaN —. o2
—eo— 19%
—a22Y% f
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Figure 6.9a Normalized SPV spectra with photonflux showing against photon energy for all
samples. GaN, InGaN band to band and Si donor related transitions are indicated in the spectra
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Figure 6.9b Comparison of the Surface Photovoltage (SPV) spectra of Si doped and undoped
structures for 14% and 19% In in InGaN barrier layer

In order to understand the role of Si doping on band structure, 1-D Schrodinger-Poisson
simulations were performed on doped and undoped [3]. From our simulation in Fig. 6.10a, we
observe the existence of accumulation of hole (2DHG) at InGaN/GaN interface, as also reported by
Chen et al. [21]. Meanwhile, we also observe the change in InGaN band structure with variation in
%In in barrier layer of InGaN. On further simulation of Si-doped InGaN structures as shown in Fig.
10b, we interestingly observe the role of Si-doping on InGaN band structure and on heterointerface
as well which is not reported yet to our knowledge. It is observed that on increment in doping
density in barrier layer the conduction band minima crosses the Fermi level, thus a large free carrier
concentration and an almost degenerate behavior should be expected in such a layer.
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Figure 6.10 1-D Schrodinger-Pdisson simulation shows conduction and valence band profile of
InGaN/GaN undoped structures (a) and Si-doped structures (b). The straight line (short dashed)
drawn at 0 is just to show Fermi level of heterostructure for eye guide line

The InGaN band to band transitions energies and the Thus we confirm the transitions at
lower energy values to band gap of InGaN as Si deep donor related transitions and their energy
levels are shown in fig. 6.11 which shows that on increment in doping density and In%
concentration position of deep donors in conduction decreases. It also confirms that these donor
levels are the main cause for high carrier concentration in InGaN. Variation of doping density with
increase in %In has also been shown in inset of fig. 6.11a which has also been discussed in fig.
6.10b from simulation. Moreover we have also shown the variation of bandgap of InGaN variation
with increase in %In which is in good agreement with earlier reported results on undoped and doped
structures [12, 18]. Recently, Pantha et al. [22] reported that the origin of background concentration
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in undoped InGaN layers due to presence of shallow and deep donor levels and confirm that on
increment of %In in barrier layer increases the carrier concentration due to variation in position of
donor levels and their activation energy.
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Figure 6.11 Variation of deep donor levels (solid triangle) in conduction band of InGaN with %In
is shown and variation of doping density (solid circle) is also shown in inset

In conclusion, we have observed good intensity in SPV signal for undoped and doped
InGaN layers which allows us to calculate the band bowing parameter which is calculated and
found ~ 1eV. In calculation of bowing parameter, we have considered both cases of strain and
relaxed structures of InGaN layers. For, Si doped structures we suggest that in Si doped structures,
doping density has been found increasing on increasing in %In which affects the energy band
diagram of heterostructure. The identification of Si donor levels has been confirmed and found
responsible for high carrier concentration by comparing the results with undoped structures, and
variation in their position in conduction band has been observed which is not reported yet up to our
knowledge.

6.5 Mesa-InGaN/GaN based Photodetector structure

A heterojunction structure based photodetector has been fabricated by evaporating a
semitransparent Pt metal film on the InGaN/GaN structure. The photocurrent (PC) spectra show that
both the Schottky junction (Pt/InGaN) and the InGaN/GaN iso-type heterojunction (which will be
called as surface and heterojunction respectively during further discussion) contribute to the PC
signal which suggests that two junctions are connected in series and result in a broader spectral
response of the device. A band diagram of the device is drawn based on the consideration of the
polarization effect at the InGaN/GaN interface. The analysis is consistent with the physical
mechanism of a tandem structure of two junctions connected in series.

The sample with 45 nm thick InGaN layer with Indium content of 11.5% on thick and
relaxed 3 um GaN layer template on the sapphire (0001) substrate has been considered for this
study [1]. The carrier concentration in InGaN layer is assumed to be very low (of the order of 10%°
cm’®) similar like structure studied for DLTS analysis, discussed above in this chapter. A 5/10 nm
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thick metal Pt film was directly deposited on the surface of the InGaN layer and then annealed at
500°C in atmosphere environment for 5 min to form a semitransparent Schottky contact. After that a
mesa structure with an electrode area of 4 mm? is formed, Ti/Al/Ti/Au (15/250/50/150 nm) is
deposited on the GaN layer using electron beam evaporation to form a contact electrode as an
Ohmic contact and annealed at 800°C for 30 s in N, ambient. The device structure of the
Pt/InGaN/GaN structure used in this study is shown schematically in fig. 6.12a. Fig. 6.12b shows
the room-temperature 1-V curve measured by a Agilent semiconductor parameter analyzer 4156C
with the positive electrode of the electric source connected to the metal contact upon the InGaN
layer. The result shows that the diode has an apparently rectifying current characteristic.

Pt
i i Ti/Al/Ti/Au Ti/AlTi/Au-GaN
x=115%[ mGa.N 1 7
(45 nln) s Pt-InGaN

GaN (3um)

sapphire

Figure 6.12a Optical microscope image of mesa structure of InGaN/GaN based photodetector
structure. ‘Pt’ metal Schottky-InGaN, is shown in gold color while black shades show the
Ti/Al/Ni/Au metal stack on GaN, as Ohmic contacts

10'37' T T T T T T T T
I —=—dark Current

?""""""""" ,

Bias (V)
Figure 6.12b The Current-voltage characteristics of device at InGaN-GaN heterojunction

The PC spectra of the device are shown in figure 6.13(a) which are measured at room
temperature with a zero bias by a Keithley 6430 sourcemeter, using a Xe lamp and a
monochromator as a dispersed light source illuminating the front side of the device on InGaN
surface (solid line) and the heterojunction of InGaN/GaN device (dashed line). The ac photovoltage
signal is obtained by lock-in amplifier at 300 K. The photoresponse of the front-side illuminated PC
spectrum of surface and heterojunction (shown in figure 6.13(a)) consists of two parts apparently.
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The signal between 3.3 and 3.6 eV comes mainly from the GaN layer, which shows a peak
appearance at 3.43 eV related to GaN gap (and partly from the InGaN layer) while between 2.6 and
about 3.3 eV the main signal comes from the InGaN layer if the photocurrent is mainly induced by
the intrinsic optical excitation of the incident light, i.e. by electronic interband transitions. The
photon energy of the rising edge of these two parts of optical spectra corresponds to the band gap of
GaN and InGaN at 3.43 eV and 3.12 eV, respectively. The slope of the PC curve at about 3 to 3.2 is
similar steep as at 3.43 nm, indicating that the no alloy composition fluctuations and then the related
band gap are relatively homogeneous in the InGaN layer. Actually, in the SPV spectra of the
structure (shown above) there are two peaks of near bandedge transitions from the GaN layer at
about 3.43 eV nm and the Ing115GagggsN layer at about 3.05 eV, respectively, in quite good
agreement with the energy gaps determined by the PC spectra. However, at 2.76 eV another peak is
observed in PC spectra below InGaN gap which can be related to defect related absorption. The
external quantum efficiency (%EQE) shown in figure 6.13(b) is calculated from the photovoltage
signal which is normalized by a calibrated Si photodetector. Thus, it can be observed that EQE is
quite high in case of surface based device than heterojunction and shows the maximum efficiency at
InGaN-GaN interface (marked as dash) than InGaN surface (marked as dot), probably due to charge
accumulation at interface.
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10" 1 . 1 s ! ; ! ;
2.8 3.0 3.2 3.4 3.6

photon energy (e V)

Figure 6.13a Photocurrent spectra for Pt-InGaN surface (solid) and InGaN-GaN heterojunction
(dashed) without any bias
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Figure 6.13b The EQE for device at Pt-InGaN surface (solid) and InGaN-GaN heterojunction
(dashed), showing high efficiency at interface of InGaN-GaN

Thus, the studies show that the EQE is much higher at interface in case of Pt-InGaN based
device than heterojunction based device, which gives very strong indication towards development
of tendem based solar cells with further improvement in crystalline quality and optimization of high
carrier density structure. A similar study was reported by Sun et al. [23] and our results are in good
agreement with it.

Moreover, a high bias PC spectrum is also recorded at -5 V, shown as Fig. 6.14 to see the
photoresponse. It can be observed that response from InGaN slope is not as steep as GaN which
shows the effect of depletion at high bias and results more response from GaN bulk. In order to
confirm the origin of defect related absorption at 2.76 eV, whether defect is present in InGaN layer
or from GaN bulk, high bias PC spectra is significant and it can be observed that in case of
heterojunction based device defect related transition is steeper than surface based device which
indicates the presence of defect level in GaN layer rather than InGaN layer [24].

s - — InGaN-GaN interface
P InGaN surface

2.7 ' 30 ' 33 ' 3.6
Energy (eV)

Figure 6.14 PC spectra of Pt-InGaN surface and InGaN-GaN heterojunction at -5 V
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In summary, we have successfully fabricated the two junction based devices at InGaN/GaN

based heterostructure. Pt-InGaN based devices shows the higher % EQE at interface than
heterojuncion based device, probably due to high number of carriers at InGaN-GaN interface and
also due to mixed response from surface and interface both. The defect related absorption is also
observed and attributed to defect in GaN layer, possibly responsible to blue emission. Our studies
gives very strong indication towards development of tendem based solar cells with further
improvement in crystalline quality and optimization of high carrier density structure.
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