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ABSTRACT

Fabrication and Modelling of MgZnO/ZnO based
Heterostructures to realize 2D Confinement of Electron
Gas for HEMT Application

by
Rohit Singh
Hybrid Nanodevice Research Group, Discipline of Electrical Engineering
Indian Institute of Technology Indore
Supervisor: Dr. Shaibal Mukherjee
Co-Supervisors: Dr. Abhinav Kranti and Dr. Ajay Agarwal

ZnO has emerged as the subject of research for many electronic and
optoelectronic applications in recent years because it is nontoxic, abundant,
chemically stable, and biocompatible. Due to its direct wide band gap of
3.37 eV and a large exciton binding energy of 60 meV at room temperature,
many researchers have explored it for devices like light emitting diode,
photodetectors, lasers, and solar cells, etc. Due to the large spontaneous and
piezoelectric polarization, ZnO based heterostructures are also being
explored for two-dimensional electron gas (2DEG) density and
applications in heterostructure field-effect transistors (HFETS). This is
mainly due to the advantages it presents, such as high saturation velocity,
low lattice mismatch, high conduction band offset, endurance to radiation
damage, availability of native substrates, amenability to wet chemical
processing, and feasibility of achieving high-quality films. In MgxZn1xO
alloy, the energy band gap and degree of polarization can be fine-tuned by
varying the Mg molar composition. Moreover, as compared to other
semiconductor materials such as GaN, SiC, and AIN, ZnO offers some
fundamental advantages such as high breakdown strength and high-

temperature operation.

XXii



In this research work, the 2DEG was realized in MgZnO/ZnO material
system using Dual lon Beam Sputtering (DIBS) system. The analytical
model for the estimation of 2DEG density was also developed. My findings
on MgZnO/ZnO material system finds application on the development of

ZnO based heterostructure field effect transistors.

First of all, an analytical model for the estimation of 2DEG density was
developed for graded MgZnO/ZnO heterostructures. Here, graded means
MgZnO layers of different thickness and different Mg molar compositions
deposited one over the other on the ZnO buffer layer. The developed model
was based on the continuity of the electric field at the interfaces of different
layers, dominant piezoelectric and spontaneous polarization components in
different layers, Mg composition, and layers thickness. The developed
generic model can be easily reduced for relatively simpler structures.
Calculated 2DEG density (ns) values suggest that the use of graded MgzZnO
layer significantly increases (2.3 times higher) the 2DEG density in
MgZnO/ZnO heterostructure but at the expense of an increased threshold
voltage (Vorr). A graded structure with a lower thickness of layers was
proposed, to achieve a compromise between high 2DEG density and Vorr,

based on the developed model.

After the development of an analytical model for the estimation of 2DEG
density, the study of contact properties on MgzZnO (barrier layer) layer was
done with the aim of fabricating a good Schottky contact. For this,
Mgo.0sZN0.950 (MZO) film of 400 nm thickness was deposited using DIBS
at 300 °C and 80 % Oxygen partial pressure. The p-Si (111) was used as
the substrate. Various material characterizations including Hall, XRD,
EDX, and spectroscopic ellipsometry were performed to investigate the
film properties. Finally, Schottky contact was fabricated using DIBS at
room temperature by depositing 100 nm thick and 12.38 pum? Gold contact
using shadow masking techniques. The properties of Schottky contact was
measured using temperature dependent 1-V and C-V measurement. The Hall
measurement demonstrates n-type conduction with resistivity, carrier
concentration, and mobility of the MgZnO film as 0.12 Q-cm, 6.05 x 10/

XXiii



cm3, and 85.12 cm?Vls?, respectively at room temperature. XRD

measurement demonstrates (002) crystal orientation of the film.

The apparent Schottky barrier height (SBH) and the ideality factor obtained
from the 1-V measurements were observed to increase and reduce,
respectively, with increasing measurement temperature. That anomalous
observation in the behavior of the SBH was in good agreement with the
predictions of a double Gaussian distribution (DGD) of the inhomogeneous
SBH at a metal-semiconductor (MS) interface. The values of the SBH as
determined from C-V measurements were expectedly higher than those
extracted from I-V measurements. The DGD model was observed to fit the
experimentally obtained data for temperature dependent SBH with mean
values of the SBH as 0.95 and 0.54 eV and standard deviations as 0.131
and 0.072 eV in the temperature range of 160-300 K and 80-160 K,
respectively. The larger value of the SBH standard deviation confirms more
SBH inhomogeneity at the MS interface, and those inhomogeneities were
attributed to the presence of deep level or surface level interface states. The
calculated interface states density was seen to vary from 6.46 x 10 eV-
tem 2 at Ec-0.27 eV to 1.58 x 10 eV-icm™2 at Ec-0.74 eV, where Ec is the

bottom of a conduction band at 300 K.

After the successful fabrication of Schottky contact on barrier layer MZO
film, 2DEG density was successfully realized in MgZnO/ZnO based
heterostructures fabricated by DIBS. All the layers of the heterostructures
were deposited in the same ambient, i.e., at 300 °C and 60 % Oxygen partial
pressure. The effect of variation of Mg composition, barrier layer thickness,
and cap layer thickness on 2DEG density was studied. The value of ns was
found to be increasing with Mg composition for bilayer (MgZnO/Zn0O) and
capped (ZnO/MgZnO/Zn0O) heterostructures, attaining values of 1.11 x
10 cm™ and 1.13 x 10 cm for x = 0.3 for the bilayer and capped
heterostructure, respectively, from ~5 x 10'? cm for the bare ZnO. The
value of ns initially increases and then saturates with the increase of barrier
layer thickness in bilayer heterostructure keeping the Mg molar

composition constant in the barrier layer. For the capped heterostructure

XXiv



the ns initially decreases and then saturates with the increase of cap layer

thickness, provided, all other parameters are kept constant.

The source of electrons in 2DEG was also investigated, and the distinct
roles of donor and acceptor states along with interface charges in 2DEG
formation were analyzed. It was found that in case of sputter deposited

samples, the dominant source of 2DEG electrons is interface charge.

The fabrication of source and drain contacts on top of MgZnO/ZnO
heterostructures was also attempted by lithography and lift-off process for
transistor application. The source and drain contacts on top of MgZnO/ZnO
heterostructures were fabricated and characterized successfully by lift-off
process which involves three lithography steps. The Au/Ti was used for
source and drain ohmic contacts in which first of all 10 nm of Ti was
deposited and then 200 nm of Au. To prove the ohmic nature of these
contacts the current vs. voltage measurement was taken and was found to
be linear. The gate contact of Pt/Ti was also attempted on top of
MgZnO/ZnO heterostructure using lift-off. But the two lift-off attempts of
gate metallization failed and hence remains as future course of action to

realize reliable gate.
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Chapter 1

Introduction

Recently, zinc oxide (ZnO) and its heterostructures have emerged as
promising materials for thin-film transistors, solar cells, biocompatible
devices, ultraviolet (UV) light emitting diodes, and lasers [1]-[3]. ZnO-
based heterostructures are also being explored for two-dimensional
electron gas (2DEG) density and its prospective applications in
heterostructure field-effect transistors (HFETS) [4]-[6]. This is mainly due
to the advantages offered by these heterostructures such as high saturation
velocity, low lattice mismatch, high conduction band offset, endurance to
radiation damage, availability of native substrates, amenability to wet
chemical processing, and feasibility of achieving high-quality films [4], [5].
For example, in MgxZn1xO alloy, the energy band gap and the degree of
polarization can be fine-tuned by varying the Mg molar composition [4].
The formation of 2DEG in single-crystalline MgZnO/ZnO systems have
been reported in many published literature [4], [7], [8], [9]; however,
reports on such 2DEG formation in polycrystalline MgZnO/ZnO systems
are limited [5]. It is reported that the polarization effect induces a high sheet
carrier concentration, thereby significantly enhancing the electrical
conductance of high-quality single crystalline or polycrystalline systems.
However, such enhancement in conductance is mostly demonstrated by
molecular beam epitaxy (MBE) [4], pulsed-laser deposition (PLD) [7], or
metal organic vapor phase epitaxy (MOVPE) [8], which are not suitable for
low-cost, large-area electronic applications. Hence, new techniques need to
be developed for the fabrication of 2DEG in polycrystalline MgZnO/ZnO

system for low-cost and large area electronic applications.

The main purpose of this research work is the realization of 2DEG in
MgZnO/ZnO heterostructure using dual ion beam sputtering (DIBS)
system for high electron mobility transistor (HEMT) applications. The
DIBS system produces high quality thin films with reasonably superior
compositional stoichiometry, uniformity, and better film adhesion on a

larger substrate surface area. Other prime features of the DIBS system are



high-quality growth with a reduced surface roughness on a larger substrate
area, in situ substrate pre-cleaning before carrying out the growth process,
and in situ post-growth annealing. In this thesis, initially, an analytical
model is developed for the estimation of 2DEG density in MgZnO/ZnO
heterostructures. Thereafter, a reliable and stable gold (Au) Schottky
contact is fabricated on MgZnO using DIBS which is very crucial for
HEMT and thin film transistor fabrication. Afterwards, the growth
conditions of the undoped ZnO buffer layer and doped n-type MgZnO
barrier layer by DIBS were optimized. Hall measurements, X-Ray
diffraction (XRD), high-resolution transmission electron microscopy
(HRTEM), energy dispersive X-Ray (EDX), and C-V measurements were
carried out to determine and correlate the elemental, electrical, and
crystalline properties of these films, respectively. Subsequently, the
fabrication of 2DEG in polycrystalline MgZnO/ZnO based heterostructure
was carried out by DIBS system.

This chapter demonstrates a summarizing description of basic properties of
ZnO, MgZn0O/ZnO heterostructure, and its advantages which are very

useful for realization of 2DEG and HEMT application.

1.1 Background

Since the last decade, ZnO is being considered as a potential candidate for
heterostructure field effect transistor (HFET) due to several advantages
over the GaN-based material system. The recent diverse heterostructures
which are used for HFETs are MgZnO/ZnO and AlGaN/GaN
heterostructures. The AlGaN/GaN heterostructure is one of the prime
competitors of MgZnO/ZnO heterostructures. Nowadays, the interest on
the development of MgZnO/ZnO heterostructure based HFET has
increased due to its several advantages over its prime competitor,
AlGaN/GaN. The advantages of MgZnO/ZnO material system over
AlGaN/GaN material system are as follows, (i) higher saturation velocity,

(i) lower (heterojunction) lattice mismatch, (iii) larger conduction band



offset (AE:) for MgZnO/ZnO heterostructure, and (iv) the possibility of the
use of bulk (ZnO) substrates [10], [11].

To fabricate the MgZnO/ZnO heterostructure based HFETS, the carrier
confinement in the potential well formed at MgZnO/ZnO heterointerface is
of great importance. The reason for the potential well formation at
MgZnO/ZnO heterointerface is discussed in the later section of this chapter.
The first time demonstration of two dimensional electron gas (2DEG) in
MgZnO/ZnO heterostructure was published and demonstrated in 2004 by
Koike et al. [12]. The fabrication of this heterostructure was done by MBE.
The detailed study of the effect of variation of Mg composition and
thickness of MgZnO layer on 2DEG density in MgZnO/ZnO
heterostructures grown by MBE was done by Tampo et al. [4], [13].
Thereafter, 2DEG in MgZnO/ZnO heterostructures deposited by single
crystalline growth techniques is reported by many researchers [8], [14]-
[17]. The realization of 2DEG in sputter deposited MgZnO/ZnO
heterostructures is still very challenging. Only a few researchers have
obtained 2DEG in sputter deposited heterostructures. In 2010, for the first
time, 2DEG was obtained in sputter deposited MgZnO/ZnO heterostructure
by Chin et al. [5]. Still, the detailed study of 2DEG formation in sputter
deposited MgZnO/ZnO heterostructure is lagging in the literature and

require a significant amount of research to be done in this regard.

1.2 ZnO: The material

1.2.1 Structural Properties

Zinc oxide crystallizes in two main forms, hexagonal wurtzite [18] and
cubic zincblende [19]. Crystallographically the atomic arrangement of
zincblende structure is quite similar to that of the wurtzite structure, only
the angle of adjacent tetrahedral units is different, having values of 60° for
zincblende and 0° for wurtzite phase [20]. For a clear layout of these
structural phases, the basic crystal structures of wurtzite and zincblende
ZnO are represented schematically in Fig. 1.1. The O atom is marked in the

schematic with yellow circles, and another one is the Zn atom.



(a) (b)

Fig. 1.1: The schematic representation of ZnO crystal structures: (a)

wurtzite and (b) zincblende.

Among these two structures, wurtzite structure is most stable
thermodynamically at ambient conditions and thus most common. This is
because its ionicity that resides exactly at the borderline between the
covalent and the ionic materials. At room temperature (RT) the hexagonal
wurtzite ZnO has lattice parameters a = 3.25 A and ¢ = 5.20 A [21]. The
polarity observed in the ZnO crystal is due to the tetrahedral structure. ZnO
has four common surfaces, the polar Zn (0001) and O (0001) terminated
faces, and the non-polar (1120) and (1010) faces. The (1120) and (1010)
surfaces contain equal numbers of Zn and O atoms [11]. At relatively
modest external hydrostatic pressures wurtzite ZnO can be transformed to
the rocksalt (NaCl) like other 11-VI semiconductors [22]. As compared to
the wurtzite structure zincblende structure has lower ionicity, this leads to

the lower carrier scattering and higher doping efficiencies [20].

1.2.2 Electrical Properties

ZnO has arelatively large direct band gap of ~3.37 eV at room temperature
[11]. Advantages associated with a large band gap include higher
breakdown voltages, ability to sustain large electric fields, lower electronic

noise, and high-temperature and high-power operation. The bandgap of



ZnO can further be tuned by alloying with magnesium oxide (MgO). These

properties make it suitable for high frequency and high power applications.

The thermal conductivity and dielectric constant of ZnO are 0.6 Wem™ [23]
and 8.75 [8], respectively. The thermal conductance of the material defines
the ease with which power can be dissipated from the device which,
otherwise, would result in higher chip temperatures and degraded
performance. Having high thermal conductivity, ZnO is suitable for
integrated circuits fabrication. The dielectric constant indicates the
capacitive loading capability of a transistor and affects the device terminal
impedances [24]. The dielectric constant of wide band-gap semiconductors
is about 20% lower than the conventional semiconductors which permit
them to be about 20% larger in the area for a given impedance. The
increased area allows for higher radio frequency (RF) currents and
therefore higher RF power. Comparing the dielectric constant of ZnO with
GaN (8.9) [25] and GaAs (12.46) [26], ZnO has a lower value which makes

it more suitable for RF applications.

Band-gap and other electrical properties of ternary oxides like MgZnO can

be computed by interpolation using Vegard’s law given by the formula

[27],

P(Mg,Zn,_,0) = xP(Mg0O) + (1 —x)P(ZnO) + bx(1 —x) (1L.1)

where P(x) represents the electrical property to be interpolated and b
represents the bowing parameter which has to be experimentally

determined for accurate interpolation.

1.3 MgZnO/ZnO: The heterostructure

1.3.1 Hetero-structure: Band Gap Discontinuity

A heterostructure is formed when two different materials are joined
together or grown one over the other keeping the same crystal structure.
When such a heterojunction is formed between two materials having a large

band gap difference, an energy discontinuity is created in the band diagram.



Fig. 1.2 visualizes the band diagram of MgZnO/ZnO heterostructure before
and after the junction formation. As can be seen from the figure, the band
gap discontinuity results in the formation of a notch in the conduction band
at the interface and a valley in the valence band, both of which are present
in the lower band gap material which, in the present case, is ZnO. The
quality of the junction formed between such materials depends upon the
difference between their lattice constants. The larger the difference in
lattice constant of two materials, the larger is the possibility of the interface
defects. The matching of lattice constant is the primary requirement for the
formation of a good hetero-junction and hence, a good hetero-structure
based device. If the materials to be joined are MgZnO and ZnO, the
parameter to be considered is the fraction of magnesium, as it defines the
bandgap and lattice constant of MgZnO. Bandgap discontinuity (AEQ) is
given by the difference in the band gap of two materials. Conduction band
discontinuity (AEc) is calculated by locating the position of neutral levels
in the material. In MgZnO/ZnO heterostructure cases, it is calculated as
AEc = 0.9AEg [11]. The value AEc defines the depth of the notch,
sometimes termed as Quantum Well, as electrons are confined into
quantum levels. The relative position of this notch with respect to the Fermi
level in the lower band gap material and its corresponding depth determines
the density of charge carriers, and hence, the operation of any device using
the heterojunction 2DEG [11].

v AEC AE E
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Fig. 1.2: Energy Band diagram for MgZnO/ZnO Heterostructure, (a)
before junction formation and (b) after junction formation at thermo-

dynamic equilibrium condition.



1.3.2 Polarization in MgZnO/ZnO: 2 Dimensional Electron Gas
(2DEG)

In case of ZnO based devices, the principle behind the formation of 2DEG
is the inherent net polarization, resulting in interface charge without the
presence of any significant doping which further enhances their mobility.
It is to be noted, ZnO material possesses an inherent spontaneous
polarization whose direction depends on the growth face of the crystal (Zn
or O at the surface). Since the ZnO substrate is comparatively thicker, it is
formed in a relaxed state while the MgZnO is under stress. Thus, in addition
to spontaneous polarization, the strain developed in the MgZnO results in
a piezo-electric polarization in MgZnO. When MgZnO is grown over the
ZnO substrate, due to the difference in their polarization, a net polarization
charge develops at the interface depending, again, on the face of the growth
of the crystal as shown in Fig. 1.3. Although it is clear that there is a
positive charge at the interface of the MgzZnO/ZnO heterostructure, the
device has to be neutral as a whole. The positive charge must be
compensated by the equal negative charge. In order to compensate for the
positive charge, electrons accumulate at the interface, and due to the

presence of a notch at the heterojunction, they form a 2DEG close to the

interface.
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Fig. 1.3: Polarization charge in MgZnO/ZnO Heterostructure, a)
Charge polarization in individual materials, Qmgzno in MgZnO is the sum
of both Spontaneous and piezo-electric polarization, Qzno in ZnO is only
Spontaneous polarization as ZnO has been assumed to be relaxed, b)
Total sum of all the polarization results in a net positive charge at the

interface.



1.4 MgZnO/ZnO: HEMT fabrication challenges
Every good thing comes at some price. This applies to ZnO technology too.
The major challenges in the fabrication of MgZnO/ZnO based HEMT are

as follows.

Q) The fabrication of single crystalline or polycrystalline layers of
MgZnO over ZnO in which 2DEG is formed.

(i) Fabrication of ohmic contacts for source and drain with less
contact resistance on wide bandgap MgZnO top surface.

(iii)  Fabrication of stable and reliable Schottky contact for the gate.

The fabrication of stable ohmic and Schottky contacts on the MgZnO top
surface is challenging since certain metals like Au and Ag change their
nature of contact with time [28].

Apart from this, ZnO may have certain other challenges when it comes to
the full fabrication of HEMT because till now nobody has developed a full
prototype of HEMT made of MgZnO/ZnO heterostructures.

1.5 Aim and Objectives

The main aim of this thesis is to realize 2DEG in MgZnO/ZnO
heterostructure for HEMT using sputtering techniques as the sputtering
technique is low cost and used for large area fabrication. This task includes

the following objectives:

(@) Asan initial step, a physics-based analytical model is developed for
the estimation of 2DEG density in different configuration of
MgZnO/ZnO heterostructure.

(b) The result of the simulated data of the developed model is compared
with the published data in the literature.

(c) A reliable and stable Au Schottky contact is fabricated on MgZnO
using DIBS which is very crucial for HEMT and thin film transistor

fabrication.



(d) The optimization of the growth conditions of the undoped ZnO
buffer layer and doped n-type MgZnO barrier layer by DIBS are
done.

(e) 2DEG is realized in MgZnO/ZnO heterostructures by DIBS and the
effect of variation of Mg composition, barrier layer thickness, and
cap layer thickness on 2DEG density is also studied which will help
in the optimization of 2DEG density.

(F) The source of electrons in 2DEG in sputtered deposited
MgZnO/ZnO heterostructures is investigated.

(g) Source and drain contact of Au/Ti is fabricated on top of

MgZnO/ZnO heterostructures using lithography.

1.6 Organization of the thesis
The research in this thesis is focused on the realization of 2DEG in
MgZnO/ZnO heterostructures using sputtering for HEMT. The thesis is

organized as follows:

Chapter 2 describes the deposition and characterization systems employed
for MgZnO/ZnO heterostructures. The used systems are DIBS system, X-
Ray Diffraction, Variable Angle Variable Wavelength Spectroscopic
Ellipsometry, Four Probe Hall, I-V, and C-V measurements, Energy-
dispersive X-Ray Spectroscopy, and High-Resolution Transmission

Electron Microscopy.

Chapter 3 provides a physics-based analytical model for the estimation of
2DEG density in different configurations of MgZnO/ZnO heterostructures.
Factors largely affecting the 2DEG density are Mg composition in MgZnO
layer and thickness of different layers; were optimized and examined in
detail. The purpose is to maximize 2DEG density through these parameters

optimization.

Chapter 4 explains the fabrication of stable and reliable Au Schottky
contact on MgZnO. The detailed study of temperature dependent I-V and

C-V characteristics are done.



Chapter 5 describes the realization of 2DEG in MgZnO/ZnO
heterostructures. The effect of variation of Mg composition, barrier layer

thickness, and cap layer thickness on 2DEG density is studied.

Chapter 6 describes the roles of surface states and interface states on the

formation of 2DEG in sputtered deposited MgZnO/ZnO heterostructures.

Chapter 7 describes the fabrication of source and drain contacts on top of
MgZnO/ZnO heterostructures using lift-off process for transistor

application.

Chapter 8 draws conclusions from the thesis and proposes the scope for

future works for the continuation of the research.
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Chapter 2

Systems for Fabrication and Characterization of
MgZnO/Zn0 based Heterostructures

In the advancement of science and technology, the discovery of novel
materials those are having varied characteristics and applications have
played an important role. In this chapter, the equipment has been briefly
described used for the growth and characterization of MgZnO/ZnO
heterostructures. For the heterostructure deposition, Dual lon Beam
Sputtering (DIBS) system has been used. Different characterization
techniques were utilized to evaluate their structural, elemental, and
electrical properties of these heterostructures. The crystal structure of the
samples was characterized using X-Ray diffraction (XRD) system. The
electrical properties of these heterostructures were characterized by Hall, 1-
V, and C-V measurement. The atomic composition of the different elements
present in samples was investigated by energy dispersive X-Ray (EDX).
The quality of the material interface of the MgZnO/ZnO was investigated
by high-resolution transmission electron microscopy (HRTEM)
measurement. These systems were discussed in details in this chapter of the
thesis.

2.1 Growth Equipment
The DIBS system is used for thin films growth and MgZnO/ZnO
heterostructures fabrication in this research work. The DIBS system is

explained concisely in the following section.

2.1.1 Dual lon Beam Sputtering System

Dual lon Beam Sputtering System is a very effective physical vapor
deposition technique for thin film deposition as well as fabrication of
electronics and optoelectronics devices in ultrahigh vacuum conditions [1].
DIBS system is equipped with radio-frequency (RF) deposition ion beam

source and direct-coupled assist ion source as shown in Fig. 2.1. The
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deposition ion source is deployed to sputter materials from a target fixed in
a four target assembly, and the assist ion source is implemented to pre-clean
the substrate surface before film deposition and to hinder island formation
and remove weak dangling bonds during the actual sputtering process [2].
The angle between the deposition ion source and the sputtering target is
fixed at 45° off normal while the angle between the assist ion source and
the substrate is maintained at 60°. A few other unique features of the DIBS
system are high-quality growth with reduced surface roughness, increased
growth uniformity on a larger substrate area and in-situ substrate pre-
cleaning before growth. The system consists of a single process chamber
with automatic substrate loading. The actual image of a dual ion beam
sputtering system is shown in Fig. 2.2. The main components of this system
are deposition ion source, assist ion source, a deposition chamber, load lock
chamber, vacuum pumps, vacuum gauges, heater assembly, water chiller

and controlling unit [2].

Heater
Assembly

Substrate

Crystal

Neutrali 1 i
eutralizer j Monitor

I—'-Q '////

Assist f / =
Ion
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'T1 |_Target
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Deposition
Ion Source

Neutralizer

To Vacuum Pump

Fig. 2.1: Schematic illustration of DIBS system.
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Fig. 2.2: The actual image of DIBS System.

In the DIBS system, Kauffman Robinson ion sources are used, which
produces a positive ion beam, which is spatially well confined and mono-
energetic [3]. Essentially, an ion beam source is a plasma source fitted with
a set of grids enabling a stream of ions to be extracted. The deposition ion
source has three main parts: the discharge chamber, grids, and neutralizer.
lons are produced in the discharge chamber by subjecting a gas (usually
Argon) to an RF field. The gas is fed into a quartz or alumina chamber with
an RF powered coil around it. The RF field excites free electrons until they
have enough energy to break gas atoms into ions and electrons; this is
referred to as “inductive coupling.” The gas is thus ionized, and plasma is
established. These ions are extracted as the beam from the discharge
chamber by applying various voltages on grids. Deposition source consists
of three-grids to extract ions and to reduce the beam spread. The neutralizer
(hollow cathode electron source) is used in the deposition source assembly
to neutralize the positive ion beam [3]. The schematic diagram of the

deposition ion source is shown in Fig. 2.3.
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Fig. 2.3: Schematic illustration of the deposition ion beam source.

The assist ion source consists of mainly End-Hall 400 ion source module
and hallow-cathode neutralizer assembly. This system has three types of
power supplies (1) Keeper power supply (2) Emission power supply (3)
Discharge power supply. A keeper and emission power supply are used for
hollow cathode neutralizer. Discharge power supply provides voltage and
current to End-Hall 400 ion source module. The assist ion source has the
natural advantages of lower cost, broad ion-beam coverage, and greater
reliability. The assist ion source also has much larger ion-current
capabilities at low ion energies (200 eV and less) permitting useful etch
rates [2]. Fig. 2.4 shows the schematic diagram of the assist ion source. The
discharge power supply provides voltage and current to the anode of the
End-Hall 400 ion source module and produces a positive ion beam. The
keeper power supply provides voltage and current to the hollow cathode
neutralizer, for igniting the hollow cathode and keeping the cathode hot
enough for thermionic emission of electrons [2]. The emission power
supply provides a negative voltage to the hollow cathode after it is ignited
by the keeper power supply and controls the electron beam emitted from
the hollow cathode neutralizer to neutralize the positive ion beam of End-

Hall 400 ion source.
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Fig. 2.4: Schematic illustration of assist ion source.

The deposition chamber of DIBS is known as the main chamber in which
growth processes were performed. It is mostly made up of stainless steel or
Pyrex glass as these materials are non-corrodible, non-magnetic, easy to
weld and clean, highly malleable and have good outgassing characteristics
[2]. The chamber has typically a large number of ports, i.e., for the pumping
system, gas inlets; pressure monitoring, substrate loading, ion beam
sources, and viewports. The load lock chamber is used to load the substrate
into the deposition chamber by a robotic arm. A set of rotary and
turbomolecular vacuum pumps are used for creating an ultra-high vacuum
inside the deposition chamber and load lock chamber. Vacuum gauges are
used to measure the vacuum level in the deposition and load lock chamber.
The background pressure inside the deposition chamber and the load lock
chamber are maintained at 10 mbar and 10" mbar respectively. The heater
assembly above the deposition chamber is used to heat the sample from
room temperature to 1000 °C during growth as well as annealing processes.
The water chiller is employed to remove heat from the deposition chamber,
target assembly, and vacuum pumps. DIBS system growth parameters, i.e.,
deposition temperature, gas pressure, gas composition and RF power are

controlled by the parameter controlling unit of the DIBS system [1], [2].
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In this research work, the growth of undoped ZnO, Ga-doped MgZnO thin
films, and the fabrication of ZnO-based heterostructures was performed by
Elettrorava DIBS system [1], [2].

2.2 Characterization Techniques

The equipment used for the characterization of thin films and
heterostructures in this research work are demonstrated briefly in the

following sections.

2.2.1 Hall Measurement System

The electrical transport properties of the MgZnO thin films and
MgZnO/ZnO heterostructures were characterized by Hall Effect
measurements using the Van der Pauw configuration. The Hall Effect
provides a relatively simple way of determining the type of semiconductor,
measuring the carriers (electrons and holes) concentration, electrical
resistivity, and the mobility of carriers in semiconductors. When a current-
carrying semiconductor is kept in a magnetic field, the charge carriers of
the semiconductor experience a force in a direction perpendicular to both
the magnetic field and the current. At equilibrium, a voltage appears at the
semiconductor edges. The appeared voltage at the semiconductor edge is
called as Hall voltage (Vn). The Vu determination is the first step to
determine the type of semiconductor and the carrier concentration in the
semiconductor. Once the Vy is determined the sheet carrier concentration

of the semiconductor is determined by [4]

B IB
q|Vyl

Where | is the current flowing in the semiconductor, B is the applied

magnetic field and q is the elementary charge. For the determination of bulk
carrier concentration, accurate measurement of the thickness of the sample
(d) is required since bulk carrier concentration is the product of sheet carrier
concentration and thickness of the film/sample. If the Van der Pauw

configuration is used for the measurement, then for n-type sample Vy is
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negative, and for the p-type sample, the V4 is positive [4]. Different sample
geometry with contact placements as shown in Fig. 2.5 is used in Van der
Pauw configuration.

The sheet resistance Rsof the semiconductor can be conveniently

determined by use of the Van der Pauw resistivity measurement technique

[5].
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Fig. 2.5: Some possible contact placement in Van der Pauw
configuration.
The Hall mobility of the semiconductor is measured with the help of sheet
carrier concentration and sheet resistance and is given by the relation

_ 1
qnsRs

Iz (2.2)

Fig. 2.6 is showing the photographic image of our Hall measurement setup
installed in our laboratory. Our setup includes a solenoidal magnet with a
maximum strength of 1 Tesla magnetic field strength, a gauss meter,
sample holder, and source meter (Keithley 2612 A).

Fig. 2.6: Photographic image of Hall measurement system installed in our

laboratory.
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In this research work, the electrical properties, i.e., resistivity, sheet carrier
concentration and mobility of MgzZnO thin film, undoped ZnO, and
MgZnO/ZnO heterostructure were measured using Hall measurement setup
in Van der Pauw geometry using Keithley source meter (model 2612A)

with the magnetic field of ~0.5 Tesla.

The sample structure used in my study is of size 1 cm x 1 cm. The ohmic
contacts were made of Indium by soldering followed by annealing for 15
min at 250 °C. Finally, the electrical properties were measured using Van
der Pauw method. The limitation of our setup is that we require only square
sample of size ranging from 0.5 cm x 0.5 cm to 1 cm x 1 cm. Other
limitations are the measurement limitation of our source meter Keithly
2612A.

2.2.2 1-V and C-V Measurement system

The current-voltage (I-V) measurement is an important characterization to
characterize the metal contact properties. It is used to identify ohmic and
Schottky metal contact on the semiconductor. It is also used to evaluate
contact properties like contact resistance in the case of ohmic contact. For
Schottky contact, it is used to determine the barrier height, ideality factor,
and reverse saturation current. The details of I-V characterization is present

in later chapters of this thesis.

The capacitance-voltage (C-V) measurement method is used to determine
the majority carrier concentration in semiconductors. C-V measurements
are capable of yielding quantitative information about the diffusion
potential and doping concentration in semiconductor materials. The
technique employs p-n junctions, metal-semiconductor (MS) junctions
(Schottky barriers), electrolyte-semiconductor junctions, metal-insulator-
semiconductor (MIS) capacitors, and MIS field effect transistors
(MISFETSSs). C-V measurements yield accurate information about doping
concentrations of majority carriers as a function of distance (depth) from
the junction. The detail capacity of the C-V characterization is present in

[6].
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Fig. 2.7: Photographs of (a) probe station and (b)

temperature controller.

Fig. 2.7 and Fig. 2.8 shows the photographic images of I-V and C-V
measurement setup. The setup includes Everbeing cryogenic probe station
with the temperature range of 80 K to 350 K, source meter Keithley 2612
A, and semiconductor parameter analyzer (4200A SCS).

In this research work, 1-V measurement is used to measure ideality factor,
barrier height, and reverse saturation current of Au Schottky contact on
MgZnO. C-V measurement is used to characterize the barrier height of Au
Schottky contact on MgZnO and depth profiling of MgZnO/ZnO based

heterostructures.

(a)
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Fig. 2.8: Images of (a) Keithley 2612A and (b) Keithley

4200A semiconductor parameter analyzer.
Our setups are capable to measure the I-V and C-V of different sizes and
shapes of thin film samples, but in my case, | have used mainly the square
samples and rectangular samples of area not more than 2 cm? The
limitation of our setup is that we can only measure the 1-V and C-V in the

temperature range of 77 K to 450 K.

2.2.3 X-Ray Diffraction Measurement

X-Ray diffraction (XRD) is an important technique to examine the
crystallinity, phase, strain, and preferred orientation, etc. of samples [7]. A
collimated beam of X-Rays is incident on a sample and diffracted by the

crystalline phases in the sample according to Bragg’s law such that:

nd = 2d sinf (2.3)

Where 1 is the wavelength of the incident X-Ray beam, d is the inter-plane
separation of lattice between atomic planes in the crystalline phase, & is the
angle between atomic planes and the incident X-Rays beam. Where n is an

integer that represents the interference order.

The intensity of the diffracted X-Rays is measured as a function of the
diffraction angle 26. This diffraction pattern is used to identify the sample
crystal orientation [7]. It is well known that atoms of a pure solid are
arranged in a regular periodic pattern called ‘lattice.” The inter-atomic
distance and interaction of atoms in any crystalline lattice is unique and

results in a unique XRD pattern to identify its crystal structure. The XRD
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patterns include peak position and intensity of the diffracted beam, which

provides a variety of information about the samples.

In this research work, the crystal structure of MgZnO and ZnO based thin
films were characterized using Rigaku SmartLab, Automated Multipurpose
X-Ray Diffractometer equipped with a copper target (Cu-Ka) to generate
the incident X-Rays of wavelength A = 0.154178 nm for the diffraction
measurement in Bragg Brentano configuration. The actual image of this

XRD system is shown in Fig. 2.9.

Fig. 2.9: Photograph of Rigaku SmartLab, Automated Multipurpose X-
Ray Diffractometer.

The sample structure used in my study for XRD measurement were mainly
square samples of size less than 2 cm?.

2.2.4 Energy-dispersive X-Ray spectroscopy

Energy Dispersive X-Ray Spectroscopy (EDS or EDX) is a chemical
microanalysis technique used in conjunction with scanning electron
microscopy (SEM). The EDX technique detects X-Rays emitted from the
sample during the bombardment by an electron beam to characterize the
elemental composition of the analyzed volume. Features or phases as small

as 1 um or less can be analyzed [8].

25



When the sample is bombarded by the SEM's electron beam, electrons are
ejected from the atoms comprising the sample's surface. The resulting
electron vacancies are filled by electrons from a higher state, and an X-Ray
is emitted to balance the energy difference between the two electrons'
states. The X-Ray energy is characteristic of the element from which it was

emitted.

The EDX X-Ray detector measures the relative abundance of emitted X-
Rays versus their energy. The detector is typically lithium-drifted silicon,
solid-state device. When an incident X-Ray strikes the detector, it creates a
charge pulse that is proportional to the energy of the X-Ray. The charge
pulse is converted to a voltage pulse (which remains proportional to the X-
Ray energy) by a charge-sensitive preamplifier. The signal is then sent to a
multichannel analyzer where the pulses are sorted by voltage. The energy,
as determined by the voltage measurement, for each incident X-Ray is sent
to a computer for display and further data evaluation. The spectrum of X-
Ray energy versus counts is evaluated to determine the elemental
composition of the sampled volume. Quantitative results can be obtained
from the relative X-Ray counts at the characteristic energy levels for the
sample constituents [8].

In this research work, the composition of different elements in MgZnO was
characterized using energy dispersive X-Ray (EDX, Zeiss Supra 55). The
actual image of this EDX system is shown in Fig. 2.10.
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Fig. 2.10: Photograph of EDX, Zeiss Supra 55.

2.2.5 Variable Angle Variable Wavelength Spectroscopic Ellipsometry
Measurement System

Ellipsometry technique measures a change in polarization as light reflects
or transmits from a material structure [9], [10]. The polarization change is
represented as an amplitude ratio, ¥, and the phase difference, 4. The
measured response depends on optical properties and thickness of
individual materials. Thus, ellipsometry is primarily used to determine film
thickness and optical constants. However, it is also applied to characterize
composition, crystallinity, roughness, doping concentration, and other
material properties associated with a change in optical response [9], [10].

The incident light is linear with both p- and s- components. The reflected
light from the sample has undergone amplitude and phase changes for both
p- and s- polarized light, and ellipsometry measures their changes. The
change in polarization is the ellipsometry measurement, commonly written

as:

n .
p=—=tanype (2.4)

Ts
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Where rp and rs are the amplitude reflection coefficients for the p- and s-
polarized light, respectively, tan(%) is the ratio of the amplitude reflection

coefficients, and A is the phase difference between s- and p-polarized light.

The primary components of the ellipsometry system are a light source,
polarization generator, sample, polarization analyzer, and detector [9]. The
polarization generator and analyzer are constructed of optical components
that manipulate the polarization: polarizers, compensators, and phase
modulators. In this research work, the thickness of thin films was measured
by M-2000D J. A. Woollam Variable Angle Variable Wavelength
Spectroscopic Ellipsometer. In this system, the measurement can be
performed at different angles for the wavelength range of 200-1000 nm.
The photographic image of Variable Angle Variable Wavelength

Spectroscopic Ellipsometer is shown in Fig. 2.11.

Fig. 2.11: Photographic image of Variable Angle Variable Wavelength
Spectroscopic Ellipsometry system.
In my case | have used spectroscopic ellipsometry measurement to

determine the thickness of samples only.

2.2.6 High-Resolution Transmission Electron Microscopy

To understand the operating principle of high-resolution transmission
electron microscopy (HRTEM), one needs to first understand the operating

principle of transmission electron microscopy (TEM). TEM is a technique
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that uses the interaction of energetic electrons with the sample and provides
morphological, compositional and crystallographic information. The
electron emitted from filament passes through the multiple electromagnetic
lenses and makes contact with the screen where the electrons are converted
into light, and an image is obtained. The speed of electrons is directly
related with the electron wavelength and determines the image resolution.
A modern TEM is composed of an illumination system, a condenser lens
system, an objective lens system, a magnification system, and the data
recording system. A set of condenser lens that focuses the beam on the
sample and an objective lens collects all the electrons after interacting with
the sample and form image of the sample and determines the limit of image
resolution. Finally, a set of intermediate lenses that magnify this image and
projects them on a phosphorous screen or a charge coupled device (CCD).

TEM can be used for imaging and diffraction mode [11].

The high-resolution transmission electron microscopy (HRTEM) uses both
the transmitted and the scattered beams to create an interference image. It
is a phase contrast image and can be as small as the unit cell of the crystal.
In this case, the outgoing modulated electron waves at very low angles
interfere with itself during propagation through the objective lens. All
electrons emerging from the specimen are combined at a point in the image
plane. HRTEM has been extensively and successfully used for analyzing
crystal structures and lattice imperfections in various kinds of advanced
materials on an atomic resolution scale. It can be used for the
characterization of point defects, stacking faults, dislocations, precipitates

grain boundaries, and surface structures [11].

In this research work, the quality of MgZnO/ZnO interface was studied
using HRTEM. The photographic image of HRTEM is shown in Fig. 2.12.
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Fig.

=

2.12: Photographic image represenation of HRTEM.
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Chapter 3

Analytical Modelling for Estimation of 2DEG Density in
MgZn(O/ZnO Heterostructures

3.1 Introduction

Zinc oxide (ZnO) material and its heterostructures have emerged as
promising materials for thin film transistors, solar cells, bio-compatible
devices, ultra-violet (UV) light-emitting diodes and lasers [1]-[4]. A two-
dimensional electron gas (2DEG) is formed in MgZnO/ZnO
heterostructure, similar to that in AIGaN/GaN, due to strong spontaneous
and piezoelectric polarization effects [5]. MgZnO/ZnO heterostructure has
several advantages over the AlGaN/GaN material system including a
higher saturation velocity, a lower lattice mismatch, and the capability for
bulk growth [6]-[9]. Usually, a higher 2DEG is obtained by increasing Mg
composition (x) which lies within the range 0.05 < x < 0.6 in the barrier
layer. Since MgO is found stable as rocksalt structure in nature, for higher
Mg composition (x > 0.62) phase separation is reported [10]. Also, for
higher values of Mg composition, 2DEG density increases but two-
dimensional electron mobility (2DEM) reduces due to optical phonon
scattering [11]. In order to enhance 2DEM, a cap layer of ZnO can be added
similar to GaN in the case of AlGaN/GaN which increases 2DEM [11],
[12].

The dominant polarization in ZnO based heterostructures governing the
2DEG formation requires careful analysis for improved performance.
Models for ns (2DEG density), yet known, are primarily based on numerical
calculations, semi-empirical model expressions, or simplifying
approximations [13]-[15]. There exist few physics-based models in the
literature [16]-[19], for calculation of 2DEG density, but they consider
mainly the simple bilayer (barrier layer and buffer layer) structure
consisting of buffer and barrier layers or are developed for either
AlGaAs/GaAs or AlGaN/GaN system. For the MgZnO/ZnO system, very
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few analytical models for the estimation of 2DEG density are reported [20].
Analytical models incorporating the effect of the cap layer on the variation

of 2DEG density are also not available.

In this chapter, we develop a physics-based analytical model for the
calculation of 2DEG density in a graded MgZnO/ZnO heterostructure with
a cap layer. Graded heterostructures with different doping concentration in
the barrier layer, find use in high gain [21] and high breakdown [22]
devices. A graded MgZnO/ZnO heterostructure in this chapter is
considered as a structure in which layers of MgzZnO with different Mg
compositions are deposited over ZnO buffer layer. A graded MgZnO
structure with a modulation doping layer which resulted in higher 2DEG
values has been utilized by Huang et al., [23] and Cohen et al., [24] for the
design of transparent electronics and modulation-doped field-effect
transistors. The generic model developed in this chapter can be reduced to
a relatively simple bilayer structure of barrier layer on top of ZnO (buffer)
layer. The proposed model includes the strongly dominant effect of total
polarization charge (spontaneous and piezoelectric) in estimating 2DEG
density. The influence of technology parameters such as MgzZnO layer
thickness and Mg composition (x) on 2DEG density is also analyzed. The
developed model is a useful tool for the design and optimization of 2DEG

and threshold voltage (Vorr) in ZnO based heterostructures.

3.2 2DEG Density Model Development

We present a model for the calculation of 2DEG density (ns) in a
generalized heterostructure (structure 1), (Fig. 3.1 (a)) which can be
simplified for the other three structures. The structures | and 111 have a cap
layer of ZnO, while structures Il and IV are without a cap layer as shown
in Fig. 3.1 (a). The graded structure is analyzed by considering different
mole fractions (x and y) of Mg as shown in structure 1. For structure I, the
Poisson equation has been solved at all interfaces, i.e., at the top ZnO
surface, interface 111 (ZnO/MgyZn1.,O), interface Il (MgyZn1yO/MgxZn1-
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x0), and interface |1 (MgxZn1xO/Zn0O). The analysis is further simplified by
the
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Fig. 3.1: (a) Schematic of structure I, II, Il and IV. (b) A generic

representation of energy band diagram of structure | showing electric
field and conduction band offsets. The exact slope of bands and band

offsets will depend on the Mg molar composition in different layers.
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assumption of same permittivity ¢ for all layers, since their values are quite
close [25].

The energy band diagram of the generalized structure (structure 1) is shown
in Fig. 3.1 (b). Considering Fig. 3.1 (b), we observe that to maintain
dielectric boundary conditions at I11 and Il interfaces, the electric fields &s,
& and & in layer 3 (ZnO cap layer), layer 2 (MgyZn1.,O), and layer 1
(MgxZn1x0), respectively, can be expressed as.

€83 = €&, + qO0net, (3.1)
€&, = €& + qO0net, (3-2)

Where e, (= 02-03) and oy, (= 01-07) are the net polarization sheet
charge densities at ZnO/MgyZn1.,O and MgyZn:.yO/MgxZn1xO interfaces,
respectively, and o3, g,, and o, are the polarization charge densities of
layer 3, layer 2, and layer 1, respectively and q is the charge of the electron.
The polarization charge density of any layer is comprised of two
components, namely spontaneous (Psp) and piezoelectric (Pp).

Fig. 3.2 shows the calculated critical thickness of MgxZn1xO for different
possible combinations of heterostructures in discussed structures, as a
function of Mg composition. The critical thickness (hc) of different layer

combinations in the given four structures is calculated using h; =

(L) (ﬁ) (?) [ln (%) + 1], where, v =0.271 is Poisson’s ratio, b = 6.137

1+v
A is Burger’s vector, and f is the misfit which is expressed as f = |(as —
ag)/ag|, ao is unstrained lattice constant of the deposited layer and ag is
the lattice constant of the lower layer which is substrate for MgZnO/ZnO
heterostructures [26]. It is observed that for MgxZni1xO/ZnO
heterostructures (curve A), the critical thickness decreases as the Mg molar
composition increases. This is due to increase in the misfit with the increase
in Mg molar composition. The curve B rises steeply as x approaches x =
0.3 is due to zero misfit for x = 0.3. Similarly, the curve C rises steeply as
X approaches 0.6 [26]. Matsui et al., [27] reported that for

Mgo.37Zn00.63/Zn0O heterostructure, the experimental critical thickness is
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approx. 38-65 nm. Analytical value using the discussed equation for critical
thickness, for Mgo.37Zn00.63/Zn0 heterostructure, is ~ 30 nm. This deviates
approx. 10-35 nm from experimental value. Due to the lack of experimental
evidences for different Mg compositions, we have assumed all the layers to

be fully strained up to 30 nm thickness in all the discussed heterostructures.

400
E 320} .
8 |
C. 240} || At Mg,Zn, ,O/Zn0O
S, o 1 | B:MgZn, ,O/Mg,3Zn, ;0
%D toor el G Mg Zn, O/Mg, Zn, ,O
c. 80t ’

oLy I . 1 .

0.1 02 03 04 05 06
Mg composition

Fig. 3.2:  Critical layer thickness of MgxZnixO for different

combinations.

The piezoelectric polarization component in MgZnO layers is given as [18]

as — ag Es3C13>
P, =2 Eyy ——— .
2t -2

Components for the calculation of composition-dependent piezoelectric
polarization, spontaneous polarization, lattice constants, bandgap, relative

permittivity, and bare surface barrier height are given in Table 3.1.

In the absence of gate potential at the cap layer c1, & can be deduced from
the energy band diagram Fig. 3.1 (b) as

—¢p —Ep — §1dy — &dy — AE¢ et
C1

&3 = (3.4)

where, ¢, is the bare surface barrier height (as given in Table 3.1), d1, d2,

and c; are the thicknesses of the barrier layer (MgxZn1xO), modulation layer
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(MgyZn1.40), and a cap layer (ZnO), respectively. Er is the Fermi energy
level with respect to the bottom of the conduction band at the MgxZn;.-
xO/ZnO interface and AE¢ (= AE¢3 + AE;, — AE;,) is the net
conduction band offset, AE. 3 , AE , and AE ; are conduction band offset
at Ill, 11, and 1 interface, respectively, and are equal to 0.9 times the

difference of band gaps of surfaces making that interface [20].

Table 3.1: Parameters of MgZnO calculated from mole fraction (x) at
room temperature.

Parameters Description MgxZn1xO
a Lattice constant 0.3246 + 0.0016x +
(nm) 0.0109x? [28]
c Lattice constant 0.5206 — 0.0111 [29]
(nm)
Elastic stiffness
Cus constant (GPa) 84+ 4x[29]
Elastic stiffness 2
Css constant (GPa) 176 - 9x + 55x° [29]

Piezoelectric

€31 constant (C/m?) -0.55-0.23x [29]
Piezoelectric

€33 constant (C/m2) 1.24 - 1.10x [29]
Spontaneous

Psp polarization (C/m?) - 0.057 - 0.066x [30]

Eq Bandgap (eV) 3.37 + 2.145x [20]

€4/€0 Relative permittivity 8.75 + 1.08x [20]
o Barrier height (eV)  5.81x2- 3.12x + 1.12 [31]

Combining (3.1) and (3.4), we obtain the field (§,) as

qo, C
_ —¢p — Ep —§dq — AEC,net - nzt3 - (3.5)
EZ - Cl + dz
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From (3.2) and (3.5), we can calculate the field (&1) as

B 1
Cdi+dy o

_ 9%net, (d, + C1)>
€

qanetg 1

€

El <_¢b - EF - AEC,net -

(3.6)

Furthermore, the thickness of the net charge developed at MgxZn:xO and
ZnO (buffer layer) interface is very small compared to the cross-sectional

area of the interface [18]. Hence, &: can also be expressed as

n. — go.
El _ qns Eq nety (3.7)

where, oy, is 0.029xMg composition in layer 1 [32] is the net polarization

sheet charge density at MgxZni«xO/ZnO interface. Expression for ns
obtained by equating (3.6) and (3.7) can be written as

ng = Vo = by — DB ner — Er + L0ye0,(ds + dy +
(3.8)
1) — g(o—netg €1+ Opet, (d, + Cl))]
Equation (3.8) can be reduced to a more compact expression as
=— [V, =V, Er]
ng = qd, /o~ VorFF F (3.9)

where dt (= di+d2+cy) is the total thickness of layers over the buffer layer

(bottom ZnO layer) and Vj, is the applied gate voltage. Vorr is the threshold

voltage and is given as

Vorr = ¢p + AE¢ ner + %(Unet3 C1 + Opet, (dy +¢1) —
(3.10)

Onet, (dy +dy + C1))

The variation of Er with ns in the triangular potential well can be expressed
as [16]
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Er — Eg Er —E;
ng = DV, {ln [exp( ) + 1] + In [exp( ) + 1]} (3.11)
Vi Vi
where D = 1.1 x 10 m~=2V ! is the two dimensional density of states
[16] and V, = kT /q is the thermal voltage where k is Boltzmann’s
constant, T is absolute temperature and , g is the charge of the electron. Eo

and E1 are the position of first and second sub-bands, respectively, in
triangular potential well.

The occupancy in second sub-band of 2DEG in the triangular potential well
is not considered because the energy level of E; is higher than Er [19] for
nearly all practical operating voltages as shown in Fig. 3.3 (a) and Fig. 3.3
(b), for all structures. The value of Er, Eo, and E1 for all structures are
calculated by a numerical technique based on (3.9) and (3.11). Ignoring the
occupancy in the second sub-band of the 2DEG in a triangular potential

well, ns is expressed in terms of Er as

1.4 1.4

0.6, d 10 nm
x=0.6,d;=10 nm Structure III-y _
12 _Structure | 025, d oml E 120 0.25,d=20n =
¢,=10 fim 1

) —~
209 209t [| L
~ . N T B
N B O L S U
So06E\TT L2 So06L. \f.
TR BV R )
c < .
L ] I Y

0.3} [P A 03t _~—1)..-:~

== 2 Structure 111 . = "\LZStructure 1V
0.0 * [x 0.45, d—20nmc 10 nm] OO,.--" . [X=IO.45,d1=20lnm]

3 1 -3 -2 -1 0 1
Gate voltage (V) Gate voltage (V)

(a) (b)

Fig. 3.3: Values of Fermi energy and the first two sub-band energy levels

in the triangular potential well for (a) Structures | and Ill, and (b)
Structures Il and V.

Er —E
ng = DV In [exp( FV 0) + 1] (3.12)

t

where Eo=y,(n)?3, and y,=2 x 10712V-m*? is a parameter which is

determined experimentally [16]. Equation (3.9) and (3.12) when solved
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simultaneously gives an expression of ns independent of Er [19]
C 2/3
_ CgV0 V90+Vt[1_1n(ﬁVgon)]—y?° (@)

1 Vol 1+2L .2Y0<C9Vg0)2/3
g0 Vgod 3 q

(3.13)

S

where Cg = E/(dl + dz + Cl)v ﬁ = Cg/(qDVt), VgO = Vg - VOFFi and Vgon

and Vgoq are functions of Vqo given by the interpolation expression [19]
Vng = goax/ ngo + 0(,% (314)

where an = e/f8, and aq = 1/8. The above-discussed derivation process is
generic and can be reduced for the remaining three structures (shown in
Fig. 3.1 (a)) by substituting that layer’s thickness and interface band offset
as zero which is not a part of the structure. The parameters, which are

affected, are Cy4, B, and Vorr. The expression of Vore for structure II,

structure 111, and structure IV are listed in Table 3.2.

Table 3.2 Expression of Vorr for structure 1, structure I11, and structure
(AVA

Structure Expression of Vorr

Vorr = ¢p + AEc, — AE¢

] q
+ E (O-netzdz — Onet, (dl + dz))

q
1 Vorr = ¢p + AEc, — AEc; + . (Unetzcl — Opet, (dy + Cl))

q
v Vorr = ¢p — AEc, — ZUnet1d1

3.3 Results and Discussion

2DEG density (ns) and threshold voltage (Vore) in four different
heterostructures as shown in Fig. 3.1 (a) are investigated for the effects of
variation in layers’ thickness and Mg composition. Each layer thickness
and Mg composition is varied independently while maintaining other
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layers’ parameters constant. Fig. 3.4 (a) compares the ns in structure | and
structure 11 varying the thickness (dz) of modulation layer with different
Mg compositions (y) while keeping barrier layer parameters like Mg
composition (x = 0.6) and thickness (di1 = 10 nm) constant. Fig. 3.4 (a)
shows 2DEG density increasing almost linearly for lower d, for all Mg
compositions, and saturating for higher d> values. The reason for this
observation in structure 1l is the existence of surface donor-like states. In
the literature, these states are widely accepted to be the source of the 2DEG
electrons [32]-[35]. Assuming these donor-like surface states are located
quite deep in the MgyZn1O band gap, they will all be occupied with small
values of dz. As the thickness of the modulation layer increases, the Fermi
energy level at the surface approaches the deep donor level. As the
thickness of the modulation layer is increased further, 2DEG density will
tend to saturate as the Fermi energy level gets pinned by the surface states.
Therefore, variation in layer thickness modulates the effective two-
dimensional density of states (D) participating in the formation of 2DEG.
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Furthermore, it is also observed that, with higher Mg composition in the
modulation layer, greater ns is exhibited for both structures I and I1. This
increase in ns with increasing Mg composition can be attributed to the
enhanced degree of polarization [36]. It is also observed in Fig. 3.4 (a) that
2DEG density in capped structure (structure 1) is lower than 2DEG density
in the structure without a cap layer (structure I1). A reduced ns in structure
| then structure Il is a consequence of the fact that the ZnO cap layer
introduces a negative polarization charge at the cap-modulation interface
which introduces a two-dimensional hole gas (2DHG) at the cap-
modulation interface. This 2DHG absorbs some of the electron coming
from the surface donor states to neutralize the top surface of the
heterostructure causing the ns to decrease [34]. This effect is captured as

the by o,,.¢, Whose value becomes negative as the net polarization charge

in the modulation layer is greater than the cap layer.
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Fig. 3.4 (b) shows the variation of 2DEG as a function of the barrier layer
thickness (d1) of structure | and structure Il for different Mg compositions
(x) of the barrier layer, keeping modulation layer Mg composition and
thickness constant at 0.35 and 10 nm, respectively. In these cases, ns
decreases initially and then saturate. Here, structure Il can be treated as a
special case of bilayer MgxZn1xO/ZnO heterostructure with cap layer
having higher net polarization due to 0.35 Mg composition. This higher net
polarization of the modulation layer forms a 2DEG at the modulation-

barrier interface which gives a positive value of o, in the model. The

decrease in ns with increasing barrier layer thickness can again be attributed
to surface donor states which are present at the top surface of modulation
layer. Initially, the donor states in this specific case are all depleted since
the thickness of modulation layer is 10 nm which is the critical thickness to
deplete all the donor states present at the top surface of modulation layer
for 0.35 Mg composition [32]. Therefore, the 2DEG density is high for
lower barrier layer thickness. When the barrier layer thickness increases,

Er decreases and then saturates.

Fig. 3.4 (c) and Fig. 3.4 (d) shows the variation of threshold voltage Vorr,
which is defined as the voltage, which is required to be applied on the gate
terminal to fully deplete the 2DEG, of structure I and Il with modulation
and barrier layers, respectively. The threshold voltage of structure | is
higher in magnitude in comparison to structure Il. This is because, in
addition to depleting 2DEG density, a barrier layer, and modulation layer,
an additional potential is required to deplete cap layer in structure 1.
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Effect of barrier layer thickness (d1) and Mg composition (x) on 2DEG
density of bilayer structure, without (structure 1V) and with a 10 nm cap
layer (structure I11), is shown in Fig. 3.5 (a). The 2DEG density is seen to
increase linearly for lower barrier layer thickness and saturates for higher
barrier layer thickness. This can also be explained by the existence of the
surface donor-like states, as discussed for structure Il for Fig. 3.4 (a). A
similar trend is also obtained by Tampo et al. [32] for MgZnO/ZnO
heterostructure. This behavior is also as reported by Ibbetson et al. [35] for
AlGaN/GaN heterostructure. Also, the 2DEG density of the capped
structure 111 is lower than structure IV, the reason for which is similar to

the discussion for the structure I in Fig. 3.4 (a).
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Effect of variation of Mg composition (x) of the barrier layer on ns is
evaluated in Fig. 3.5 (b) for the barrier layer thickness of 15 nm, and 30
nm. The value of 2DEG density increases almost linearly with Mg
composition and has a small dependence on the barrier layer thickness. This
is because with the increase of Mg composition in barrier layer the net
polarization sheet charge density at barrier/buffer interface increases
monotonically i.e. oy, increases. A similar trend is also observed in O-
polar or Zn-polar Zn;-xMgxO/Zn0O structures grown by MBE [30], [32].
The calculated ns from the simplified model of the discussed generic model,
for structure 1V, is in good agreement with the experimental data reported
in the literature [20], [32] as can be seen in Fig. 3.5 (a) and Fig. 3.5 (b). The
Vorr of capped structure (structure 11) is higher in magnitude than structure
IV, as shown in Fig. 3.5 (c). The higher magnitude of Voer for higher Mg
composition in layers can be attributed to the additional potential required

to deplete the increased 2DEG density.

Fig. 3.5 (d) shows the variation of 2DEG density as a function of gate
voltage (V;) for structure I and structure 1V. It is observed that for both the
structures, 2DEG density increases with gate voltage because the increase

in gate voltage increases Er, thereby increasing 2DEG density [18].

It should be noted that our model fits experimentally obtained data beyond
10 nm barrier layer thickness with good approximation, but deviates far
from experimental data for below 10 nm. This is due to the fact that the net
polarization sheet charge density difference at the barrier-buffer interface
has been kept constant at 0.029x as was obtained experimentally by Tampo
et al. [32]. However, a lower theoretical value 0.024x (obtained by standard
first-principles approximation) [37] fits experimental data below 10 nm but
deviates for higher thickness values as can be seen in Fig. 3.6. This anomaly
can be attributed to the high strain for the very small thickness of barrier
layer which makes piezoelectric polarization dominant and since
polarization directions of spontaneous and piezoelectric components are
opposite in MgZnO [20], they tend to decrease the net polarization in the
barrier layer. In this work, o(x) = 0.029x — (q/d?)x is proposed as the
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net polarization sheet charge density difference at the barrier-buffer
interface which fits the experimentally obtained data beyond 5 nm barrier

layer thickness with good approximation.
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Fig. 3.6: 2DEG density with varying barrier layer thickness of structure
IV, for theoretical and experimental value of total polarization in the
barrier layer.

A comparative analysis of bilayer (structure 1V) and graded (structure 1)
heterostructures, both without a cap layer, is presented in Fig. 3.7 (a) and
(b). The thickness of modulation layer (d2), with different Mg compositions
(y), of structure Il is varied while keeping barrier layer thickness (10 nm)
and Mg composition (0.6) constant. In structure 1V, barrier layer thickness
(d1) is varied, with different Mg compositions (x). In both structures, ns
increases with increasing Mg composition of barrier and modulation layers.
Also, ns obtained in graded structure for 20 nm modulation layer thickness,
10 nm barrier layer thickness and y = 0.45, x = 0.6 is ( nearly 2.3 times
higher) 2.1x10% cm™ as against to 9.2x10* cm™ in the bilayer structure
with barrier layer thickness as 20 nm and Mg composition as 0.6, as shown
in Fig. 3.7 (a). The enhanced ns comes at the expense of more negative Vorr
which is -14.1 V, at same observation point as for ns, against -4.3 V for
bilayer structure, as shown in Fig. 3.7 (b).
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A less negative Vorr value is desirable because if Vorr is more negative,
higher negative voltage will be required to deplete the 2DEG and turn OFF
the device, which is not suitable in the low power high-frequency circuits.
The general values of Vorr published in the literature for the conventional
bilayer AIGaN/GaN HEMT is in the range of -8 V to -4 V [38]. To attain a
compromise between a high 2DEG density and less negative Vorr voltage,
a graded heterostructure without cap layer and thickness of each layer being
in the range of 10 nm to 15 nm is suggested. This is based on the study of
structure 11, with barrier layer thickness as 10 nm and Mg composition in
the barrier and modulation layers as 0.6 and 0.45, respectively, as the
thickness of modulation layer is varied from 10 nm to 30 nm. The 2DEG
density and Vorr changes from 1.8x10% cmto 2.3x 10 cm2 (~1.3 times)
and -8.1 V to -20 V (~2.5 times), respectively, in 10 nm to 30 nm range
(not shown in the graph). While in 10 nm to 20 nm range the 2DEG density
increases from 1.8x10™ cm? to 2.1x10'% cm? (~1.2 times) but Vorr
changes from -8.1 V to -14.1 V (~1.7 times). Therefore, for lower thickness
region, Vorr remains low in magnitude without much change in the 2DEG
density. An addition of a 10 nm cap layer will demand an additional 0.7 VV
Vorr With a reduction of ~30% 2DEG. Thus, a thinner (< 10 nm) cap layer
may be employed. The proposed model can be used to analyze various

structures, structure optimization, and performance prediction.
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3.4 Conclusion

A physics-based analytical model for generic graded MgZnO/ZnO
heterostructure with cap layer is developed for the calculation of 2DEG
density and Vorr. The generic model can be easily reduced for relatively
simpler structures. Calculated ns values suggest the use of graded MgZnO
layer significantly increases (2.3 times higher) the sheet carrier
concentration in MgZnO/ZnO heterostructure but at the expense of an
increased threshold voltage. A graded structure with a low thickness of
layers is proposed, to achieve a compromise between high 2DEG density
and Vorr, based on the developed model. An alternate expression for net
polarization sheet charge density difference at barrier-buffer interface to
overcome the existing discrepancy with experimental data has also been
suggested. The proposed model will be a useful tool for the design and

optimization of 2DEG and Vorr in ZnO based heterostructures.
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Chapter 4

Fabrication of Au Schottky Contact on MgZnO

4.1 Introduction

As discussed in the previous chapter, the research activities are focused on
ZnO and the alloy of ZnO i.e. MgZnO. ZnO and MgZnO are used as high-
efficiency ultraviolet (UV) photodetectors, sensors, and heterojunction
transistors such as high electron mobility transistors (HEMTSs), which are
further applied in defense applications, secure communications, radio
telescopes, and high speed integrated circuits [1]-[5] due to their wide and
direct band gap and large exciton binding energy. To realize these
applications, the formation of high quality and reliable Schottky metal
contact is one of the first crucial steps. As a typical wide bandgap
semiconductor, MgZnO alloy have attracted increasing interest recently as
a potential candidate for HEMT and detector applications. The fabrication
of Au/MgZnO Schottky contact (SC) is crucial for sensor [6], ultraviolet
(UV) detectors [7]-[9], and high electron mobility transistor (HEMT) [10]
applications. For MgZnO based photodetectors, formation of a good-
quality SC is essential on top of MgzZnO layer [11]. In HEMTSs based on
MgZnO/ZnO heterostructure, in which MgZnO layer acts as the barrier
layer [12], a good quality SC is essential on top of MgZnO layer, which
acts as gate terminal to control the charge in the channel [10]. Formation of
an efficient and reliable SC is one of the most crucial steps towards
technology development and utilizing the potential of wide bandgap
semiconductors for variety of applications.

For MgZnO to be a suitable alternative for HEMT-like applications, it is
necessary for the transistor gate, which is a Schottky contact, to function in
a reliable manner over a wider temperature range especially in lower
ambient temperature as HEMT has applications in space technologies.
Hence, an extensive temperature dependent study on MgZnO based

Schottky contacts is undertaken here.
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A number of techniques such as sol-gel mechanism [13], metal-organic
chemical vapour deposition (MOCVD) [14], pulsed laser deposition (PLD)
[15], molecular beam epitaxy (MBE) [16],and magnetron sputtering [17],
[18] are deployed to grow MZO films. However, dual ion beam sputtering
(DIBS) system is noteworthy to produce high-quality thin films with
reasonably superior compositional stoichiometry, uniformity, and better
film adhesion on larger substrate surface area [19], [20]. Other prime
features of DIBS system are high-quality growth with reduced surface
roughness (0.5 to 3.7 nm) [21] on a larger substrate area, in-situ substrate
pre-cleaning before carrying out growth process, in-situ post-growth
annealing, and better adhesion of film to the substrate [20], [22]. To the
best of authors” knowledge, there have not been any reports available in the
literature regarding an elaborated study on DIBS-grown SC formation on
ZnO-materials. In this chapter, we discuss the formation and
characterization of stable and reliable SC on Mgo.05Zno.9s0O film (MZO)
grown by DIBS system. Previously, a number of pre-contact treatments of
ZnO surface in oxidizing conditions, such as a remote O, plasma [23],
ozone [24], or hydrogen peroxide [25], [26] are reported by researchers to
reduce oxygen vacancies on the top surface of ZnO so that a reliable
Schottky contact is formed. Interestingly, in our case, a reliable and stable
Schottky contact formation is realized without any surface pre-treatments.
In this chapter, we have discussed successful fabrication of efficient,
reliable and stable Schottky metal contact of Au (100 nm) on Mgo.05ZNn0.950
(400 nm), grown on p-Si (111) substrate without any buffer layer by DIBS

system for potential use in UV detectors, sensors and HEMTs.

4.2 Experimental Details

DIBS system, equipped with radio-frequency (RF) deposition ion beam
source and direct-coupled assist ion source, has been deployed to deposit
400 nm MZO film, at 80% oxygen partial pressure (4 standard cubic
centimeters per minute) and 300 °C growth temperature on p-Si (111)
(~resistivity 2.4-3.6 ohm-cm) substrate utilizing a commercial 4-inch
diameter Mgo.0sZno.gs0 target (99.99% pure). The working pressure inside
the DIBS chamber is kept at 2.43x10* mbar. Prior to film deposition, the
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substrate was ultrasonically cleaned in dilute hydrofluoric (HF) acid
solution (HF to water volume ratio ~1:50) following meticulous rinsing in
trichloroethane, acetone, and iso-propanol for 10 minutes each and then
cleaned thoroughly in de-ionized water and subsequently purged by 5N

purity (99.999%) nitrogen gas in order to remove organic contaminants.

For SC formation, 100 nm thick and 12.3816 pm? Au layer, has been grown
on MZO, by using Au sputtering target at room temperature. For ohmic
contact formation, indium contacts are soldered on MZO. The distance
between Schottky and ohmic contacts is measured to be 0.9 mm. The
electrical properties such as resistivity, carrier concentration, and mobility
of MZO film are measured by four-probe Hall-effect measurement
technique deploying the van der pauw configuration. The crystalline phase
and crystal orientations of MZO film are determined by X-Ray diffraction
(XRD) using Rigaku SmartLab system with Cu-Ka radiation (A = 1.54 A).
The temperature dependent current-voltage (I-V) measurements are
performed using 2612A Keithley source meter and Everbeing cryogenic
probe station in the temperature range of 80 K to 300 K. The temperature
dependent capacitance-voltage (C-V) measurements are accomplished with
Hioki 3532-50 LCR Hi-Tester and Everbeing cryogenic probe station in the
temperature range of 80 K to 300 K at 1 MHz. The thickness and roughness
of film is measured by M-2000D J. A. Woollam rotating compensator
spectroscopic ellipsometer. The elemental composition of MZO film is

inspected by Energy Dispersive X-Ray (EDX, Zeiss Supra 55).

4.3 Results and Discussion
4.3.1 Material Characterization

XRD measurement demonstrates that MgZnO film is polycrystalline in
nature with preferred MgZnO crystal orientation in (002) plane at 26 =
~34.4°, which is associated with hexagonal wurtzite structure as shown in
Fig. 4.1. The grain size is calculated as 43.55 nm by Scherrer’s formula
[27]. Resistivity, carrier concentration, and mobility of MZO film are
evaluated to be 0.12 Q-cm, 6.05x10'7 cm™, 85.12 cm?V-1s?, respectively

at room temperature. The thickness and roughness of the MZO film is
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found to be (400 + 0.48) nm and (3.45 + 0.07) nm, respectively. The
elemental composition of the deposited MZO film is confirmed by EDX
measurement. EDX results presented in this paper is actually average
values of the EDX spectra measured at different spatial locations on MZO
sample. These points are taken over a large surface area (100 um x 100
pum) to achieve an accurate chemical composition of MZO films. The
atomic composition obtained from EDX in MZO film are: Mg- 4.66%, Zn-
34.35%, and O- 60.99%. The obtained stoichiometric composition of each
element is in good agreement with the specified composition of the

commercial sputtering target.
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Fig. 4.1: XRD spectrum of MZO on Si.
4.3.2 1-V Characteristics

According to thermionic emission (TE) theory [28], the I-V characteristics

of the Schottky diode are given by equation (4.1).

I = Iy exp <q(V - 1Rs)) [1 — exp (_ q(V — 1Rs)>]

where V is the applied voltage, Rs is the series resistance, n is the ideality
factor, k is the Boltzmann constant and T is the absolute temperature.

Saturation current, lo is given by equation (4.2).

60



_ er2 _ CI¢(1—V)) 4.9
I, = AA'T exp( T (4.2)
where, ¢(;_y is the zero bias or apparent Schottky barrier height (SBH),
A" is the Richardson constant (theoretical value of A" is 32 A.cm.K (for
m” = 0.27me)) for electrons in n-type ZnO and A is the effective Schottky

contact area.

Fig. 4.2 (a) shows the forward and reverse I-V characteristics of Au/MZO
Schottky diode, measured in the temperature range of 80-300 K in step of
20 K. Inset in Fig. 4.2 (a) shows the vertical cross-sectional schematic of
the device. The diode has exhibited a good quality rectifying behavior and
temperature-dependent current characteristics. The forward bias current
displays an exponential increment with increasing bias voltage while
reverse bias current shows relatively weaker voltage dependence. It is
observed from the I-V curve that reverse saturation current decreases with
decreasing temperature, which is in agreement to the predictions from TE
theory. The value of experimentally obtained saturation current (lo) is
derived from the y-axis intercept of the linear portion of In(l) versus V and
ideality factor (n) is obtained from the slope of the forward bias In(l)-V, for
V > 3kT/q and is given by equation (4.3) [28].

_q dv
7= 7z N

The values for ¢(;_ are obtained using equation (4.2) and experimentally
obtained values of lo at various temperature. The value of ¢_yy and 7
varies from 0.16 to 0.67 eV and 9.52 to 1.98, respectively, when
temperature changes from 80 to 300 K. Different parameters obtained from
the analysis of 1-V measurement of Au/MZO in 80-300 K is listed in Table
4.1.

The temperature-dependent n and ¢, _y) are shown in Fig. 4.2 (b). As
shown in Fig. 4.2 (b), the value of n decreases while apparent barrier height,
¢ -y increases at approximately 2.27 meV/K with increasing ambient

temperature within the range 80 to 300 K. The obtained results are in good
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agreement with earlier reports by Asghar et al. [16]. In earlier reports, the
non-ideal behavior of n and SBH have been attributed to various current
conduction mechanisms apart from TE at the Schottky interface. Barrier
tunneling and generation-recombination in depletion region are some of the
mechanisms mostly referred to address such anomalous temperature-

dependent behavior of n and SBH.

Table 4.1 Experimentally obtained parameters from I-V measurements of
Au/MZO over the temperature range of 80-300 K.

Temperature,  Reverse  Apparent Ideality Rectification

saturation  Schottky  factor, ratio,

T (K) current, barrier

height, n Fat15vVv
lo (LA) R
bu-v)
(eV)

80 1.16 0.16 9.52 34.38
100 1.25 0.21 8.48 22.42
120 1.39 0.25 6.63 22.10
140 1.72 0.30 6.38 21.38
160 1.84 0.34 4.97 19.26
180 1.87 0.39 4.81 24.25
200 1.85 0.43 4.20 23.63
220 1.87 0.48 3.31 22.69
240 2.06 0.53 3.17 21.70
260 2.25 0.57 2.54 20.68
280 2.13 0.62 2.37 19.70
300 2.36 0.67 1.98 18.40

Werner and Giittler [29] has attributed the non-idealities of SBH to BH
inhomogeneities. BH inhomogeneity can be caused due to a number of
factors including non-uniform metal thickness, interface layer composition,

grain boundaries etc. Moreover, it was suspected that the localization of
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electric field in certain patches might contribute to a lateral reduction of

SBH [30]. By the ballistic electron emission microscopy investigations, it

has been demonstrated that the metal-semiconductor (MS) interface has an

inhomogeneous area consisting of patches of relatively lower or higher

values of BH with respect to the mean value of BH [31]. Tung [32] and

Sullivan et al. [33] has proposed a modified TE theory of patchy Schottky

barriers for explaining SBH inhomogeneities at MS interface.
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Fig. 4.2: (a) Semi-log I-V plots of Au/MZO Schottky diode in the
temperature range of 80-300 K. Inset shows schematic structure of

Schottky diode. (b) Effect of measurement temperature on ideality

factor and barrier height of Schottky diode with analytical DGD

fitting the experimentally obtained SBH. (c) Zero-bias apparent
barrier height versus 1/2KkT curve of Au/MZO Schottky diode fitted by
a DGD (red broken line) of SBH at MS interface.
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Song et al. [30] introduced a model for current in low and moderate
temperatures by considering a Gaussian distribution (GD) of BH [34], [35].
This model assumes the MS interface of a Schottky barrier to be comprising
of a number of parallel diodes with different BHs and every patch could
contribute independently to the total flow of current. Then, a normalized
GD function f(¢;-yy) for BH inhomogeneity, provided };; §;,=1, can be

written as in equation (4.4).

N
8; bu-vyi — Pu-v)
_ = E exp|— (4.4)
(@a-v) = ooV 21 P 20,

where §;, op; and ¢ _yy; represent weight, standard deviation, and the
mean value of i GD of BH, respectively. It was pointed out by Tung [32]
that if the SC patch with lower BH has lateral dimensions comparable to
the depletion width of MS junction then depending on such local lateral
barrier patches, applied bias voltage, and temperature of operation, SC may
get pinched-off. The current across an MS interface with BH
inhomogeneities actually flows through these patches following equation
(4.1) with different values of temperature-dependent ¢;_yy; and 7. The
temperature-dependent ¢ ;_» for an inhomogeneous Schottky barrier with

multiple GD is given in equation (4.5) [36]-[38].

qba-vyi 1 (CIUOi)Z] (4.5)

2 \kT

kT i(g
bu-vy) = q n. 1 i €Xp KT )
i=

For single BH (SBH) patch (N=1) with inhomogeneous barrier distribution

of gy, equation (4.5) can be represented by equation (4.6).

2
4001

= 170 4.6
bu-vy = da-vn kT (4.6)

The plot of ¢(;_y versus (2kT)L, as per equation (4.6), should have been a
straight line curve with a slope of 2, and intercept of ¢a-v)1- However,

the experimentally obtained temperature-dependent characteristics of

¢-v), as in Fig. 4.2 (c), does not correspond to SBH condition; instead it

64



represented two separate straight line curves with a transition at 160 K. This
signifies the presence of a double Gaussian distribution (DGD) of BH at
Schottky interface [34], [38], [39], which can be mathematically
represented as in equation (4.7).

qbu-vn _1 (CI001)2>

_le [6 (
Pu-n = injorexp = =5 (Gp

qPa-vy2 1 1qop2\?
+62€Xp< kT _E(kT) )]

(4.7)

The red broken line with two different values of slope and intercept,
designated as region | and Il as in Fig. 4.2 (c), is the theoretically obtained
¢ -y With fitting parameters of 6;= 0.925, ¢_y);= 0.95 eV and oy, =
0.131 eV for 160-300 K and 6,= 0.075, ¢;_y),= 0.54 eV and gy,= 0.072
eV for 80-160 K and is fitted with experimentally obtained ¢_y,). The
perfect correlation of the theoretical approach with the experimental
results, as in Fig. 4.2 (c), indicates that the DGD model can precisely
describe the BH inhomogeneity for our Au/MZO device. Experimentally
obtained temperature-dependent ¢, and the corresponding DGD fitting
curve are displayed in Fig. 4.2 (b).

A high value of weight, §, (> 0.9) for region I, as in Fig. 4.2 (c), shows the
dominance of SC patches with comparatively larger values of BH at MS
interface. Moreover, a high value of standard deviation (0.131 eV, which is
deviated by 10% as compared to the value of ¢_y);) for region I
represents the presence of high SBH inhomogeneity at Schottky interface.
This larger inhomogeneity is associated with the surface interface traps
induced by the chemical reaction between Au and MZO during the
formation of SC. Such defects trigger the formation of a large density of
interface states, which are continuously distributed within the band gap
energy and cause leakage currents to flow across the device. Since, the
grain size, as observed by XRD, is ~43.55 nm, grain boundaries may also
contribute to trap states. Moreover, bulk defects in films may also induce
trap states, which on the other hand, may have some impact on the Schottky

barrier in wide band gap semiconductors [40].
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However, in this work, it is observed that ¢, _, < ¢._, (Apparent Schottky
barrier height from C-V measurements), which is discussed in detail in later
section. This observation suggests that bulk defects have no significant
contribution in electrical performance of SC formed [40]. The carrier
trapping defect states introduced by grain boundaries are significantly
smaller in number compared to carrier-trapping defect states introduced by
bulk defects in MZO film and thus the effect of grain boundaries does not

play a significant role in this case [41], [42].

Table 4.2 Comparison of n and ¢;_y at room temperature with

corresponding reported values in literature.

This Ref. Ref. Ref. Ref. Ref.

Parameter = [43] [16] [44] [45] [46]

Ideality
factor (n)  1.98 4.56 2.15 1.84 2.36 1.82

Apparent
Schottky
barrier
height
(ba-v))
(eV)

0.67 0.48 0.6 0.79 0.67 0.61

Schottky  Au Au Au Au Au Au
junction  MZO MgZnO Zn0 Zn0O MgZnO  ZnO

Deposition Hydrot
method DIBS MOCVD MBE hermal PLD MOCVD

Table 4.2 shows the comparative study of obtained values of n and ¢;_y,
from DIBS-grown Schottky diode with the corresponding values of diode,
as reported in literature. The values of ideality factor and barrier height of
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Au/MZO Schottky contact fabricated by DIBS is found to be comparable
and in some cases better than those from Schottky junctions formed by
MOCVD, PLD, MBE, and hydrothermal processes [16], [43]-[46].

It should be noted that in the analysis of SC, the doping (i.e. charge carrier)
concentration and Mg composition in MZO film are kept constant.
However, researchers have reported the variation of n and ¢_y with
doping level and Mg composition. Brillson et al [41] have reported that the
value of ideality factor increases and Schottky barrier height decreases with
an increase in native defects in MgZnO. The increase in native defect
implies an increase in electron concentration in MgZnO [42]. The increase
in carrier concentration is attributed to the tunnelling effect which, in turn,
decreases the Schottky barrier height and increases the ideality factor. The
values of ¢;_yy and n are observed to decline when Mg composition (x) in
MgxZn1xO is changed from 0-5% [9]. However, Wenckstern et al [47] have

reported random variation of ¢;_yy and n with Mg composition.

In order to comprehend the barrier inhomogeneity variation at
metal/semiconductor interface temperature dependent investigation is
necessary [48]. The performance and reliability of Schottky-based devices
is governed by the density of interface states as well as the distribution of
such states [49] and thus, it is discussed in the later section.

4.3.3 C-V Characteristics

The C-V measurements of Au/MZO Schottky diode has been carried out to
determine the quality of metal-semiconductor interface as well as barrier
height. Fig. 4.3 (a) represents the experimental reverse bias C2-V
characteristics of the Schottky contact over the temperature range of 80—
300 K. The metal-semiconductor junction capacitances are measured at 1
MHz operating frequency. In Schottky diodes, the depletion layer

capacitance is expressed as in equation (4.8) [50].
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where Np, A, and € are ionized donar concentration, area of the Schottky
contact, and permittivity of the semiconductor (e5 =8.8¢,, €, IS
permittivity of free-space), respectively. The x-axis intercept of the C2-V
plot gives the diffusion potential (Vo) and it is related to the built-in
potential (Vi) as:

Ve =Vo + 7 (4.9)

The Apparent Schottky barrier height from C-V measurements (¢c_y)

thus can be calculated using:

Nc

KT
bicovy = Vi + 71n( ) — Ay, (4.10)

Where, Nc is the density of states in conduction band:

3
NC _ (27‘[77’1 kT)Z (411)

hZ

where m” is the effective mass of electron (m”=0.27mo), Mo is the rest mass

of electron and A¢,, is the image force barrier lowering:

N =

Ay = ("Em) (4.12)

4‘7TES

where Em is maximum electric field and is given as:

1
2

_ (%a%Np (4.13)
Em _< Ameg )

In Table 4.3, values of experimentally determined diffusion potential (Vo),

built-in potential (Vbi), image force barrier lowering (A¢,) and SBH
(¢ c-v)) are listed.
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Table 4.3 Experimentally obtained parameters from C-V measurements of
AU/MZO over the temperature range of 80-300 K.

Temperature, Diffusion  Built-in Imggfrif:rrce ggﬁg{tir;
T(K) plcl)(fe(r;t\lla)l, Fi?;e?;{?;’ lowering, barrier height,
Agy (eV) dc-v) (V)
80 1.98 1.99 0.0121 2.02
100 1.90 1.91 0.0121 1.95
120 1.70 1.71 0.0119 1.77
140 1.56 1.57 0.0117 1.64
160 1.46 1.47 0.0116 1.56
180 1.35 1.37 0.0115 1.46
200 1.23 1.25 0.0113 1.36
220 1.09 1.11 0.0111 1.24
240 1.00 1.02 0.0109 1.16
260 0.90 0.92 0.0108 1.08
280 0.81 0.83 0.0106 1.00
300 0.69 0.71 0.0103 0.90

As demonstrated in Fig. 4.3 (b), ¢c-v) reduces with the corresponding rise
in measurement temperature. The temperature dependence of ¢_y) can

be expressed as [29]
bc-v) = bc-v)(0K) +aT (4.14)

where ¢c_yy (0 K) is the barrier height extrapolated to 0 K and « is the

temperature coefficient of the barrier height.
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Fig. 4.3: (a) C? vs. V characteristics of Au/MZO Schottky diode in the
temperature range of 80-300 K. (b) ¢_y) Vvs. measurement

temperature for Au/MZO Schottky contact.

From the linear fitting of experimental ¢ _, data shown in Fig. 4.3 (b),
the ¢c—v) (0 K) and « are evaluated to be 2.30 eV and -4.68x10 eVK™,
respectively. The temperature dependence of the barrier height follows the
temperature dependence of the band gap of MZO. This is due to the
decrease in barrier height (BH) with increasing temperature associated with
the shrinking of the band gap of MZO at higher temperature [51], [52]. The
values of BH obtained from temperature dependent C-V (C-V-T)
measurements are larger than those obtained from temperature dependent
I-V (I-V-T) measurements. The reason for this discrepancy is that current
in the 1-V measurement is dominated by the current component which flows
through the region of low SBH, and thus the measured I-V SBH is
significantly lower than the weighted arithmetic average of the SBHs of
different SB patches present at MS interface. On the other hand, SBH
measured from the C-V is influenced by the distribution of charges at the
depletion region boundary and this charge distribution follows the weighted
arithmetic average of the SBHs [29].
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4.3.4 Interface States

Fig. 4.4 (a) shows a schematic description of interface states present at the
interface of Au/MZO. The evaluation of the interface states density (Nss)
and relative interfacial layer thickness (&) can be performed using the
method described by Card and Rhoderick [28] and Kolnik and Ozvold [53].
The energy of the interface states (Ess) with respect to the bottom of the
conduction band (Ec) at the surface of an n-type MZO is given by [54]-
[59]:

Ec —Ess = q(¢e — V) (4.15)

where ¢, is the effective barrier height, and V is applied bias voltage. The

voltage dependence of the effective barrier height (¢, ) is expressed as [60]:

1
b= dicn +(1-7) = 1R) (416)

For MS junction having interface states in equilibrium with the
semiconductor, the ideality factor (n) becomes greater than unity, as

proposed by Card and Rhoderick [28], and is given by [60]:

d /€
=1+ (W + qNys) (4.17)

The value of Nss can be obtained by using equation (4.17).
Neg =~ [61'( 1) - 4.18
ss = qls n W (4.18)

where W is the space charge width and e, and ¢; are the permittivities of
the semiconductor and the interfacial layer, respectively. The space charge

width W that can be written as:

_ &A
—c()

(4.19)

The value of §/¢; is determined by [53], [61].
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The interfacial layer thickness (&) is evaluated using the interfacial layer

permittivity, €; = 4¢, [62] and 3, which is the slope of the reverse bias I-
V curve and is given by [63]:

g = (k_T) d(Inl)

(4.21)
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Fig. 4.4: (a) Energy band diagram of the Au/MZO interface at 300 K,
(b) energy distribution profiles of interface states obtained from the
forward bias 1-V characteristics of Schottky diode in the temperature
range of 80-300 K.

Equations (4.15) - (4.21), along with the forward and reverse bias I-V
characteristics are used to determine the interface states density (Nss) as a
function of difference of energy of interface states (Ess) from the bottom of
conduction band (Ec). Fig. 4.4 (b) demonstrates interface state density
distribution profiles measured at 20 K interval in the temperature range of
80-300 K. As can be observed in Fig. 4.4 (b), the value of Nss decreases
with the increasing values of (Ec-Ess) at each measured temperature. The
temperature-dependent variation of interface state density at the Schottky
junction is noticed to follow that of temperature-dependent ideality factor,
as observed in Fig. 4.2 (b) [28]. The value of interface state density
measured at 300 K, varies from 6.46x10'* eV-icm? at Ec-0.27 eV to
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1.58x10* eV-lecm™ at Ec-0.74 eV. Aydogan et al. have reported a value of
1.73%10%* eV-lecm? for Au/ZnO Schottky diode [64]. Kim et al. have
reported the interface state density has changed from 1.72x10'3 eV-lcm™
at Ec-0.32 eV to 1.68x10'? eV-lcm™ at Ec-0.54 eV for Ag/ZnO Schottky
diode [65]. Our reported values of Nss from DIBS-grown SC are
comparable to those obtained by Aydogan et al [64].

4.4 Conclusion

We have realized Au/MZO Schottky contact fabricated using DIBS system.
A thorough electrical characterization is performed to obtain (or extract)
various parameters of a Schottky contact. The values of barrier height and
ideality factor of Schottky junction formed using DIBS are found to be
comparable and in some cases better than those obtained from SC as
fabricated by other traditional fabrication processes. Temperature
dependent study for the SC is undertaken to ascertain causes for deviation
of I-V and C-V characteristics from their ideal behavior. Numerical
calculations reveal that with increasing measurement temperature, the
barrier height increases and ideality factor decreases, as evaluated from I-
V measurements. This anomalous temperature dependence of the barrier
height and ideality factor can be associated with the nature of
inhomogeneous Schottky barrier consisting of a combination of low and
high barrier patches. Temperature-dependent SBH describes a DGD with
mean apparent barrier heights of 0.95 and 0.54 eV and standard deviations
of 0.131 and 0.074 eV in the temperature range of 160-300 K and 80-160
K, respectively. The larger value of SBH inhomogeneity is attributed to
interface states at MS junction. The interface state density at 300 K varies
from 6.46x10 eV-lem™ at Ec-0.27 eV to 1.58x10% eV-lcm2 at Ec-0.74
eV. Thus, it is concluded that the presence of barrier inhomogeneity and
interface state density is the main reason for deviation of Schottky junction

characteristics from its ideal behavior.
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Chapter 5

Realization of 2DEG in MgZn(O/ZnO Heterostructures

5.1 Introduction

In the previous chapters, it has been discussed that due to lower lattice
mismatch and higher conduction band offset for MgZnO/ZnO
heterostructures, MgZnO/ZnO material system is considered as promising
candidate for two-dimensional electron gas (2DEG) density and its
applications in heterostructure field-effect transistors (HFETS) [1]-[6]. By
alloying MgO in ZnO, the energy band gap and degree of polarization can
be fine-tuned in MgxZn1xO [7]. 2DEG formation in single-crystalline
MgZnO/ZnO systems has been reported in many published literatures [2],
[3], [7], [8], however, report on such 2DEG formation in polycrystalline
MgZnO/ZnO system is limited [2], [3]. It is reported that the polarization
effect induces large amount of sheet carrier concentration and, thereby,
significantly enhances the electrical conductance of high-quality single
crystalline or polycrystalline systems. However, such enhancement in
conductance is mostly demonstrated by molecular beam epitaxy (MBE)
[1], pulsed-laser deposition (PLD) [8], or metal organic vapor phase
epitaxy (MOVPE) [9], which are not suitable for low-cost, large-area
electronic applications.

This work investigates formation of 2DEG in bilayer and capped
MgZnO/ZnO heterostructures, deposited by dual ion beam sputtering
(DIBS) system. To the best of our knowledge, there have not been any
reports available in the literature regarding an elaborate study on DIBS-
grown 2DEG formation in MgZnO/ZnO material system.
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5.2 Experimental Details

As shown in Fig. 5.1 (a) and (b), firstly, a ZnO buffer layer of 1 um
thickness was deposited on Si (100) substrate. Subsequently, MgxZn1xO (x
=5, 15, 20, and 30 at. %) barrier layers were deposited to form bilayer
heterostructures with constant barrier layer thickness (d) of 30 nm, to study
the effect of Mg composition (x) on sheet carrier concentration (ns). A
perfect wurtzite crystalline MgxZn1xO alloy could be formed up to x = 30
at.% [10]. Thus, in our work, the variation of Mg composition is considered
up to 30 at.%. Afterwards, a ZnO cap layer of 10 nm thickness (c) was
deposited over bilayer heterostructures. To study the effect of variation of
thickness of barrier and cap layer on ns, bilayer heterostructures with
different barrier layer thicknesses were grown (d = 5-40 nm and x = 0.3)
and capped heterostructures with different ZnO cap layer thicknesses (c =

5-50 nm, d = 30 nm, and x = 0.3) were grown.

Constant substrate temperature of 300 °C, beam voltage of 800 V,
deposition ion beam power of 44 W and working pressure inside the DIBS
chamber of 2.43x10™* mbar were maintained for all film depositions. The
growth environment was oxygen rich (O2: Ar = 3:2) with oxygen flow rate
of 3 sccm (standard cubic centimeter per minute). The commercially
available MgzZnO and ZnO sputtering targets were utilized to deposit
different layers. Prior to film deposition, in order to remove organic
contaminants and native oxide, Si substrate was cleaned, details of which
was described in chapter 4 section 4.2. To perform C-V characterization, a
100 nm thick and 0.5 mm? Pt layer was grown on 30 nm thick MgZnO layer
(x = 0.3) in bilayer heterostructure and 10 nm thick ZnO layer (d = 30 nm
and x = 0.3) in capped heterostructure, by sputtering a Pt target at room
temperature by DC sputtering. Indium ohmic contacts were deposited at
400 °C on the top surface of both the heterostructures. The lateral distance
between rectifying (Pt) and ohmic (In) contacts was 1 mm for both

heterostructures.
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Fig. 5.1: Schematics of (a) bilayer and (b) capped heterostructures with
indium contacts on top. Arrow mark shows the direction of spontaneous
(Psp) and piezoelectric (Ppe) polarization in different layers. (c) XRD
pattern of ZnO (buffer) layer on Si (100) substrate. All peaks are indexed
according to JCPDS card no. 36-1451. (d) Cross-sectional HRTEM
image of Mgo.2Zno.sO/Zn0O. Top left inset shows the magnified image of
the hetero-interface of Mgo.2Znos0/Zn0O and bottom left inset shows the

corresponding SAED pattern.

Sheet resistivity, sheet carrier concentration, and mobility of the as-grown
heterostructures were measured by Hall-effect measurement using van der
pauw configuration. The crystalline phase and crystal orientations of ZnO
(buffer layer) film were determined by X-ray diffraction (XRD) technique
using Rigaku Smart Lab system with Cu-Ka radiation (A = 1.54 A). The
quality of material interface at MgZnO/ZnO was investigated by high-
resolution transmission electron microscopy (HRTEM) measurements
using TEM: JEOL, JEM-2010; EDX+STEM: Hitachi, HD2300A. The C-V

measurements were accomplished with a Hioki 3532-50 LCR Hi-Tester
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and an Everbeing cryogenic probe station at 300 K and at 1 MHz. The
thickness of all the layers were estimated by average deposition rate. The
Mg composition in the MgZnO films were investigated by energy
dispersive X-Ray (EDX, Zeiss Supra 55) and is found to be approximately
same (x 10 % variation) as the Mg composition in the commercially

available MgZnO targets.

5.3 Results and Discussion

Fig. 5.1 (c) shows XRD pattern of ZnO film, suggesting the formation of
wurtzite crystal which is highly oriented in c-axis or <002>
crystallographic direction on the Si (100) substrate. Fig. 5.1 (d) shows the
cross-sectional HRTEM image for Mgo.2Zno.sO/Zn0O heterostructure (d =
30 nm). The image clearly demonstrates the Mgo.2ZnogO layer with an
abrupt interface to the ZnO layer. HRTEM measurements also confirm high
crystal quality of heterojunction interface and flatness of ZnO buffer layer.
Inset of Fig. 5.1 (d) shows the selected area electron diffraction (SAED)
pattern of the ZnO buffer layer, which could be attributed to the pattern
observed from [1210] axis of wurtzite crystal [11]. This result is consistent
with the XRD pattern discussed above, which also confirms the formation
of c-axis oriented high quality wurtzite crystal of the ZnO buffer layer on
the Si (100) substrate. Owing to the high crystalline quality of ZnO buffer

layer, 2DEG formation is observed in our DIBS-grown heterostructures [2].

Fig. 5.2 (a) shows ns of bilayer and capped heterostructures as a function of
Mg composition in barrier layer at room temperature (RT). The value of ns
is found to increase with Mg composition for both the heterostructures,
attaining values of 1.11x10' cm? and 1.13x10' cm™ for x = 0.3 for
bilayer and capped heterostructure, respectively from ~5x10% cm for bare
ZnO. The increase in ns of both the heterostructures are attributed to the
creation of a 2DEG at barrier-buffer interface. The monotonic increase in
ns with x in bilayer heterostructure is due to the enhancement in the degree

of polarization in barrier layer, which introduces more carriers at the
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MgZnO/Zn0O interface. The value of ns in as-grown heterostructures is ~10
times larger in magnitude than that grown by radical source MBE [7]. This
is probably due to the high defect density [2] or high fixed positive interface
states charge, contributing more carriers to the interface. Delagebeaudeuf
et al. [12] also suggested in their analytical model for the estimation of n;,
a provision of interface states charge for defect prone interface. Therefore,
interface states charge can be a probable cause for such high nsin our
sputtered samples. Similar observations are reported in MgZnO/ZnO
heterostructures grown by radio frequency (RF) sputtering [2], [3], [13] and
pulsed laser deposition (PLD) [8].

Further, the slightly enhanced value of ns in capped heterostructure
compared to bilayer heterostructures can be attributed to the piezoelectric
polarization in ZnO cap layer which is tensile in nature, unlike that in GaN
cap layer [9], [14]. In case of ZnO cap layer in MgZnO/ZnO
heterostructure, the cap layer introduces a positive polarization charge at
the cap-barrier interface, resulting in a reduced electric field in MgZnO and
therefore increases ns [15]. The orientation of spontaneous (Psp) and
piezoelectric (Ppe) polarizations in different layers in heterostructures is
depicted in Fig. 5.1 (a-b).

The inset of Fig. 5.2 (a) shows the generic conduction energy band diagram
of bilayer and capped heterostructures in which ¢y, is the bare surface
barrier height, Er is the Fermi energy level with respect to the bottom of
the conduction band at the MgZnO/ZnO interface, and AEc: and AEc; are
conduction band offsets at barrier-buffer and cap-barrier interfaces,
respectively. As the Mg composition in MgZnO increase the AEc: increases
for both the heterostructures which deepens the triangular potential well
formed at barrier-buffer interface where 2DEG electrons are captured [16],
[17]. With the deepening of the triangular potential well the number of 2D
density of states involved in the formation of 2DEG increases enhancing
the ns. The depth of triangular potential well is further increased in capped

heterostructures due to tensile strain in ZnO cap layer.
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Fig. 5.2: The variation of (a) nsand (b) mobility in bilayer and capped
heterostructures with different Mg composition in barrier layer at room
temperature. Insets in figure (a) shows the generic representation of
conduction energy band diagrams of bilayer (left) and capped (right)
heterostructures. The dependence of ns and mobility as a function of (c)
barrier layer thickness and (d) cap layer thickness. Insets in figures (c)
and (d) show the device structure and the double headed arrows indicate
the layer whose thickness is varied. The y-error bar depicts the average

deviation in Hall measurements.

Fig. 5.2 (b) shows the mobility of charge carriers in 2DEG, in bilayer and
capped heterostructures, for different Mg compositions in barrier layer at
RT. The value of mobility increases from 16.45 to 28.13 cm2.V1s? for
bilayer heterostructure with the corresponding increase in Mg composition
from 5 to 30 at. % in barrier layer as compared to the mobility value of ~1.8
cm?.V-1.s? for bare buffer ZnO. The increase in mobility with increase in

Mg composition is ascribed to the enhancement of screening effects and
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the suppression of alloy scattering due to very large conduction band offset
[18], [19] (AE,) similar to that observed for AIGaN/GaN heterostructures
[20]. The mobility value in capped heterostructures is slightly higher in
magnitude than that observed in case of its bilayer counterpart. Also, the
value of mobility of the capped heterostructures show little variation with
change in Mg composition. The possible reasons for these are the
simultaneous enhancement of screening effect due to increase in Mg
composition and suppression of optical phonon scattering due to addition
of ZnO cap layer. At the MgZnO/Zn0 interface, only first energy sub-band
is filled and other higher sub-bands are empty, as shown in our previous
simulation work [16]. Thus, only the intra-sub-band scattering within the
first sub-band is important in the polar optical phonon scattering
mechanism. Within this regime, increase in 2DEG density leads to increase
in mobility. This effect can be related to the screening effect of longitudinal
optical phonon scattering. It should also be mentioned that screening effects
can have significant effect on intra-sub-band polar optical scattering,
whereas the inter-sub-band scattering rates are virtually unaffected by

screening effects [21].

In general, the value of the 2DEG mobility depends on different scattering
mechanisms. The main scattering mechanisms governing the 2DEG
mobility are acoustic deformation potential, piezoelectric, polar optic
phonon, alloy disorder, interface roughness, dislocation, and remote
modulation doping [17], [22]. If a clearer understanding of roles of different
scattering mechanisms on mobility is required, that can be done by fitting
the experimental value of mobility with the mobility value due to each
scattering mechanism. This type of fitting requires detailed analysis and
development of analytical model of mobility, which is beyond the scope of
present work and thus cannot be discussed here. A comparative analysis of
values of ns and mobility in Mgo2ZnosO/ZnO bilayer heterostructures
grown by different deposition techniques is presented in Table 5.1. It is
observed that value of ns in our work is comparable to that in
heterostructures grown by RF sputtering [2] and PLD [8] and higher than
those reported by MBE [7]. The value of mobility of reported here is
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comparable to RF sputtering and PLD, however, an order lower as

compared to that realized in MBE growth.

Table 5.1 Comparative analysis of sheet carrier concentration and
mobility at room temperature for Mgo.2Zno.sO/Zn0O bilayer heterostructure

with corresponding reported values in literature.

This
Parameters work Ref. [2] Ref. [7] Ref. [8]
Sheet Carrier
Concentration x10% 8.19 8.68 0.43 11.7
(cm)
Mobility (cm?/V.s) 27.73 26.68 249.01 32.14
Deposition Technique DIBS RF MBE PLD

sputtering

Fig. 5.2 (c) shows the variation of ns and mobility as a function of barrier
layer thickness for x = 0.3 in bilayer heterostructure. The value of ns
increases with increasing barrier layer thickness from 1.85x10™ cm at 5
nm to 1.11x10%* cm2at 30 nm and saturates beyond 30 nm. The trend of
variation of mobility follows the inverse relationship with that of ns because
as the ns increases, the cumulative scattering increases which reduces the
mobility. The saturation behavior of ns with barrier layer thickness is due
to the presence of ionized donor like surface states present at the top surface
of MgzZnO layer for the formation of 2DEG [7], [23]. Similar trends were
observed for MgZnO/ZnO system by Tampo et al [7] and for AlGaN/GaN
heterostructure by Ibbetson et al [23]. Fig. 5.2 (d) shows the change in ns
and mobility as a function of ZnO cap layer thickness for a fixed barrier
layer x = 0.3 and d = 30 nm in capped heterostructures. The value of ns
decreases with increase of cap layer thickness from 1.65x10* cm at 5 nm
to 6.80x 10 cm for 50 nm thick ZnO cap layer. Mobility increases from
25 cm2V1lst at 5 nm to 78 cm?.V1lst at 50 nm due to suppressed
scattering of carriers with decreased density. The decrease in ns with cap

layer thickness might be due to the reduction of piezoelectric polarization
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in cap layer with increasing cap layer thickness [16]. Similar reduction in
ns is also observed in GaN/AIGaN/GaN material system [15], [21].
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Fig. 5.3: (a) C-V measurement for MgZnO/ZnO and ZnO/MgZnO/ZnO
heterostructures. The inset shows the C-V measurement data for both
heterostructures. (b) Temperature dependence of sheet carrier
concentration of Mgo3Zno70/ZnO heterostructure with Mgo.3Zno7O
barrier layer thickness of ~30 nm. The inset shows the temperature
dependence of Hall mobility and sheet resistance.

Fig. 5.3 (a) shows C-V measurement for a bilayer and capped
heterostructures, with x = 0.3, d = 30 nm, and ¢ = 10 nm. The carrier
concentrations in MgZnO barrier layer was estimated to be ~2x10% cm™=,
The peak in carrier concentration at 30 nm for bilayer heterostructure and
40 nm for capped heterostructure from the barrier layer surface and cap
layer surface, respectively confirms the confinement of electrons at the
barrier-buffer interface and therefore, suggest formation of 2DEG. The
equation used for the extraction of carrier concentration (Nc-v) from C-V

measurement is as follows [24]:

Ne_y(W) =

- - 5.1
qksegA? [d(l/CZ)/dv] (5.1)
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The depth dependency of Nc.v can be determined from the measured

capacitance, C

(5.2)

where W, kg, €y, A, q, and V are distance from surface, relative dielectric
constant, permittivity of free space, area of Schottky contact, elementary
charge, and applied voltage, respectively. A similar method of extraction
for Nc.v is also used for AlIGaN/GaN heterostructure [25] and inverse
MgZnO/ZnO heterostructure [26]. The carrier concentration was calculated
assuming the relative dielectric constants of MgZnO and ZnO to be the
same at 8.75 [9].

To further validate that the charges are indeed two-dimensional, we
perform low temperature Hall measurement to obtain variation in ns,
mobility, and sheet resistance as a function of temperature. Fig. 5.3 (b)
shows the temperature dependence of ns. It can be observed that the ns is
almost constant in the entire temperature range from 5 K to 300 K. More
data points at lower temperature range are taken to check whether the
carriers are frozen. The carriers are observed not to freeze at lower
temperature indicating that the carriers have actually originated from the
MgZnO/ZnO interface and not from thermal activation of bulk donors of
ZnO and MgznO [3], [7], [27], [28], which confirms the formation of
2DEG. A slight increase in ns beyond 120 K, however, is due to the
contribution of some thermally activated shallow donors in bulk ZnO and
MgZzZnO layers. Similar increase of ns is also reported for MgZnO/ZnO
heterostructures [27], [29]. The possible shallow donors in our samples
may be zinc interstitial (Zni), as reported by Look et al [30] having
activation energy of about 25-30 meV in ZnO or Hydrogen as suggested
elsewhere [31]. The inset of Fig. 5.3 (b) shows the temperature dependence
of sheet resistance (Rs) and mobility. As observed in the figure, the sheet
resistance changes from 3.8 KQ to 2 KQ for the corresponding change of

temperature from 5 to 300 K. At low temperatures (T < 120 K), the carrier
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concentration and mobility are constant which result in almost constant
sheet resistance implying a metal-like behavior [28]. The observation of
metal-like behavior further confirms the formation 2DEG. In our case, the
resistance slightly decreases with increase in temperature because at higher
temperature apart from 2DEG, some thermally excited electrons also
participate in the conduction as confirmed in the above discussion. Our
sample also shows a temperature independent trend on carrier mobility,
which is related to surface roughness scattering of 2DEG at MgZn0O/ZnO
interface [32].

5.4 Conclusion

ZnO based 2DEG yielding heterostructures, with MgZnO as barrier layer,
were fabricated by DIBS system and probed for variation of ns and mobility
as a function of Mg composition in barrier layer, barrier layer thickness,
and cap layer thickness. XRD and HRTEM results show high crystallinity
of the buffer ZnO and flat and uniform heterointerface, which is essential
for the formation of 2DEG. The values of ns is observed to increase with
the corresponding rise in Mg composition for both bilayer and capped
structures. At x = 0.3, for bilayer structure, the values of ns and mobility are
1.11x10% cm and 28.13 cm?/V.s, respectively at RT. The observed ns
saturates at higher barrier layer thickness for bilayer heterostructure. The
effect of variation in cap layer thickness suggests enhanced ns for thinner
cap layer thickness (1.65x10%* cm™) which decreases and saturates at
higher cap layer thickness. The carrier profiling done by C-V measurement
indicates high carrier concentration (~10%° cm3) at 30 nm from top surface
for bilayer heterostructure, which is the barrier-buffer interface indicating
the confinement of charge carriers at barrier-buffer interface. The
observation of C-V measurements and temperature dependent Hall
measurement confirm the formation of 2DEG in the heterostructures.
Results of this study suggests DIBS system as one of the possible options
to fabricate cost-effective and large area MgZnO/ZnO based HEMTs.

93



5.5 References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

H. Tampo, H. Shibata, K. Matsubara, A. Yamada, P. Fons, S. Niki,
M. Yamagata, and H. Kanie, “Two-dimensional electron gas in Zn
polar ZnMgO/ZnO heterostructures grown by radical source
molecular beam epitaxy,” Appl. Phys. Lett., vol. 89, no. 13, p.
132113, Sep. 2006.

H.-A. Chin, I.-C. Cheng, C.-I. Huang, Y.-R. Wu, W.-S. Lu, W.-L.
Lee, J. Z. Chen, K.-C. Chiu, and T.-S. Lin, “Two dimensional
electron gases in polycrystalline MgZnO/ZnO heterostructures
grown by rf-sputtering process,” J. Appl. Phys., vol. 108, no. 5, p.
54503, Sep. 2010.

H.-A. Chin, I.-C. Cheng, C.-K. Li, Y.-R. Wu, J. Z. Chen, W.-S. Lu,
and W.-L. Lee, “Electrical properties of modulation-doped rf-
sputtered polycrystalline MgZnO/ZnO heterostructures,” J. Phys. D.
Appl. Phys., vol. 44, no. 45, p. 455101, Nov. 2011.

A. Thongnum, V. Sa-yakanit, and U. Pinsook, “Two-dimensional
electron transport in MgZnO/ZnO heterostructures: role of interface
roughness,” J. Phys. D. Appl. Phys., vol. 44, no. 32, p. 325109, Aug.
2011.

S. Sasa, T. Maitani, Y. Furuya, T. Amano, K. Koike, M. Yano, and
M. Inoue, “Microwave performance of ZnO/ZnMgO heterostructure
field effect transistors,” Phys. status solidi, vol. 208, no. 2, pp. 449-
452, Feb. 2011.

B.-S. Wang, Y.-S. Li, and I.-C. Cheng, “Mobility Enhancement in
RF-Sputtered MgZnO/ZnO Heterostructure Thin-Film Transistors,”
IEEE Trans. Electron Devices, vol. 63, no. 4, pp. 1545-1549, Apr.
2016.

H. Tampo, H. Shibata, K. Maejima, A. Yamada, K. Matsubara, P.

94



[8]

[9]

[10]

[11]

[12]

[13]

[14]

Fons, S. Kashiwaya, S. Niki, Y. Chiba, T. Wakamatsu, and H. Kanie,
“Polarization-induced  two-dimensional electron gases in
ZnMgO/ZnO heterostructures,” Appl. Phys. Lett., vol. 93, no. 20, p.
202104, Nov. 2008.

A. K. Das, P. Misra, R. S. Ajimsha, M. P. Joshi, and L. M. Kukreja,
“Effects of electron interference on temperature dependent transport
properties of two dimensional electron gas at MgZnO/ZnO
interfaces,” Appl. Phys. Lett., vol. 107, no. 10, p. 102104, Sep. 2015.

J. D. Ye, S. Pannirselvam, S. T. Lim, J. F. Bi, X. W. Sun, G. Q. Lo,
and K. L. Teo, “Two-dimensional electron gas in Zn-polar
ZnMgO/Zn0O heterostructure grown by metal-organic vapor phase
epitaxy,” Appl. Phys. Lett., vol. 97, no. 11, p. 111908, Sep. 2010.

S. Choopun, R. D. Vispute, W. Yang, R. P. Sharma, T. Venkatesan,
and H. Shen, “Realization of band gap above 5.0 eV in metastable
cubic-phase MgxZn1—xO alloy films,” Appl. Phys. Lett., vol. 80, no.
9, pp. 1529-1531, Mar. 2002.

M. T. Htay, Y. Tani, Y. Hashimoto, and K. Ito, “Synthesis of optical
quality ZnO nanowires utilizing ultrasonic spray pyrolysis,” J.

Mater. Sci. Mater. Electron., vol. 20, no. S1, pp. 341-345, Jan. 2009.

D. Delagebeaudeuf and N. T. Linh, “Metal-(n) AlGaAs-GaAs two-
dimensional electron gas FET,” IEEE Trans. Electron Devices, vol.
29, no. 6, pp. 955-960, Jun. 1982.

I.-C. Cheng, B.-S. Wang, H.-H. Hou, and J.-Z. Chen, “MgZn0O/ZnO
Heterostructure Field-Effect Transistors Fabricated by RF-
Sputtering,” ECS Trans., vol. 50, no. 8, pp. 83-93, Mar. 2013.

O. Ambacher, B. Foutz, J. Smart, J. R. Shealy, N. G. Weimann, K.
Chu, M. Murphy, A. J. Sierakowski, W. J. Schaff, L. F. Eastman, R.
Dimitrov, A. Mitchell, and M. Stutzmann, “Two dimensional

electron gases induced by spontaneous and piezoelectric polarization

95



[15]

[16]

[17]

[18]

[19]

[20]

[21]

in undoped and doped A1GaN/GaN heterostructures,” J. Appl. Phys.,
vol. 87, no. 1, pp. 334-344, Jan. 2000.

S. Heikman, S. Keller, Y. Wu, J. S. Speck, S. P. DenBaars, and U.
K. Mishra, “Polarization effects in AlGaN/GaN and
GaN/AlGaN/GaN heterostructures,” J. Appl. Phys., vol. 93, no. 12,
pp. 10114-10118, Jun. 2003.

R. Singh, M. A. Khan, S. Mukherjee, and A. Kranti, “Analytical
Model for 2DEG Density in Graded MgZnO/ZnO Heterostructures
With Cap Layer,” IEEE Trans. Electron Devices, vol. 64, no. 9, pp.
3661-3667, Sep. 2017.

M. A. Khan, R. Singh, S. Mukherjee, and A. Kranti, “Buffer Layer
Engineering for High ( > 10 ¢cm™) 2-DEG Density in ZnO-Based
Heterostructures,” IEEE Trans. Electron Devices, vol. 64, no. 3, pp.
1015-1019, Mar. 2017.

A. Ohtomo, M. Kawasaki, I. Ohkubo, H. Koinuma, T. Yasuda, and
Y. Segawa, “Structure and optical properties of ZnO/Mg0.2Zn0.80
superlattices,” Appl. Phys. Lett., vol. 75, no. 7, pp. 980-982, Aug.
1999.

H. Tampo, H. Shibata, K. Maejima, A. Yamada, K. Matsubara, P.
Fons, S. Niki, T. Tainaka, Y. Chiba, and H. Kanie, “Strong excitonic
transition of Zn1—xMgxO alloy,” Appl. Phys. Lett., vol. 91, no. 26,
p. 261907, Dec. 2007.

O. Ambacher, J. Smart, J. R. Shealy, N. G. Weimann, K. Chu, M.
Murphy, W. J. Schaff, L. F. Eastman, R. Dimitrov, L. Wittmer, M.
Stutzmann, W. Rieger, and J. Hilsenbeck, ‘“Two-dimensional
electron gases induced by spontaneous and piezoelectric polarization
charges in N- and Ga-face AIGaN/GaN heterostructures,” J. Appl.
Phys., vol. 85, no. 6, pp. 32223233, Mar. 1999.

A. Asgari, M. Kalafi, and L. Faraone, “The effects of GaN capping

96



[22]

[23]

[24]

[25]

[26]

[27]

[28]

layer thickness on two-dimensional electron mobility in
GaN/AlGaN/GaN heterostructures,” Phys. E Low-dimensional Syst.
Nanostructures, vol. 25, no. 4, pp. 431-437, Jan. 2005.

J. Zhang, Y. Hao, J. Zhang, and J. Ni, “The mobility of two-
dimensional electron gas in AlGaN/GaN heterostructures with
varied Al content,” Sci. China Ser. F Inf. Sci., vol. 51, no. 6, pp. 780—
789, Jun. 2008.

J. P. Ibbetson, P. T. Fini, K. D. Ness, S. P. DenBaars, J. S. Speck,
and U. K. Mishra, “Polarization effects, surface states, and the
source of electrons in AlGaN/GaN heterostructure field effect
transistors,” Appl. Phys. Lett., vol. 77, no. 2, pp. 250-252, Jul. 2000.

P. A. Barnes, “Capacitance-Voltage (C-V) Characterization of
Semiconductors,” in Characterization of Materials, Hoboken, NJ,
USA: John Wiley & Sons, Inc., 2012.

D. J. As, A. Zado, Q. Y. Wei, T. Li, J. Y. Huang, and F. A. Ponce,
“Capacitance Voltage Characteristics and Electron Holography on
Cubic AlGaN/GaN Heterojunctions,” Jpn. J. Appl. Phys., vol. 52,
no. 8S, p. 08JNO4, Aug. 2013.

M. Nakano, A. Tsukazaki, K. Ueno, R. Y. Gunji, A. Ohtomo, T.
Fukumura, and M. Kawasaki, “Spatial distribution of two-
dimensional electron gas in a ZnO/Mg0.2Zn0.80 heterostructure
probed with a conducting polymer Schottky contact,” Appl. Phys.
Lett., vol. 96, no. 5, p. 52116, Feb. 2010.

K. Ding, M. B. Ullah, V. Avrutin, U. Ozgiir, and H. Morkog,
“Investigation of high density two-dimensional electron gas in Zn-
polar BeMgZnO/ZnO heterostructures,” Appl. Phys. Lett., vol. 111,
no. 18, p. 182101, Oct. 2017.

K. T. Roro, G. H. Kassier, J. K. Dangbegnon, S. Sivaraya, J. E.
Westraadt, J. H. Neethling, A. W. R. Leitch, and J. R. Botha,

97



[29]

[30]

[31]

[32]

“Temperature-dependent Hall effect studies of ZnO thin films grown

by metalorganic chemical vapour deposition,” Semicond. Sci.
Technol., vol. 23, no. 5, p. 55021, May 2008.

A. Tsukazaki, A. Ohtomo, T. Kita, Y. Ohno, H. Ohno, and M.
Kawasaki, “Quantum Hall Effect in Polar Oxide Heterostructures,”

Science (80-.)., vol. 315, no. 5817, pp. 1388-1391, Mar. 2007.

D. C. Look, J. W. Hemsky, and J. R. Sizelove, “Residual Native
Shallow Donor in ZnO,” Phys. Rev. Lett., vol. 82, no. 12, pp. 2552—
2555, Mar. 1999.

C. H. Seager and S. M. Myers, “Quantitative comparisons of
dissolved hydrogen density and the electrical and optical properties
of ZnO,” J. Appl. Phys., vol. 94, no. 5, pp. 2888-2894, Sep. 2003.

R. Gottinger, A. Gold, G. Abstreiter, G. Weimann, and W. Schlapp,
“Interface Roughness Scattering and Electron Mobilities in Thin
GaAs Quantum Wells,” Europhys. Lett., vol. 6, no. 2, pp. 183-188,
May 1988.

98



Chapter 6

Role of Surface States and Interface Charges in 2DEG in
Sputtered ZnO Heterostructures

6.1 Introduction

As discussed in the previous chapters, MgZnO/ZnO based heterostructures
show the formation of two-dimensional electron gas at the MgZn0O/ZnO
heterointerface due to spontaneous and piezoelectric polarization [1]. The
two-dimensional electron gas (2DEG) density in MgZnO/ZnO
heterostructure can be obtained by different growth mechanisms such as
epitaxial and sputtering. However, the 2DEG density is nearly an order of
magnitude different in heterostructure grown by sputtering [2]-[4] and
epitaxial [1], [5], [6] techniques. Therefore, the contributing factors to the
source of electrons in 2DEG in MgZnO/ZnO heterostructure in both growth
techniques should be different and require insightful analysis. Ibbetson et
al., suggested the presence of surface donor states to be the predominant
origin of electrons in 2DEG for AIGaN/GaN heterostructures [7], which
might also hold for MgZnO/ZnO heterostructures grown by molecular
beam epitaxy (MBE). However, an exact physical mechanism of formation
of 2DEG, its understanding and contributions of different affecting
parameters is still lacking in literature mainly for sputtered deposited
MgZnO/ZnO heterostructure [7], [8].

The difference in the values of 2DEG by sputtering and epitaxial growth
suggests that the formation of 2DEG is affected by the introduction of an
additional source of electrons in case of growth by sputtering. In order to
explain the source of electrons in the 2DEG in MgZnO/ZnO
heterostructures grown by different techniques, the roles of surface states
and interface charges in MgZnO/ZnO heterostructure are investigated

using an insightful analysis based on electrostatic neutrality across barrier
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and buffer layer. The proposed theory is compared with simulations to
account for different contributing factors and the effect of each such factor
on 2DEG density. The analysis is further verified by comparing the results
with published experimental data for epitaxial [1] and sputtering [3] growth
mechanisms. This work improves the understanding of roles of donor and
acceptor states and provides an explanation for an order of magnitude high
2DEG density in sputtered heterostructures through the contribution of
interface charges. This understanding is essential for the estimation of
2DEG under different growth mechanisms, which is crucial to the

performance of HEMTS.
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Fig. 6.1: (a) 2DEG density varying with Mg composition for sputtering [3]
and epitaxially [1] grown MgZnO/ZnO heterostructures. (b) Schematic
conduction band diagram for MgZnO/ZnO heterostructure showing the

various space charge components and inset shows the device schematic.

6.2 Simulations

Fig. 6.1 (a) shows the experimental 2DEG density in MgZnO/ZnO
heterostructure, available in literature [1], [3], grown by MBE [1] and radio
frequency (RF) sputtering [3] techniques, with varying Mg composition (x)
in MgZnO barrier layer at zero bias. Therefore, all the investigation done
in this work are at zero bias. For a 30 nm barrier layer thickness (t), the

value of 2DEG density in sputtering grown MgZnO/ZnO heterostructures
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is nearly one order of magnitude higher than that grown by MBE. Ibbetson
et al., [7] suggested that the surface donor-like states to be the origin of
2DEG electrons, the same mechanism is not appropriate to predict an order
of magnitude higher 2DEG values in RF-sputtered samples which requires
careful reconsideration of the contributing factors and the distinct roles of
each for high values of 2DEG density. Chin et al. [3] has suggested that
high values of 2DEG density (~10'* cm™) in MgZnO/ZnO samples is due
to high defect density in their samples which contribute more carriers to the
interface, and thus increases 2DEG density.

As shown in the schematic conduction band diagram (Fig. 6.1 (b)) of
MgZnO/ZnO heterostructure, the space charge components consists of (i)
negative charge due to electrons in 2DEG at the heterointerface (gns, where
q is the charge of electron and ns is the 2DEG density), (ii) polarization
induced sheet charges in barrier and buffer layer, (iii) integrated sheet
charge (ointegrated) due to ionized bulk donors in MgZnO (omgzno) and ZnO
(ozn0) layers, (iv) charge due to ionized surface states (osurface), including
donors (Np) and acceptors (Na) surface states (here Np and Na are not
doping densities but surface state densities), and (v) charges due to
formation of interface states at the barrier-buffer interface (cinterface). In this
study ainterface 1S considered as fixed charge as the study done in this work
is for zero bias conditions. In case of (0001) oriented MgZnO/ZnO
heterostructure, the polarization difference created at the heterointerface is
positive. This polarization difference at the heterointerface creates an
electric field, which attracts free electrons present in the heterostructure to
nullify the positive polarization charge difference at the heterointerface. If
the deposition is not single crystalline i.e. defective, then there is possibility
for fixed trap charges in barrier layer, which will enhance or decrease the
electric field created by polarization difference depending on positive or
negative nature of fixed trap charges. The electrons in 2DEG thus can be

obtained as

gNs = Osurface T Ointerface 1 Tintegrated (6.1)
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The device structure has been analyzed through ATLAS simulation tool
[9]. In order to ensure accuracy of physics based simulations, parameters
such as band gap energy, spontaneous polarization coefficients, lattice
parameters, elastic stiffness constants, piezoelectric constants, and relative
permittivity, as outlined in Table 3.1 were used in simulation of
MgZnO/ZnO heterostructure. Bandgap narrowing model is included to
account for the variation of band gap with temperature, Fermi-Dirac [10]
statistics and Shockley-Read-Hall (SRH) Recombination [11], [12] model
has been included in the simulations. The models of carrier transport are

also taken into account [13], [14].

6.3 Results and Discussion

As per the existing theory valid for epitaxially grown heterostructures [8],
electrons which compensate the positive polarization charge difference,
come from integrated sheet charges from bulk donors (ointegrated) and
ionized surface states (osurface) for single crystalline MgZnO/ZnO system.
The interface 1S Neglected because its value is very small for single crystalline
systems [15]. Therefore, the expression of ns for single crystalline

epitaxially grown heterostructures can be expressed as
ONs = Osurface T CTintegrated (6.2)

Fig. 6.2 (a) shows the comparison of epitaxially grown experimental results
[1] of 2DEG density with our simulation for varying barrier layer thickness
at fixed Mg composition of x = 0.37. It is observed that the surface donor
and acceptor densities combined can attain the experimental 2DEG density
values. The ionized surface donor states density of 7x10%*2 cm™ at 0.8 eV
energy level below barrier layer conduction band minima along with
surface acceptor states density of 10* cm™ at 0.2 eV above barrier layer
valence band maxima, are used in the simulation. These values of surface
donor and acceptor energy level as predicted in our work agrees very well
with the published results of Tampo et al. [16] and Park et al. [17],
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respectively. The value of Np as predicted in our work is also in reasonable
agreement with experimentally obtained value of ~8x10%* cm by Tampo
et al. [16] at x = 0.42. The value of surface acceptor states density of 10
cm is used to obtain a good fit in the simulations, and is also in the range
of reported values for surface acceptor states density [18]. The value of
omgzno IS ~ 10Y" cm™ and ozno is ~ 10'® cm™ is used throughout in the
simulations unless its changed value is explicitly mentioned. Our simulated
results as shown in Fig. 6.2 (a) suggests that the existing theory [7] for the
source of 2DEG electrons in single crystalline AIGaN/GaN system partially
holds true for single crystalline MgZnO/ZnO system. Published results
have also reported the presence of both surface donor and acceptor states
in ZnO surface [18], [19]. It can also be seen in Fig. 6.2 (a) that as the
surface acceptor states density increases, 2DEG density value decreases
because it pulls the Fermi energy level down and decreases the triangular
potential well depth, which is formed at MgZnO/ZnO heterointerface. It is
also to be noted that without surface acceptor states, the simulated 2DEG
density values are higher than the experimental values, and vary from 8.56
x 102 cm™ to 8.73 x 102 cm for corresponding change in thickness of

MgZnO layer from 3 nm to 20 nm, not shown in the graph.

Fig. 6.2 (b) shows the comparison of 2DEG density in experimental results
of RF-sputtering [3] with our simulated 2DEG density, with and without
interface charges for varying Mg composition at fixed barrier layer
thickness of 30 nm. Our simulated 2DEG density is unable to attain the
experimental 2DEG density for lower Mg composition of x = 0.15. This
may be due to sudden decrease in interface charges at x = 0.15 onwards
lower Mg composition because of decrease in lattice mismatch between
barrier and buffer layer [20] which reduces the chance of formation of high
interface charges. Another probable reason for this sudden transition may
be that the polarization field difference for the Mgo.15Zno.s50/Zn0 interface
in RF sputtered film is weaker than those with higher Mg content. The
carriers induced by the polarization field in this case may not be sufficient
to passivate the defects [21]. From Fig. 6.2 (b) the following are evident:
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Fig. 6.2: Comparison of simulated and experimental 2DEG density
grown by (a) MBE, and (b) RF-sputtering. (c) Simulated 2DEG density
for different doping density in ZnO buffer layer showing that higher
values of 2DEG density are least likely to be due to the doping of buffer

layer.

i) The surface donor and acceptor states alone cannot attain the
experimentally obtained 2DEG values in sputtered heterostructures
[3]. The experimental values as shown in Fig. 6.2 (b) are one order of
magnitude higher than the simulated values achieved only by surface
donor and acceptor states, and undoped barrier and buffer layer.
Therefore, the surface donor and acceptor states are not the sole

source of 2DEG electrons in sputtered ZnO heterostructures.
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i) The other possible source of 2DEG electrons is the integrated sheet
charges in barrier and buffer layer due to doping. However, these
charges were not able to achieve the experimental values even when
the doping density in buffer ZnO layer was increased excessively (>
10*° cm™3), while keeping the constant doping in barrier MgZnO layer

as 10'” cm as can be seen in Fig. 6.2 (c).

iii) Experimental values of 2DEG density in sputtered MgZnO/ZnO
heterostructures [3] were only achieved when another source of
2DEG electrons was considered in the analysis. As the surface of
ZnO is generally not very stable due to presence of oxygen vacancies
[22] and hydrogen adsorption [23], it is highly likely that the interface
of sputtered MgZnO/ZnO has defect states which contribute towards
an enhanced 2DEG density [3]. The defect density is high in sputtered
samples, which leads to high trapped charges, and therefore, higher

values of effective interface charges [3].

This would imply that for sputtering grown samples the charge balance

equation is same as Eq. (6.1).

While the exact mechanism for the formation of high defect density in
MgZnO/ZnO samples is still under research for sputtered deposited
samples, our work has shown that it has significant impact on the formation
of 2DEG in sputtered MgZnO/ZnO heterostructure [17], [24]. In MBE, the
deposition is nearly defect free and, therefore, there are negligible charges
at MgZnO/ZnO interface [15].

Fig. 6.3 (a) shows that the conduction band for epitaxially grown
heterostructures (without interface charges), that suggests an abrupt change
at the interface and the triangular potential well is formed only in buffer
layer side. This is because the source of 2DEG electrons, to be collected in
the triangular potential well, is surface states which pin the Fermi energy
level at a specific energy level below conduction band minima i.e. fixes the
position of conduction band minima as well. In sputtering grown

heterostructure (with interface charges, ~10*® cm), we observe that the
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conduction band shifts downwards, thus, more two-dimensional density of
states are available for 2DEG. This is due to the defect generated charge
carriers [25] that pull down the conduction band minima further below in
buffer layer, until the positive polarization difference at the barrier-buffer
interface is completely abolished. For further increment of positive
interface charges [26], the induced free carriers accumulate at the barrier-
buffer interface under additional positive columbic attraction and since, the
band-offset is below the Fermi energy level, the free carriers are

accumulated on the barrier side as well. This further increases the depth of
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Fig. 6.3: (a) Conduction energy band diagram of MgZnO/ZnO
heterostructure for without interface charges and with interface charges.
(b) Charge distribution profile of 2DEG across MgZnO/ZnO

heterostructure for without interface charges and with interface charges.

Fig. 6.3(b) shows the charge distribution profile of 2DEG across
MgZnO/ZnO heterostructure for a 30 nm barrier layer thickness over buffer
layer ZnO for without interface charges and with interface charges. The
peak in electron carrier concentration at 30 nm from surface, in Fig. 6.3 (b),
shows the confinement of 2-D electrons at the MgZnO/ZnO
heterointerface. It can be noticed that the electron concentration in barrier
layer is significantly lower than the bulk electron concentration (in buffer
layer), suggesting the depletion of barrier electrons in the formation of
2DEG.
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6.4 Conclusion

The epitaxially grown MgZnO/ZnO heterostructures show a non-negligible
role of acceptor states towards the formation of 2DEG density. The surface
donor density shows a causal-effect relationship in presence of acceptor
states. In contrast, the 2DEG density in sputtered MgZnO/ZnO samples is
an order high, and exceeds the barrier-buffer polarization difference limit.
This is due to the interface states present at the MgZnO/ZnO interface due
to sputtering growth technique and leads to formation of interface trap
charges which contribute towards enhancement of 2DEG density. This
work improves the understanding of underlying physical mechanisms and
contributing factors in the formation of 2DEG in MgZnO/ZnO

heterostructure fabricated by different growth mechanisms.
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Chapter 7

Cleanroom Metallization for Transistor Fabrication

7.1 Introduction

As discussed in the previous chapters, the formation of the two-dimensional
electron gas in MgZnO/ZnO based heterostructures is achieved, and the
contributing factors to the source of 2DEG electrons are also investigated.
After the successful realization of 2DEG in MgZnO/ZnO based
heterostructures, the fabrication of MgZnO/ZnO heterostructures based
transistor is attempted in this work. There is very scanty literature available
on MgZn0O/ZnO heterostructure based thin film transistors [1], [2]. In this
section, results of my first attempt to fabricate a transistor based on
MgZnO/ZnO heterostructures is discussed. In this work, active area
formation, insulation pad creation and source, drain and gate contact
formation involving four photolithography steps, has been demonstrated.
To attempt the device fabrication, first of all photolithography masks are
fabricated for four lithography steps and then many intermediate process
steps are optimized. However, the metallization process for gate contact

formation have failed in our two lift-off attempts.

7.2 Photolithography

Photolithography is the process of transferring geometric shapes from a
lithography mask to the surface of a substrate. In modern semiconductor
manufacturing, photolithography uses optical radiation to image the mask
on a silicon wafer using photoresist (PR) layers. The steps involved in the
photolithographic process are wafer cleaning; moisture baking; photoresist
application; soft baking; mask alignment; exposure and development; and
hard-baking.

111



7.2.1 Wafer Cleaning, Moisture Baking, and Photoresist Application

In the first step, the wafers are chemically cleaned to remove particulate
matter on the surface as well as any traces of organic, ionic, and metallic
impurities. The details of the cleaning procedure are discussed in chapter
4. After cleaning, the wafers are baked at 120 °C for 45 minutes to remove
traces of water. This is called moisture baking and the mentioned
temperature and time of baking is used in our case. After moisture baking,
the photoresist is applied to the surface of the wafer. The high-speed
centrifugal whirling of wafers is the standard method for applying
photoresist coatings in an integrated circuit (IC) manufacturing. This
technique, known as "Spin Coating," produces a thin uniform layer of
photoresist on the wafer surface. The thickness of the PR on the wafer is
mainly determined by two factors, i) viscosity of the PR and ii) spinner
rotational speed. In our case, the positive photoresist of 3 um thickness is
deposited using a spin coating. The recipe of spin coating to deposit 3 um
thick positive PR is 1000 rpm for 60 seconds.

7.2.2 Positive and Negative Photoresist

There are two types of photoresist: positive and negative. For positive
resists, the resist is exposed with UV light wherever the underlying material
is to be removed. In these resists, exposure to the UV light changes the
chemical structure of the resist so that it becomes more soluble in the
developer. The exposed resist is then washed away by the developer
solution, leaving windows of the bare underlying material. In other words,
"whatever shows, goes.” The mask, therefore, contains an exact copy of the
pattern which is to remain on the wafer. Negative resists behave in just the
opposite manner. Exposure to the UV light causes the negative resist to
become polymerized, and more difficult to dissolve. Therefore, the
negative resist remains on the surface wherever it is exposed, and the
developer solution removes only the unexposed portions. Masks used for
negative photoresists, therefore, contain the inverse (or photographic

"negative™) of the pattern to be transferred.
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Negative resists were popular in the early history of integrated circuit
processing, but positive resist gradually became more widely used since
they offer better process controllability for small geometry features.
Positive resists are now the dominant type of resist used in very large scale

integration (VLSI) fabrication processes.

7.2.3 Soft Baking

Soft-baking is the step during which almost all of the solvents are removed
from the photoresist coating. Soft-baking plays a very critical role in photo-
imaging. The photoresist coatings become photosensitive, or imageable,
only after soft baking. Over soft baking will degrade the photosensitivity
of resists by either reducing the developer solubility or actually destroying
a portion of the sensitizer. Under soft baking will prevent light from
reaching the sensitizer. Positive resists are incompletely exposed if
considerable solvent remains in the coating. This under soft baked positive
resist is then readily attacked by the developer in both exposed and
unexposed areas, causing less etching resistance. In our case, the optimized

soft baking recipe is 120 °C for 30 minutes.

7.2.4 Light Field and Dark Field Mask

There are two types of mask light field and dark field mask. In light field
mask, the UV light is passing through the entire mask except for the desired
image to be replicated on the wafer. Whereas in dark field mask the UV
light passes only through the desired image printed on the mask and rest of
the portion is opaque. The light field mask is mainly used for the island
formation, and the dark field mask is mainly used for hole formation on the
wafer. In our case, the mask for active area formation is a light field mask,
and remaining masks are dark field masks. The masks are designed using
L-Edit software and then printed on a glass plate using cobalt chrome. Fig.

7.1 shows the L-Edit image of the masks which were designed.
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Fig. 7.1: The L-Edit image of the mask in which green color mask is for
active area formation, the red one is for insulator pad formation, the gray
one is for source and drain contact fabrication, and blue one is for gate

contact fabrication.

7.2.5 Mask Alignment; Exposure and Development

One of the most important steps in the photolithography process is mask
alignment. A mask or "photomask” is a square glass plate with a patterned
emulsion of the metal film on one side. The mask is aligned with the wafer
so that the pattern can be transferred onto the wafer surface. Each mask
after the first one must be aligned with the previous pattern. Once the mask
has been accurately aligned with the pattern on the wafer's surface, the
photoresist is exposed through the pattern on the mask with high-intensity
ultraviolet light. In our case, the optimized recipe of exposure is UV light

exposed for 30 seconds.

One of the last steps in photolithography is development in which the
exposed wafers are dipped in the developer solution where the unwanted
PR is washed away. The optimized recipe for the developer is 25 seconds
dip and hold and then 25 seconds rinse the wafers in the developer solution
followed by rinsing in de-ionized (DI) water for 1 minute.

7.2.6 Hard Baking

Hard-baking is the final step in the photolithographic process. This step is
necessary in order to harden the photoresist and improve adhesion of the
photoresist to the wafer surface. The optimized recipe for hard-baking in

our case is 120 °C for 30 minutes.
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7.3 Lift-off Process

In semiconductor wafer fabrication, the term 'lift-off' refers to the process
of creating patterns on the wafer surface through an additive process, as
opposed to the more familiar patterning techniques that involve subtractive
processes, such as etching. Lift-off is most commonly employed in

patterning metal films for interconnections.

Lift-off consists of forming an inverse image of the pattern desired on the
wafer using a dark field mask, which covers certain areas on the wafer and
exposes the rest. After the development, the exposed area is open (hole
formed). The layer to be 'patterned’ is then deposited over the wafer. In
the exposed areas of the wafer, the layer material gets deposited directly
on the wafer substrate, while in the covered areas, the material gets
deposited on top of the PR film.

After the layer material has been deposited, the wafer is immersed in
acetone to dissolve the PR layer. Once the PR is dissolved, the layer
material over it gets 'lifted off' (hence the term 'lift-off"), leaving behind
the layer material that was deposited over the wafer substrate itself, which

forms the final pattern on the wafer.

The ‘lift-off' process as a patterning technique offers the
following advantages: 1) composite layers consisting of several different
materials may be deposited one material at a time and then "patterned’ with
a single 'lift-off"; 2) residues that are difficult to remove are prevented in
the absence of etching of the patterned layer; 3) sloped side walls become
possible, resulting in good step coverage. On the other hand, the
main disadvantage of the lift-off process is the difficulty of creating the
required PR patterns for successful lift-off. Fig. 7.2 is showing the
complete process flow of the lift-off process.
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Fig. 7.2: The complete process flow of the lift-off process.

The key to successful lift-off is the ability to ensure the existence of
a distinct break between the layer material deposited on top of the PR and
the layer material deposited on top of the wafer substrate. Such separation

allows the dissolving liquid to reach and attack the PR layer.

In our case, all the metal deposited wafers are kept in acetone for 15 hours
and then agitated in ultra-sonicator for 10 min and then 2 min break. This

process of agitation is repeated for 3 times.

7.4 Lithography Process for Transistor Fabrication
7.4.1 Active Area Formation

MgZnO/ZnO heterostructure grown on SiO> is coated with positive PR of
3 um after wafer cleaning, moisture baking. A light field mask is used to
map rectangular design of 1030 um x 300 um onto the heterostructure
grown wafer. The wafer after UV exposure under the mask is developed in
the developer and rinsed in DI water. Hereafter, the wafers are placed in an
oven for hard baking of PR. The hard baked wafers are than dipped in

diluted HCI for etching the unprotected heterostructure from the wafers

116



with an optimized time of 20 second. The etched wafers are than placed in

acetone for removing the hard baked PR from the active region islands.

Positive Photoresist
MgZnO

Lithography 3
Mask

Fig. 7.3: The complete process flow of the active area formation.

7.4.2 Insulator Pad Formation

A 400 nm thick layer of SiO; is deposited all over the wafers with active
region islands after ashing out the remnants of hard-baked PR by Asher and
cleaning the wafers and moisture baking them. The SiO2 deposited wafers
are coated with 3 um positive PR. A dark field mask is used to pattern 1020
um x 290 um openings in positive PR by UV exposure through the mask
onto the wafers, and developing them in the developer. The developed
wafers are than placed in an oven for hard baking of PR. Henceforth, the
exposed SiO; in the hard baked wafers is etched by dry reactive ion etching
(DRIE) for optimized 11 minute time, to expose the active region out of
insulation pads. Hereafter, the wafers are rinsed in acetone to remove hard
baked PR.
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Fig. 7.4: The complete process flow of the insulation pad formation.

7.4.3 Source and Drain Formation

The wafers with the active region and insulation pad are again coated with
3 um positive PR after cleaning and moisture baking. A dark field mask
with dimension of the contact pad as 500 x 500 um? and contact
overlapping with active region of 500 x 200 pm? is used to pattern source
and drain pit holes in the PR by UV exposure and development. A 10 nm
Tiand 200 nm Au is deposited over the developed wafers after hard baking.
These wafers are than placed in Acetone for 15 hour period before agitating
them in ultra-sonicator to shed the metal deposited over PR to obtain the
patterned metal shape.
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Fig. 7.5: The complete process flow of source and drain contact

formation.

7.4.4 Gate Formation
The wafers with the source and drain contacts were further coated with 3

um positive PR after cleaning and moisture baking. A dark field mask with
varying dimensions of gate width ranging from 3 um to 10 um with 500 x
500 um? contact pad is used to pattern gate region in the PR by UV
exposure and development. A 10 nm Ti and 200 nm Pt is deposited over
the developed wafers after hard baking. These wafers were then placed in
Acetone for lift-off by agitating them in ultra-sonicator to shed the metal

deposited over PR to obtain the patterned contact shape.
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7.4.5 Characterization of Source and Drain
The developed source-drain contacts of Au/Ti are than characterized by

optical profilometer for ensuring the pattern replication from mask and
continuity of the contacts. Fig. 7.6 (a) shows the zeta image of the
fabricated source and drain contacts. Hereafter, electrical characterization
of I-V is performed to ensure the ohmic nature of the contacts. The Fig. 7.6
(b) shows the linear behavior of the current with increasing voltage
observed in the as-developed source-drain contacts proving them to be

perfectly ohmic.
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Fig. 7.7: (a) Zeta image of the fabricated device. (b) Drain current vs.
drain to source voltage curve.
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7.5 Conclusion

First attempt to fabricate complete transistor on DIBS grown MgZnO/ZnO
heterostructure is demonstrated. The complete cleanroom process flow for
device fabrication is discussed. The source and drain contacts of Au/Ti are
fabricated successfully on top of MgZnO/ZnQO heterostructures. The ohmic
nature of these contacts are also tested using I-V measurements and found
almost linear. The intermediate process steps used are also optimized, and
the mask for the photolithography is also fabricated. The two lift-off
attempts of gate metallization failed and hence remains as future course of

action to realize reliable gate.
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Chapter 8

Conclusion and Future Scope

With better electronic and elastic properties, MgZnO/ZnO material system
is useful for high frequency and high power applications. Due to large
spontaneous and piezoelectric polarization and high conduction band
offset, a higher 2DEG density is achieved in this material system. Recent
research has shown that ZnO has the capability to meet the increasing
demands for higher operating frequencies and power. But due to the
technological challenges faced by researchers currently, innovative
solutions, both in design and material configurations are required to make
it possible. It has been observed that changing the thickness of barrier layer
(MgZnO), has significant impact on 2DEG density when other parameters
are kept constant. In MgZnO/ZnO material system, the 2DEG is observed
mainly by single crystalline deposition techniques, which are, however, not
suitable for low cost and large area fabrication. Very few reports are
available in literature in which 2DEG is observed by sputtering, but detailed
study on sputter deposited 2DEG is still lacking in the literature. Thus, in
order to improve the 2DEG density in sputter deposited MgZnO/ZnO
heterostructures and improving the understanding of the effects of variation
of different parameters like barrier layer thickness, cap layer thickness and
Mg molar composition in barrier layer were studied here.

In this research work, the optimization of fabrication of ZnO and MgZnO
thin films was performed using the state of art DIBS system. After the
growth, the thin films were characterized for structural, electrical,
morphological and elemental properties. The optimization of growth
parameters included a variation of deposition temperature and gaseous
ambient in the DIBS system. Efforts were put to establish the correlations
among different properties by employing XRD, Hall, and HRTEM

measurements techniques. It was observed that the thin films’ properties
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were highly dependent on the growth parameters and the high-quality films
could be successfully obtained at even low temperature by DIBS system.
Further, after investigating the material properties, the properties of
MgZnO/ZnO heterostructures were analyzed with the objective to achieve
large 2DEG density and the applicability of the MgzZnO/ZnO
heterostructure for HFETs. For the development of MgZnO/ZnO
heterostructures based HFETS the source and drain contacts of Au/Ti are
fabricated on top of MgZnO/ZnO using lift-off process. The gate contact
of PU/Ti is also attempted using lift-off process but the lift-off was failed
two times. This is the first attempt made on DIBS grown MgZnO/ZnO

heterostructures.

8.1 Conclusions

The main outcomes of this thesis are summarized as follows:

Q) The Mgo.0sZno.9sO film (MZO) was fabricated by the DIBS
system on p-Si (111) substrate at 80 % oxygen partial pressure
and 300 °C growth temperature. On the fabricated film, for
Schottky contact (SC) formation, a 100 nm thick and 12.3816
um?area Au was deposited by DIBS at room temperature. The
electrical, structural, and elemental properties of the films were
investigated. The temperature dependent 1-V and C-V
measurement were done for the SC. XRD measurement
demonstrated that the MZO film was polycrystalline in nature
with preferred crystal orientation in (002) plane at 20 = ~34.4°,
The resistivity, carrier concentration, and mobility of the MZO
film were evaluated to be 0.12 Q-cm, 6.05 x 10!’ cm3, 85.12
cm?V1st  respectively at room temperature from Hall
measurement.

The temperature dependent 1-V measurement of the SC reveal
that with increasing measurement temperature, the barrier

height increases and the ideality factor decreases. This
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(i)

(iii)

anomalous temperature dependence of the barrier height and
ideality factor could be associated with the nature of
inhomogeneous Schottky barrier consisting of a combination of
low and high barrier patches. Temperature-dependent SBH
describes a DGD with mean apparent barrier heights of 0.95 and
0.54 eV and standard deviations of 0.131 and 0.074 eV in the
temperature range of 160-300 K and 80-160 K, respectively.
The larger value of SBH inhomogeneity is attributed to interface
states at the MS junction. The interface state density at 300 K
varied from 6.46 x 10'* eVlecm™ at Ec-0.27 eV to 1.58 x 10
eVlem2 at Ec-0.74 eV. Thus, it is concluded that the presence
of barrier inhomogeneity and interface state density are the main
reason for deviation of Schottky junction characteristics from
its ideal behavior.

A physics-based generic analytical model for the graded and
fully strained MgZnO/ZnO heterostructure with cap layer was
developed for the calculation of 2DEG density and Vorr. The
generic model can be easily reduced for relatively simpler
structures. Calculated ns values suggested that the use of graded
MgZnO layer significantly increases (2.3 times higher) the
2DEG density in MgZnO/ZnO heterostructure but at the
expense of an increased threshold voltage. A graded structure
with low thickness of layers was proposed, to achieve a
compromise between high 2DEG density and Vorr, based on the
developed model. An alternate expression for the net
polarization sheet charge density difference at barrier-buffer
interface to overcome the existing discrepancy with an
experimental data has also been suggested. The proposed model
will be a useful tool for the design and optimization of 2DEG
and Vorr in ZnO-based heterostructures.

Zn0O-based 2DEG yielding heterostructures, with MgZnO as the
barrier layer, were fabricated by DIBS system and probed for
variations of ns and mobility as a function of the Mg

composition in the barrier layer, barrier layer thickness and cap
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(iv)

layer thickness. XRD and HRTEM results showed the high
crystallinity of the buffer ZnO as well as a flat and uniform
heterointerface, which are essential for the formation of 2DEG.
The values of ns were observed to increase with the
corresponding rise in Mg composition for both the bilayer
(MgzZnO/Zn0O heterostructures) and capped (ZnO/MgZn0O/ZnO
heterostructures) structures. At x = 0.3, for the bilayer structure,
the values of ns and mobility were 1.11 x 10 cm™ and 28.13
cm?V1s?, respectively at RT. The observed ns saturated at a
higher barrier layer thickness for the bilayer heterostructure.
The effect of variation in the cap layer thickness suggested an
enhanced n; for a thinner cap layer thickness (1.65 x 10** cm™),
which decreased and saturated at a higher cap layer thickness.
The carrier profiling done by C-V measurement indicated a high
carrier concentration (~10%° cm3) at 30 nm from the top surface
of the bilayer heterostructure, which is the barrier/buffer
interface, indicating the confinement of charge carriers. The
temperature dependent Hall measurement indicated almost a
constant sheet carrier concentration in temperature range of 5 K
to 300 K. The observation of C-V measurements and the
temperature dependent Hall measurement confirmed the
formation of 2DEG in the heterostructures.

The source of electrons in 2DEG in MgZnO/ZnO
heterostructures grown by different deposition techniques were
investigated using an insightful analysis based on electrostatic
neutrality across barrier and buffer layer. The proposed theory
was compared with ATLAS simulations to account for different
contributing factors and the effect of each such factor on 2DEG
density. The analysis was further verified by comparing the
results with published experimental data for epitaxial and
sputtering growth mechanisms. The epitaxially grown
MgZnO/ZnO heterostructures showed a non-negligible role of
acceptor states towards the formation of 2DEG density. The

surface donor density showed a causal-effect relationship in
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(V)

presence of acceptor states. In contrast, the 2DEG density in
sputtered MgzZnO/ZnO samples was an order high, and
exceeded the barrier-buffer polarization difference limit. This
was due to the interface states present at the MgZnO/ZnO
interface due to sputtering growth technique and lead to
formation of interface trap charges which contribute towards
enhancement of 2DEG density.

The source and drain contacts of Au/Ti were fabricated on top
of MgZnO/ZnO heterostructures using lift-off process for the
development of HEMT using this heterostructure. The
fabricated source and drain contacts were characterized using |-
V measurement and the result of I-V measurement was found to
be linear indicating the ohmic nature of the fabricated contacts.
The fabrication of gate contact of Pt/Ti was failed two times
using lift-off process. So fabrication of reliable gate contact
using lift-off process is future work.

8.2 Future Scope

Although, the physics based analytical model for the estimation of

2DEG density in MgZnO/ZnO heterostructures was developed and

2DEG was realized by fabricating the MgZnO/ZnO heterostructures

using DIBS. The source and drain contacts were also fabricated on top

of MgZnO/ZnO heterostructures using lift-off process. The following

future works can be focused

(i)

(i)

(iii)

Optimization of source and drain contacts in terms of contact
resistance.

Formation of reliable gate contact on MgZnO/ZnO
heterostructures by lift-off process and characterization of
HEMT.

Optimization of gate geometry of fabricated transistor to study

its effect on gain and trans-conductance.
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