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Abstract

Title of dissertation: GROWTH OF Zn POLAR BeMgZn0O/ZnO HETEROSTRUCTURE WITH
TWO DIMENSIONAL ELECTRON GAS (2DEG) AND FABRICATION OF SILVER
SCHOTTKY DIODE ON BeMgZnO/ZnO HETEROSTRUCTURE

By Md Barkat Ullah, Ph.D

A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of
Philosophy in Electrical and Computer Engineering at Virginia Commonwealth University.

Virginia Commonwealth University,2017

Major Director: Dr. Hadis Morkoc, Professor, Electrical and Computer Engineering

This thesis focuses on growth of Zn polar BeMgZnO/ZnO heterostructure on GaN/sapphire
template with two dimensional electron gas (2DEG) for the application of UV
photodetector/emitter and high speed electronics. The motivation of using BeMgZnO as a barrier
layer originates from the need to reach plasmon-LO phonon resonance in order to obtain
minimum longitudinal optical (LO) phonon lifetime.

Presence of 2DEG was realized in BeMgZnO/ZnO heterostructure only when the Zn polarity
was achieved during the nucleation growth of ZnO on GaN/sapphire template. It was found that,
polarity of ZnO on (0001) GaN/sapphire template can be controlled by the oxygen to Zn ratio
used during the nucleation growth.

To obtain high structural and optical quality of BeMgZnO quaternary alloy, growth kinetics of
BeMgZnO layer has been studied at the temperature range from 450°C-500°C. We have
achieved the growth of single crystal Be 03Mg00.1sZn0O alloy at 500 °C, more than 100°C higher
compared to what reported in literature, on the (0001) GaN/sapphire template through the control

of Zn/(Be+Mg) flux ratio. We have also observed a thermodynamic limitation of Mg



incorporation into the wurtzite BeMgzZnO alloy where the excess Mg adatom accumulated in the
growing surface as a MgO rich cluster.

Two dimensional electron gas with high (1.2x10%¥cm) sheet carrier density was achieved at the
Beo.03Mg0.41Zn0/Zn0O interface through strain engineering by incorporating Be into MgzZnO
ternary alloy. To obtain the similar sheet carrier density it would require above 60% of Mg in
MgZnO/ZnO heterostructure with reduced structural quality. A systematic comparison of sheet
carrier density has been made with the already reported results from Zn polar MgzZnO/ZnO
heterostructure as well as with the theoretical calculation.

Silver Schottky diode on Beo.02Mgo.26ZnO/Zn0O heterostructure with barrier height 1.07 eV and
ideality factor 1.22 was obtained with 8 order of rectification ratio. The temperature-dependent
electrical characteristics were studied by using temperature dependent current-voltage (I-V)
measurements. Richardson constant value of 34.8 Acm2K? was found experimentally which

was close to the theoretical value of 36 Acm2K2 known for Beo.02Mgo26Zn0 alloy.



Executive summary

Zinc oxide (ZnQ) based semiconductor materials are highly attractive for a wide range of optical
and electronic device applications due to their direct wide bandgap (Eg~3.3 eV for ZnO at 300
K), large excitonic binding energy (~60 meV for ZnO), optical transparency in highly conductive
state, and scalability to large volume native substrates. Alloying ZnO with BeO and MgO allows
tuning of optical and electronic properties, inclusive of bandgap, band offsets, lattice parameters,
and spontaneous polarization. However, compositions, and therefore, tunability achievable in
MgZnO and BezZnO ternaries are restricted by limited solubility of BeO and MgO in wurtzite
ZnO lattice and the associated phase segregation. Quaternary alloy BeMgZnO alleviates these
limitations, and is attractive particularly for solar blind photodetectors, intersubband transition
devices, and heterostructures with two-dimensional electron gas (2DEG) as well as light emitting
devices. The aim of this thesis is to present the way to control the polarity of ZnO to obtain Zn
polar BeMgZnO/ZnO heterostructure with 2DEG and device fabrication of Ag Schottky diode
with temperature dependent electrical characterization.

We have achieved polarity control of ZnO grown by plasma assisted molecular beam epitaxy on
Ga polar (0001)-GaN/sapphire templates simply via the oxygen-to-Zn (VI/11) ratio during the
growth of a thin nucleation layer at 300 °C. Following Zn pre-exposure, the ZnO layers
nucleated with low VI/II ratios (< 1.5) exhibited Zn-polarity. Those nucleated with VI/I1 ratios
above 1.5, exhibited O-polarity. Supported by scanning transmission electron microscopic
imaging, we have unequivocally demonstrated that polarity inversion takes place without
formation of any vertical inversion domains and within one monolayer of presumably non-
stoichiometric GaOx formed at the ZnO/GaN interface. A direct correlation between polarity and

strain sign of ZnO layers has been found. The Zn-polar ZnO layers were under tensile biaxial
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strain, whereas the O-polar material exhibited compressive strain. Moreover, the amount of
residual strain varied linearly with VI/II ratio used during the low-temperature nucleation layer
growth. Strain control with VI/II ratio has been explained by the potential formation of Zn
interstitials.

We investigated the crystal structure, growth kinetics and electrical properties of BeMgzZnO/ZnO
heterostructures grown by Molecular Beam Epitaxy (MBE). Transmission Electron Microscopy
(TEM) studies revealed that incorporation of Mg into the BeZnO solid solution eliminates the
high angle grain boundaries that are the major structural defects in ternary BeZnO. The
significant improvement of x-ray diffraction intensity from quaternary BeMgZnO alloy
compared to ternary BeZnO was attributed to the reduction of lattice strain, which is present in
the latter due to the large difference of covalent radii between Be and Zn (1.22 A for Zn, 0.96 A
for Be). Incorporation of Mg, which has a larger covalent radius of 1.41A, reduced the strain in
BeMgznO thin films and also enhanced Be incorporation on lattice sites in the wurtzite lattice.
We studied the effect of substrate temperature, in the range from 450 °C to 500 °C, on the
required Zn to (Be + Mg) flux ratio for plasma-assisted molecular beam epitaxy growth of O-
polar BexMgyZnixyO on (0001)-GaN/sapphire templates. Achievement of single-crystalline
BexMgyZn1xyO with improved optical and structural quality required relatively high substrate
temperatures which necessitated the Zn to (Be + Mg) flux ratio to be increased from 3.9 at 450
°C to 8.3 at 500 °C. This resulted in a reduction of Mg incorporation from 25% to 15% for a
fixed Be content of ~3 %. With increasing Zn to (Be + Mg) ratio, 15 K photoluminescence
energy for the dominant emission remained unchanged at around 3.75 eV and 3.55 eV for the
samples grown at 475 °C and 500 °C, respectively. These findings readily suggest a

thermodynamic limitation of Mg and Be incorporation into wurtzite BexMgyZni1xyO lattice,
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resulting in the formation of second phase due mainly to the enhanced surface mobility of Mg
adatoms, and therefore, an increase in the probability of the formation of Mg-rich clusters.
Increase in the in-plane lattice parameter, deduced from the Reflection High Energy Electron
Diffraction, at the onset of the phase segregation suggests formation of the wurtzite phase MgO
rich alloy(s).

We have demonstrated both theoretically and experimentally that the incorporation of Be into the
barrier in Zn-polar BeMgZnO/ZnO and O-polar Zn0O/BeMgZnO polarization doped
heterostructures allows the alignment of piezoelectric polarization vector with that of
spontaneous polarization due to the change of strain sign, thus increasing the amount of net
polarization. As a result, a 2DEG concentration of 1.2x10® cm? is achieved in the
Beo.03Mgo.41ZN0560/ZNn0O heterostructure. For comparison, a 2DEG concentration of 7.7x10%2 cm’
2 requires 2% Be and 26% Mg in the barrier, whereas the same in the MgZnO/ZnO system would
require incorporation of more than 40% Mg into the barrier, which necessitates very low growth
temperatures.

We explored Ag Schottky diode on quaternary BeMgzZnO alloys and obtained a Schottky barrier
height, ®g = 1.07 eV with an ideality factor n=1.22 for a Ag/Beo.02Mgo.26ZNn0O circular Schottky
diodes. Rectification ratio as high as 8 orders of magnitude has been obtained. Plasma exposure
time, plasma power and oxygen flow rate has been optimized for surface treatment before
depositing 50 nm of Ag Schottky metal. The temperature-dependent electrical characteristics of
the Ag/Beo.02Mgo26Zn0O/ZnO heterostructure were studied by using temperature dependent
current-voltage (I-V) measurements in the temperature range of 80-457 K. Based on the
thermionic emission theory, the ideality factor (n) and the barrier height (®8) were calculated,

where the study their temperature dependence has emphasized an inhomogeneity of the barrier
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height. The inhomogeneity was explained based on thermionic emission with the assumption of
Gaussian distribution. A deviation from the theoretical Richardson constant value was observed
which was modified by taking the temperature dependence of barrier height into consideration.
The modified Richardson plot gave Richardson constant value of 34.8 Acm2K?, close to

theoretical value of 36 Acm?K? known for Beg.02Mgo.26ZnO0.
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Chapter 1. Introduction

There has been a great deal of interest in zinc oxide semiconductor materials lately. The interest
in ZnO is fueled by its prospects in optoelectronics applications owing to its direct wide band
gap! Eq ~ 3.3 eV at 300 K. Some optoelectronic applications of ZnO overlap with that of GaN,
another wide-gap semiconductor Eg ~ 3.4 eV at 300 K which is widely used for production of
green, blue-ultraviolet, and white light-emitting devices. However, ZnO has some advantages
over GaN among which are the availability of fairly high-quality ZnO bulk single crystals and a
large exciton binding energy ~ 60 meV. The large exciton binding energy of ~ 60 meV paves the
way for an intense near-band-edge excitonic emission at room and higher temperatures, because
this value is 2.4 times that of the room-temperature RT thermal energy ksT= 25 meV. There
have also been a number of reports on laser emission from ZnO-based structures at RT and
beyond. It should be noted that besides the above-mentioned properties of ZnO, there are
additional properties which make it preferable over other wide-band-gap materials: its high
energy radiation stability and amenability to wet chemical etching.? Several experiments
confirmed that ZnO is very resistive to high-energy radiation,®* making it a very suitable
candidate for space applications. ZnO is easily etched in all acids and alkalis, and this provides

an opportunity for fabrication of small-size devices.
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ZnO has recently found other applications as well, such as fabrication of transparent thin-film
transistors, where the protective covering preventing light exposure is eliminated since ZnO-
based transistors are insensitive to visible light. Also up to 2x10%* cm™ charge carriers can be
introduced by heavy substitutional doping into ZnO. By controlling the doping level electrical
properties can be changed from insulator through n-type semiconductor to metal while
maintaining optical transparency that makes it useful for transparent electrodes in flat-panel
displays and solar cells and transparent antenna. Recently it has been reported® that ZnO heavily
doped with gallium (GZO), which can be produced in the form of thin films with conductivity
comparable to that of ITO. In order to study the efficacy of GZO transparent antennas, a printed
planar-dipole antenna was designed and fabricated. The antenna operated in the 2.4 GHZ
Industry science and measurement (ISM) band with a return loss of approximately 13 dB.

ZnO also has much simpler crystal-growth technology, resulting in a potentially lower cost for
ZnO-based devices. The ZnO bulk crystals have been grown by a number of methods, as has
been reviewed recently,? and large-size ZnO substrates are available.®” High-quality ZnO thin
films can be grown at relatively low temperatures (less than 700°C). In order to reduce the
strains and dislocation density in epitaxial ZnO and related films, closely lattice-matched
substrates are favored for growth. Sapphire substrates are commonly used for ZnO
heteroepitaxial growth, primarily on the (0001) orientation (basal or c¢ plane), and also on the
(11-20) a plane. Single-crystal ZnO films have been grown on sapphire with a high degree of
surface flatness, which is essential for device fabrication. The ZnO layers have been grown on
sapphire by using a variety of growth techniques, including PLD,2 MOCVD,® and MBE.1%%,
Because of the large lattice mismatch between ZnO (a= 0.3250 nm and ¢ = 0.5213 nm) and the

underlying sapphire (a= 0.4754 nm and c= 1.299 nm), even after a 30° in-plane rotation to
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reduce the mismatch, as-grown ZnO films usually display large mosaicity, high residual carrier
concentrations in the 10*’cm™ range, and low mobilities (less than 100 cm? V! s* at room
temperature) as compared to an electron concentration of ~ 10*® cm™ and Hall mobility of ~200
cm? V1 s typical for bulk single crystals,**3 making their use for optoelectronic applications a
challenge. GaN templates on sapphire, owing to their high structural quality, are attractive

alternatives for ZnO while offering only a moderate lattice mismatch of 1.8%.

1.1 Growth of ZnO by Molecular Beam Epitaxy:

Among the other thin film growth technique, the main advantage of molecular-beam epitaxy
(MBE) is its precise control over the deposition parameters and in situ diagnostic capabilities.
With the feedback from reflection high-energy electron diffraction (RHEED), the growth mode
of ZnO epilayers can be monitored in real time dynamically. For ZnO thin-film deposition by
MBE, Zn metal and O are usually used as the source materials. High-purity Zn metal is
evaporated from an effusion cell, where the cell temperature can be varied to examine the effect
of the Zn flux on the growth rate and material properties. The oxygen radical beam, which can be
generated by a rf plasma source®, is directed on the film surface to obtain high-oxidation
efficiency. When the O plasma is used, the chamber pressure during growth is in the 10™°-Torr
range. The 11/VI ratio can be tuned through the Zn cell temperature as well as rf power and O>
flow rate of the plasma source. For high-quality ZnO films, the reported growth temperature is in
the range of 350— 650 °C with a growth rate of 0.3— 0.7 nm/h.}11°

Different surface chemistries of sapphire substrates can lead to different growth modes. The
surface chemistry of (11-20)-oriented sapphire was alternated from O rich to Al rich by changing
the pregrowth treatment from oxygen plasma to atomic hydrogen.*® The two-dimensional growth

was more favorable and continued longer on a hydrogen treated surface, although the initial two-
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dimensional growth was eventually taken over by a three-dimensional growth for both types of
pretreatments. A Ga preexposure after H and O pretreatments of the sapphire (0001) surface was
adopted by Du et al. just before the ZnO growth in order to eliminate the rotational domain
structures.'’ Nitridation of (0001) sapphire substrate was also used to improve the quality of ZnO
films grown by plasma-assisted MBE.'A very thin nitrogen-polar AIN layer formed by
nitridation acted as a template for the following ZnO growth, resulting in the elimination of the
rotational domains which were often observed in the films grown without nitridation. On (0001)
GaN/sapphire templates, the growth of Zn-polar ZnO has been reported by Hong et al. by using
Zn pre-exposure whereas O-polar ZnO is grown under the condition of oxygen pre-exposure, the
latter of which leads to Ga.Os formation on GaN 9%,

The buffer layer is another critical factor affecting the growth of ZnO layers besides substrates.
ZnO growth on sapphire without a buffer layer usually changed from the 2D growth mode to 3D
island growth as confirmed by the appearance of a spotty RHEED pattern>62!, LT buffer layers
are usually grown at 250— 350 °C, and the surface morphology of the buffer layer can be
improved by thermal treatment at a temperature higher than 700 °C. This is followed by growth
on the main ZnO layers at a temperature in the range of 600— 650 °C.?2?* The growth of ZnO on
(0001) GaN substrate will be discussed in more detail in the following chapter. The 11/VI ratio
has been studied for its effects on the surface morphology and electrical properties. Figure 1
shows the change of growth rate with Zn/O ratio.?® ZnO thin films with a MgO buffer layer were
grown on c-plane sapphire substrate. ZnO layers grown under stoichiometric and O-rich flux
conditions show larger hexagonal islands of 3000-nm diameter, whereas those grown under Zn-
rich flux conditions show smaller hexagonal islands of 200-nm diameter. The observed surface

morphology can be explained by the fact that for growth conducted on the O-polar surface, the
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surface diffusion length of Zn adatoms was smaller under the Zn rich condition than under the

stoichiometric or O-rich condition.
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Figure 1: Growth rate of ZnO layers against Zn beam flux.?®

1.2 Polarity consideration of ZnO:

As has been demonstrated in the case of GaN epitaxy,?®2° the lattice polarity of a wurtzite-
structure film has crucial effects on growth processes, material properties, and impurity doping.
It is reported that the growth mechanism, surface morphology, and structural properties of ZnO
layers show considerable difference between homoepitaxial growths on Zn- and O-polar
surfaces. When the film is grown in the [0001] direction, Zn polarity (+c) is obtained and.
Likewise when the growth is in the [000-1] direction; O polarity (—c) is obtained. Much effort
has been expended to determine the effects of polarity and to find a way of controlling the
polarity during growth. Kato et al*® have established polarity control on c-plane sapphire by
controlling MgO buffer thickness. Prior to the growth substrates are treated at elevated
temperatures (800 °C). Control of the polarity of ZnO films grown on c-plane sapphire substrates
by plasma-assisted MBE was achieved by inserting an MgO buffer layer between the ZnO film

and the substrate. The thickness of the MgO buffer is the key for achieving polarity-controlled
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ZnO films on nonpolar substrates. The critical thickness in polarity conversion was about 2 nm.
MgO growth was Stranski—Krastanov (S—K) mode, and the growth mode transition from 2D to
3D occurred when the layer was thicker than 1 nm. The polarity conversion of ZnO is apparently

caused by the difference in atomic structure between the wetting layer and the islands of MgO.

e Mg Zn-polar

© Zn

Wurtzite MgO |
(Wetting layer)
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Figure 2: Schematic of atomic arrangement of ZnO on c-plane sapphire with (a) a 1-nm-thick
MgO buffer layer, and with (b) an MgO buffer layer thicker than 3 nm*®

Figure 2 shows a schematic of the atomic arrangements of ZnO on c sapphire with two types of
MgO buffer layers. Because MgO growth occurs under O-rich flux conditions, growth mainly
proceeds at the O-terminated surface. In the initial growth stage up to 1 nm, wurtzite MgO as a
wetting layer grows on O-terminated sapphire. Because the topmost O atoms in wurtzite MgO
have a single dangling bond, each Zn atom in contact with O atoms has three dangling bonds
along the c axis. As a result, the ZnO film has O polarity. On the other hand, because the MgO
wetting layer has compressive strain, the structure changes from wurtzite to rock-salt due to
relaxation as the layer thickness increases. Eventually, when the layer thickness exceeds 3 nm,

MgO islands with rock-salt structure covers the entire surface. Because the topmost O atoms in
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rock-salt MgO have three-dangling bonds, each Zn atom in contact with O atoms has a single
dangling bond along the c axis. As a result, the ZnO film on MgO (111) has Zn polarity.
Although ZnO films grown on sapphire have shown promising electrical and optical properties
as discussed above, the crystal quality still needs improvement, since high density of defects are
present at the interface and throughout the films as a consequence of a large lattice mismatch
(18%) between ZnO and sapphire. On the other hand, GaN is a closely lattice-matched material
to ZnO with a lattice mismatch of 1.8%. The control over the ZnO surface polarity has also been
achieved on GaN substrates by plasma-assisted MBE.**2 Hong et al? studied the possibility of
controlling the ZnO/GaN interface by employing different surface treatment procedures prior to
ZnO growth. A treatment of the GaN surface by using Zn- or oxygen-plasma pre-exposures
affects the subsequent ZnO growth in different ways. The Zn pretreatment provides a well-
ordered GaN surface without any interface layer, while the oxygen-plasma pretreatment results
in the formation of a disordered surface due to the formation of a Ga,Os interface layer.
Recently, Ullah et al** have reported that Zn pre-exposure prior to the growth of ZnO layer does
not guarantee Zn polarity material. O-polar ZnO can be grown by using high oxygen to Zn ratio
during the nucleation LT ZnO growth although the GaN surface was pre-exposed with Zn. They
have controlled the polarity of ZnO by controlling oxygen to Zn ratio during nucleation growth.
oxygen to Zn ratio below 1.5 was required for Zn polar ZnO growth.

1.3 ZnO based ternaries and quaternary:

A crucial step in designing modern optoelectronic devices is the realization of band-gap
engineering to create barrier layers in High Electron Mobility Transistor (HEMT) and quantum
wells in LEDs and laser devices. These heterostructures are composed of layers of different

materials/compositions, and the most relevant parameters in this case are the band gaps of each
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layer and the valence- and conduction-band offsets between the individual layers. Band-gap
engineering in ZnO can be achieved by alloying with MgO, BeO and/or CdO, in analogy to GaN
which can be alloyed with AIN and/or InN. Figure 3 shows bandgaps and in-plane lattice
parameters for ZnO related family of materials. The solid line and shaded area between binaries

in wurtzite phase corresponds to wurtzite ternary and quaternary alloys, respectively.
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Figure 3: Bandgap versus a lattice parameter for group-I1A oxides

One of the differences between the nitride and the oxide families is that AIN and InN assume the
same wurtzite crystal structure of GaN, whereas MgO and CdO assume the rock-salt structure,
not the same as the ZnO wurtzite structure. Bandgap of ZnO-based solid solutions can be
increased by alloying (Figure 3) with MgO (wurtzite MgO bandgap 5.88 eV)3! and BeO (10.6
eV)32. However, due to the stability of MgO in cubic rock-salt lattice, phase segregation becomes
a major obstacle in MgZnO alloy with high Mg content. It should be noted that preserving the
wurtzite structure of wide-bandgap material is of critical importance for ZnO-based

heterostructures because of large lattice and thermal-expansion mismatch of wurtzite and rock-

26



salt phases.® Although, bandgap tuning up to 4 eV was reported by Ohtomo et al.>* and Sharma
et al.® for 33% - 36% Mg, higher Mg content , and therefore wider bandgap (4.55 eV at 55%
Mg*®) can be achieved only at very low growth temperatures (Tq = 250 °C) at the expense of
inferior structural quality and poor stability against thermal treatments. Moreover, for the 4.55eV
bandgap, the conduction band offset is still less than 1 eV, which is insufficient for achieving the
communication wavelengths using ISBTSs.

ZnO-based materials with even wider bandgap are highly desired for solar-blind UV detectors
(cut-off wavelength <280 nm, i.e. Eg>4.5 eV), devices based on intersubband transitions
(ISBTs), and heterojunction field effect transistors (HFET) with two-dimensional electron gas
(2DEG). As an alternative to MgZnO, BeZnO was proposed®’ for bandgap tuning as BeO has
wurtzite structure (Figure 3), thus modulating the bandgap from 3.37 eV (ZnO) to 10.6 eV
(BeO). Unfortunately, due to large difference in covalent radii (1.22 A for Zn, 0.96 A for Be)®,
BezZnO alloys with intermediate content of Be (from 35% to 70%) are unstable and tend to
segregate into high and low Be content phases %%, Consequently, the lattice constant of BeZnO
remains nearly unchanged, if Be content increases above 10%, as most of the newly added Be
atoms take interstitial positions instead of substituting Zn at the cation sites®>!.

In order to overcome the aforementioned shortcomings of MgZnO and BeZnO ternaries,
BeMgZnO quaternary alloy has been considered,*>** where much larger covalent radius of Mg
(1.41A)% compensates the strain caused by the incorporation of Be with small covalent radius,
thus opening an avenue towards achieving wider bandgap material which is lattice matched to
Zn0. One of the attractive applications of the quaternary BeMgZnO alloy is the HFETS. In order
to achieve efficient ZnO based HFETSs the following conditions must be satisfied: high quality of

ZnO layer that will serve as a medium for 2DEG layer and optimized growth conditions for the

27



barrier layer that will provide proper spontaneous and piezoelectric polarization for the formation
of 2DEG; low specific contact resistivity ohmic contacts for source and drain electrodes; large
barrier height and low leakage current Schottky contact for Gate electrode.

1.4 ZnO based heterostructures with Two Dimensional Electron gas (2DEG):

High speed computing, real time signal processing, telecommunication, imaging, and low noise
and high frequency amplification require high frequency and high power device. Due to lack of
gate quality dielectrics, high performance FETs (MESFET and HFET) is more popular compared
to MOSFET. The limitations of doping and the proximity of the gate with respect to the
conducting channel of MESFET are alleviated considerable with the advent of HFET. The main
difference between HFET and MOSFET is that the conduction channel in a HFET is formed in
equilibrium. In HFET, the source and drain ohmic contacts are made directly to the two-
dimensional electron gas (2DEG) while the gate electrode between these two terminals
modulates the current. A schematic cross-sectional diagram of HFET is shown in Figure 4. Large
low field mobilities, relatively large maximum electron velocities, and large electron
concentrations provided by many compound semiconductors are ideal for high performance
FETs. Wide bandgap semiconductors, for example, SiC, diamond, and GaN are possible
candidate for such devices. Among these, GaN has additional advantages, for example, large
dielectric breakdown field, high electron mobility*>’, good thermal conductivity, the ability to
grow a AlGaN / GaN heterostructure of a high density of two-dimensional electron gas using
electric polarization. ZnO also has properties similar to GaN heterostructures including a higher
saturation velocity®®, a larger conduction band offset®® (AE:) for MgzZnO / ZnO and the

possibility to use bulk ZnO as substrate®.
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Formation of two dimensional electron gases at the interface occurred due to the large band
discontinuities and polarization induced screening charge. Polarization induces a field, which in
turns causes a redistribution of weekly bound and free charges at the interface. The mobile
carriers moved to where the fixed and opposite polarization charge exists. Because ZnO is large
bandgap material, it tends to be n type, consequently, the mobile carriers are normally electrons

donated by unintentional donors like defect and impurity or intentional dopant.

Source Gate Drain

_— Bamier |
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Figure 4: Cross-sectional view of heterojunction field effect transistor. Two dimensional electron
gases form at the interface. The bandgap of the barrier has to be higher compared to the channel
layer to confine the electron at the interface

The strain induced piezoelectric and spontaneous polarization charges have profound effects
device structure. The spontaneous polarization, directed along [000-1] directions, arises when
heterointerface between two oxide semiconductors with varying electronegativity is involved.
The piezoelectric effect has two components. One is due to lattice mismatch strain while the
other is due to thermal strain caused by the thermal expansion-coefficient difference between the
substrate and the epitaxial layers. Typically, in a Ga-polarity sample the AIGaN/GaN system, the
AlGaN barrier is grown on a relatively thick GaN layer to form the 2DEG. As the AlGaN has
lower in-plane lattice parameter, the inherent lattice mismatch causes a biaxial tensile strain and

the thermal mismatch causes a biaxial compressive strain in the growth plane. The resultant

29



strain induces a macroscopic electric field in the polar material. In the presence of free, weekly
bound and surface charges, the thermal polarization field is screened by a redistribution of these

charges.
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Figure 5: The ball-and stick diagram of a ZnO tetrahedron with a homogeneous in-plane tensile
strain showing a net polarization in the opposite (left) and along (right) the growth direction for
Zn polar and O polar material.

Depending on the surface polarity of the material, direction of the piezoelectric polarization can
be opposite. As shown in Figure 5, when the bonds along ¢ direction are from cation (Zn) to
anion (O) atoms, the polarity is said to be Zn polarity, and the direction of the bonds from Zn to
O along c-direction marks the [0001] direction. By a similar argument, when the bonds along the
c-direction are from anion (O) to cation (Zn), the polarity is said to the O polarity, and the
direction of the bonds from O to Zn along c direction marks the direction [000-1]. The direction
of the piezoelectric polarization (shown in Figure 5) is opposite to the growth direction in Zn
polar ZnO whereas, it is along the growth direction in O polar material. To have the
accumulation of weekly bound and free electrons at the heterointerface of the channel and barrier
layer, considering the structure shown in Figure 4, it is required to have Zn polarity material. To

30



facilitate two dimensional electron gas at the interface, the structure should be inverted where a
thin channel layer, ZnO in this case, is grown on top of a thick barrier layer. Therefore, it is

important to control the polarity of the structure once a particular device structure is considered.

7/n Polar
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Tensile strain Compressive strain

Figure 6: The ball-and-stick diagram of a ZnO tetrahedron with a homogeneous in-plane tensile
(left) and compressive (right) strain showing a net polarization in the [000-1] and [0001]
directions, respectively.

For a Zn-polarity film, under homogeneous in-plane tensile strain, the cumulative z-component,
[0001] direction, of the polarization associated with the triple bonds decreases causing a net
polarization which would be along the [000-1] direction as shown in Figure 6. When an in-plane
and homogeneous compressive strain is present, the net polarization would be in the [0001]
direction in the Zn-polarity case. Therefore, for the heterojunction field effect transistor (HFET)
considered in Figure 4, a tensile strain in the barrier layer would direct the piezoelectric
polarization charge (+c) towards the interface of heterointerface, which in returns will increase
the two dimensional electron gas charge density at the interface. Moreover, as the spontaneous
polarization is directed along [000-1] direction, therefore, would be summed up with the charge

due to piezoelectric polarization. A compressive strain in the barrier layer would direct the
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piezoelectric polarization towards the surface which would reduce the polarization charge due to
the spontaneous polarization. Therefore, for the Zn-polar HFET structure, shown in Figure 4, it is

important to have tensile strain in the barrier layer.
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Figure 7: Strain in the BexMgyZni1xyO layer on ZnO template as a function of Be and Mg
contents. The negative and positive signs represent the compressive and tensile strain,
respectively.

As has been mentioned earlier that ZnO based 1A oxides semiconductor offers wide range of
bandgap and band offset tenability. As observed from Figure 3 that both MgO and BeO has
higher bandgap compared to ZnO. Interestingly, MgO has lower in-plane lattice parameter
(theoretical wurtzite MgO a lattice parameter 3.32 A [Ref. °°]) compared to ZnO (3.25 A [Ref.
597). On the other hand, BeO in-plane lattice parameter (2.698 A [Ref. °1]) is higher compared to
ZnO, which opens the path of band strain engineering in BexMgyZnixyO quaternary alloy
system. In the BeO-MgO-ZnO system the knowledge of in-plane lattice parameters makes it
possible to calculate the strain in ZnO-based heterostructures, including structures with 2DEG
and quantum wells, which provides a guide for polarization charge engineering by tuning the

sign and amount of piezoelectric polarization. The lattice parameter a increases and decreases
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with increasing Mg and Be content, respectively. Therefore, by varying the Be and Mg content
of BeMgZnO one can tune the in-plane lattice parameter a and thus control the sign and amount

of strain, shown in Figure 7, in the BeMgZnO/ZnO heterostructures.

1.5 Metal-semiconductor Schottky diode:

It is widely believed that Schottky contact is of great importance for device performance and
reliability. Improvements in reliability require a full understanding of current transport
mechanism in Schottky contact, which remains an outstanding challenge in the development of

electronic devices.

1.5.1 Schottky-Mott model:

Schottky barrier information was explained by Schottky-Mott model in terms of a space charge
region on the semiconductor side of the contact which assumes no interaction between the metal
and semiconductor. Since at thermal equilibrium no current is flowing, Fermi level of any two
solids in contact must be same. Therefore, the Schottky barrier is created by the redistribution of

electric charge between the metal and semiconductor as their respective fermi level are aligned.
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Figure 8 A metal n-type semiconductor pair before (a) and after (b) contact with no
surface/interface states. The metal work function is greater than that for the semiconductor (@m

) 52
B(gl%re contact, the Fermi levels of the metal and semiconductor, referenced to the vacuum level,
are om and @s respectively. On contact, electrons flow from the semiconductor to the metal until
the Fermi levels line up, leaving behind a depletion region of positive space charge in the
semiconductor. The density of states at the metal Fermi level is so high that the transfer of charge
from the semiconductor causes negligible change in its position. Hence, the depletion region lies
in the semiconductor only. In the absence of interface states, the Schottky barrier height is

simply the difference between the work function of the metal and the electron affinity of the

semiconductor,

Oano = Ay — 0 (N—type) 1
Based on equation 1, in order to achieve rectifying behaver with MSC, a metal with m> ¢s must

be chosen and higher om will result in higher Schottky barrier height ¢, . However, in practice

simple equation 1lis rarely realized due to presence of surface contamination and defects that
introduce surface state and can potentially even pin the position of Fermi level to the level of the
defect. The interface states usually discussed on the basis of two assumptions: (1) interfacial
layer of atomic thickness which will be transparent to electrons but can withstand potential
across it, and (2) the interface states are the property of semiconductor and are independent of
the metal. Considering the extreme case, when a donor-like interface trap density is very high
(infinity), the barrier height becomes independent of the metal work function.

The most widely used method to determine the barrier height of a Schottky contact is to measure
its current-voltage (I-V) characteristics based on the thermionic emission current conduction
mechanism developed by Hans Bethe®. In this theory it is assumed that the electrons

approaching the barrier are in thermal equilibrium and the emission probability is low enough
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that the resulting current flow does not disturb this thermal equilibrium. In practice these
conditions are met when ®g >> kT/g. The thermionic emission (TE) of electrons in either
direction over a potential barrier of height ®g is

1, = AAT2exp| 9= 2

kT

where A" is the Richardson constant, k the Boltzmann constant, and T the semiconductor
temperature. When the Schottky contact is forward biased by an external voltage V, the barrier
potential is lowered to ®g -qV. The electron flow from the semiconductor to metal increases and

the forward current density is now

« ®,-V)
| e = AAT 2 exp| - AP V) 3
fwd p( KT
The current density flowing in the reverse direction (electron flow from the metal to the
semiconductor) is independent of the applied bias voltage and is known as the saturation current
lo where,

I, = AATZexp (ﬁ] 4

KT

The net current flowing across the Schottky contact is therefore

I :Ifwd—lozl{exp(%j—l} )

For the applied bias voltage V>>kT/q the -1 term in equation 5 is negligible and the current
density should increase exponentially with V. When the Schottky contact is reversed biased, the
barrier potential increases to the Schottky contact is reversed biased, the barrier potential
increases to ®g+qV which makes lwd << lo and the net current density is equal to the saturation
current density lo which is independent of V.

Equation 5 represents the ideal case of pure thermionic emission over a homogeneous, defect
free, Schottky barrier with no interface states. For the analysis of real 1-V characteristics an

ideality factor is introduced into Equation 5 giving,
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Values of n greater than unity are caused by non-ideal behavior which cause the Schottky contact
to deviate from pure thermionic transport. The most common types of non-ideal behavior are
image force lowering, field emission, lateral contact inhomogeneity and recombination which are

describe below

1.5.2 Image force lowering:

even for perfectly homogeneous contacts with no interface states, the effective barrier height of
all Schottky junctions is slightly reduced due to image force (IF) lowering. As an electron
approaches the barrier, it experiences a small attractive force with the positive “image” charge

that is induced in the metal®. This effect lowers the height of the barrier by an amount Adijs

1
a°N, KT ) |*
AD, =|| — 52— || Dy -V -&—— 7
§ {(8%85355503]( ® d q

Since A®js is a function of V and it increase with increasing reverse bias. For a given

given by,

semiconductor, A®js also depends on the effective doping concentration Np. Since barrier
lowering is only experienced by electrons approaching the interface, it only affects 1-V and not
C-V measurement. The increased ideality factor (nif) of a Schottky diode due to image force

lowering is given by

1.5.3 Thermionic field emission:
A more likely process for moderately doped semiconductors is thermionic field emission (TFE),

in which carriers are thermally excited to a position on the barrier which is sufficiently thin for

36



tunneling to occur The width of the depletion region of a Schottky diode depends on the doping

level of the semiconductor. It is inversely proportional to the square root of doping concentration

Wd — 2gs‘govbi 9
\/ aNp

Therefore, in heavily doped semiconductor the barrier may be thin enough for electrons to tunnel

(Np) which follows the equation

directly through it. The tunneling parameter Eqo can be expressed as

1
N 2
g [ No 10
4\ m e,
where m” is the effective electron mass. When Eqo << KT the dominant current transport process
is thermionic emission, whereas when Eqo >> KT field emission (tunneling) becomes important.

For Eoo ~ KT, current transport will be significantly affected by thermionic field emission which

causes a lowering of the effective barrier height given by

2 3
3E, )3 KT
son~{ {21517 .
And an increased ideality factor of
quo qEOO
= coth| —= 12
e =T [ KT

For semiconductor with doping concentration Np < 10'® cm, the probability of TFE is very
small. However, at very temperature, this situation can change with the presence of defect states
or traps in the depletion region of the semiconductor which increase the tunneling probability as

electron can first tunnel into these defect states and then through the barrier.

1.5.4 Recombination:
Recombination current can occur in the depletion region which can increase the reverse

saturation current due to the minority carrier. The recombination current is given by
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where nr is the ideality factor for this process (which is typically 2), Ni is the minority carrier

concentration, and t is the minority carrier life time within the depletion region.

1.5.5 Schottky barrier inhomogeneity:
Real Schottky contacts are likely to contain inhomogeneities that cause a spatial variation in
barrier height. This fluctuation can be caused by structural defects, surface contamination,

intrinsic point defects and extrinsic surface defects.

Metal n-Zn0

Figure 9: Band diagram in two dimensions of an inhomogeneous Schottky contact under an
applied forward bias V.

Werner and Guttler® assumed a Gaussian distribution P(®g) of barrier height with a mean value

of @, and standard deviation o to account the schottky barrier fluctuations caused by spatial

inhomogeneities of a length scale less than the depletion region width Wq. An schematic diagram
of the potential fluctuation is shown in two dimensions in Figure 9. They have found the mean
barrier height and ideality factor as a function of temperature. In chapter 5, we have discussed
the temperature dependence of barrier height and ideality factor for silver Schottky diode on

BeMgZnO/ZnO heterostructure.
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1.6 Organization of this thesis

This thesis focuses on growth of Zn polar BeMgZnO/ZnO heterostructure by plasma enhanced
molecular beam epitaxy and device fabrication of Ag Schottky diode on BeMgZnO/ZnO
heterostructure. Chapter one deals with the basic structural and optical properties of ZnO and its
potential application. A brief literature review of polarity control mechanism in MBE growth
technique has been presented. The advantage and disadvantage of ZnO based ternaries and
quaternaries on their application as a barrier in ZnO based heterojunction field effect transistor
has been discussed. A brief theory of polarization induced two dimensional electron gas and
metal semiconductor Schottky diode are also presented in this chapter.

Chapter two deals with the polarity and strain control mechanism of ZnO on (0001)
GaN/sapphire template by means of oxygen to Zn ratio during the nucleation growth of ZnO. X-
Ray Diffractometry (XRD) along the (0002) direction was used to calculate the residual strain in
ZnO films. Growth rate of the film was deduced from the interference fringes observed in 20-®
XRD scan. High Angle Annular Dark Field (HAADF) analysis was carried out in a double Cs
corrected JEOL ARM 200 Scanning Transmission Electron Microscope (STEM) to investigate
the ZnO/GaN interface. The surface morphology was characterized using Atomic Force
Microscopy (AFM).

Chapter three discusses growth of O polar BeMgzZnO/ZnO heterostructure. Cross sectional TEM
images showed structural improvement of BeMgZnO layer compared to BeZnO with the
inclusion of Mg into the ternary lattice. The improvement in crystallinity was further supported
by high resolution X-ray diffraction. Growth kinetics of BeMgZnO layer has been studied within
the temperature range from 450 °C to 500 °C. Crystallinity of the quaternary samples grown

within this temperature range was realized by HRXRD scan along 0002 direction. Reflection
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High Energy Electron Diffraction (RHEED) was used to monitor the in-situ growth progression
of quaternary samples. Photoluminescence spectra at 15 K temperature and the subsequent
analysis were performed to understand the thermodynamic limitation of Mg incorporation into
wurtzite BeMgZnO lattice at the elevated temperature.

Chapter 4 discusses Zn polar BeMgZnO/ZnO heterostructure with two dimensional electron gas.
Sheet carrier density obtained from BeMgZnO/ZnO heterostructures with different Be and Mg
composition has been compared with the theoretical calculation and reported values from
MgZnO/ZnO heterostructure as well.

Chapter 5 deals with the fabrication of Ag Schottky diode on BeMgZnO/ZnO heterostructure.
Current-Voltage (I-V) measurement was carried out in the temperature range of 85-457K. Based
on the thermionic emission theory, the ideality factor and barrier heights were calculated.
Experimentally obtained Richardson constant of Be..Mg..ZnO were compared with the
theoretical calculation. Carrier confinement of two dimensional electron gas was investigated
through Capacitance-Voltage (CV) measurement. Hot electron energy relaxation time for
BeMgZnO/ZnO heterostructures, obtained from noise temperature measurement at high electric
field, are compared with that of GaN based heterostructure and already reported doped bulk

ZnO. All results are summarized and future work is discussed in chapter 6.
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Chapter 2. Polarity control of ZnO on (0001) GaN/sapphire template

2.1 Introduction:

The most frequently used substrate for epitaxial growth of ZnO thin films and heterostructures is
c-plane sapphire, which has a large in-plane lattice mismatch of 18% with ZnO, and therefore,
limits the material quality. Moreover, growth of high quality Zn-polar ZnO on sapphire is not
well established °. GaN templates on sapphire, owing to their high structural quality, thanks to
the remarkable progress achieved in the GaN-based light emitter technology, are attractive
alternatives for growing Zn-polar ZnO while offering only a moderate lattice mismatch of 1.8%.
On (0001) GaN/sapphire templates, the growth of Zn-polar ZnO has been reported by Hong et
al. by using Zn pre-exposure whereas O-polar ZnO is grown under the condition of oxygen pre-
exposure, the latter of which leads to Ga,O3 formation on GaN *2°, Specifically, a film of single
crystalline Ga,O3 of ~4 nm thickness was shown to form and act as a blocking layer of metal
polarity propagation from Ga polar GaN to ZnO. Additionally, no O-polar ZnO grown on GaN
has been reported where the GaN was kept under continuous Zn beam exposure prior to the
nucleation growth. We have reported the growth of O-polar ZnO on the (0001) GaN although it
was kept under continuous Zn flux wherein the oxygen-to-zinc ratio during growth of the low-
temperature ZnO nucleation layer played the pivotal role for polarity inversion. We have

showed, as a corollary to previous work, that only one monolayer of non-stoichiometric GaOx at
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interface is all it takes to invert the polarity. Additionally, we have demonstrated an
unprecedented finding that residual strain of the resulting ZnO layers, which is related with
polarity inversion, can be controlled by oxygen to zinc ratio during nucleation growth. Our
results are contrary to a visceral reaction that Zn-polarity ZnO should result on Ga-polarity GaN
without O pre-exposure. The sign change of strain is also extraordinary.

2.2 Growth technique:

ZnO films were grown by plasma enhanced molecular beam epitaxy (P-MBE). Highly resistive
(60 kQ.mm), carbon-compensated 2.5-um Ga-polar (0001) GaN layers prepared by metal-
organic chemical vapor deposition on c-plane sapphire served as substrates. Prior to loading into
the MBE system, the GaN templates were cleaned with aqua regia to remove possible metal
contamination followed by immersion in a HCI : H,O = 1 : 1 solution to remove any gallium
oxide (Ga20z) from the surface. After loading the substrate to the growth chamber, GaN surface
was thermally cleaned at 625 °C for 15 min followed by an exposure to Zn beam to terminate the
GaN surface with Zn adatoms . The same Zn flux of 0.1 A/s was maintained during cool down
and the growth of low-temperature (LT) ZnO nucleation layer of thickness 25 nm at T4 = 300°C.
During the LT ZnO growth, the oxygen-to-Zn ratio (VI/11 ratio in the following discussion) was
varied via varying the O flux within a wide range, from deep Zn rich (VI/Il = 0.55) to deep
oxygen rich (VI/1l = 3) conditions. After annealing the LT-ZnO layer at 730 °C for 5 min at
1x10° Torr reactor pressure with closed O-plasma shutter, ZnO growth proceeded at 670 °C. For
all the samples under investigation, Zn flux and oxygen gas flow during the high temperature
(HT) ZnO growth were kept at 0.25 A/s and 0.7 sccm, respectively. 400 W RF power of the
plasma cell was used for both the LT- and the HT-ZnO growth. The growth time for HT ZnO

was 2 hours and total film thickness for the samples nucleated with VI/II ratio below 1.5 is
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around 365 nm and for those nucleated with larger VI/II ratio is 175 nm. The ¢ lattice parameters
were deduced from X-Ray Diffractometry (XRD) along the (0002) direction which was used to
calculate the residual strain in ZnO films. Growth rate of the film was deduced from the
interference fringes observed in 26-o XRD scan. High Angle Annular Dark Field (HAADF)
analysis was carried out in a double Cs corrected JEOL ARM 200 Scanning Transmission
Electron Microscope (STEM) to investigate the ZnO/GaN interface. The surface morphology

was characterized using Atomic Force Microscopy (AFM).

2.3 Polarity control of ZnO on GaN:

The growth rates of the HT-ZnO layers deduced from the XRD interference fringes are shown in
Figure 10 as a function of the VI/II ratio during LT-ZnO growth. As seen from the figure, the
growth rate of ZnO films exhibiting tensile biaxial strain (170 nm/h) is a factor of 2.25 greater
than that of the films with compressive strain (75 nm/h). More importantly, the ZnO growth rate
correlates with the sign of strain rather than its extent. The ratio of growth rates of the films
grown on LT ZnO buffers deposited with different VI/II ratio is consistent with the growth ratio
of Zn- and O-polar ZnO reported elsewhere 30°8. Therefore, the reduced growth rate of ZnO
films nucleated under highly oxygen-rich conditions can be caused by the inversion of surface
polarity from Zn- to O-face at VI/II~1.5. Furthermore, we have performed wet etching in a very
dilute solution of 0.65% HCI in water to distinguish the etching behavior. This study revealed at
least 7 times higher etching rate of the films exhibiting relatively lower growth rate (O-polar)
compared to the films featured by the high growth rate (Zn-polar). The observed etching rate is
also consistent with etching rates of Zn- and O-polar ZnO reported in literature °3°°. Therefore,

one can conclude that highly oxygen-rich conditions during the nucleation of ZnO on GaN

43



templates in P-MBE give rise to the surface polarity inversion from Zn- to O-polar, as indicated

in Figure 10.
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Figure 10 Growth rate of ZnO films as a function of VI/I1 ratio during LT-ZnO growth. The solid
curve is a guide to the eye.

As to be expected, ZnO films nucleated at high and low VI/II ratios exhibit drastically different
surface morphology as observed by AFM scans shown in Figure 11. Away from the transition
point (VI/1I = 1.5), surfaces are uniformly smooth, which explicitly implies that layers are of
single polarity. However, at the transition point surface roughness increases significantly [root
mean square (RMS) roughness of 5.2 nm for 5 pum x 5 um scan, not shown], suggesting mixed
polarity domains. The O-polar films (nucleated at VI/II ratio > 1.5), Figure 11 (a) and (c), exhibit
hillock-like morphology with pronounced atomic terraces, while the Zn-polar layers (Figure 11
(b) and (d)) are characterized by a flat surface with large density of hexagonal pits. RMS surface
roughness values for 1 um x 1 um scans of O-polar and Zn-polar ZnO are 0.25 nm and 2 nm,
while those for the 5 um x 5 pum scan area are 0.9 nm and 1.5 nm, respectively. As the
morphology of O-polar ZnO is characterized by hexagonal hillocks, some degree of long-scale

height modulation is expected, resulting in the increase of RMS value with increasing scan area,
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whereas Zn polar ZnO does not exhibit this characteristic. The observed surface morphologies of

Zn- and O-polar films are similar to those reported by Wang et al %8

200 nm

b) 1 um 200 nm

Figure 11 : 5 um x 5 um AFM images of (a) O polar and (b) Zn polar ZnO. (c) and (d) show the
respective images for 1 um x 1 um area.

To verify polarity inversion we have carried out cross sectional weak beam TEM analysis
(Figure 12 (a)) of a structure nucleated at VI/II = 6.0, much larger than the critical value of 1.5
above which O-polar ZnO is obtained. As seen from the image (g=0002), no vertical inversion
domains are present inside the ZnO layer (the interface position is shown by the horizontal
arrows). This indicates that the polarity inversion takes place throughout the GaN surface,
immediately at the GaN/ZnO interface, in agreement with AFM data revealing flat surface
morphologies. A typical high angle annular dark field image of the ZnO/GaN interface is shown
in Figure 12 (b), where the position of the interface is marked by the arrows. As can be seen from
the change of stacking sequences, the polarity inversion takes place within one monolayer. The
change in stacking sequences at inversion boundaries has been reported in earlier investigations

of prismatic inversion domain boundaries in GaN/sapphire structures by high resolution TEM

45



6061 In the case presented here, the change is permanent and does not depend on the focus
setting. This indicates that steady state coverage of the GaN surface with Zn atoms by continuous
Zn pre-exposure fails to prevent the formation of presumably one monolayer of
nonstoichiometric GaOx which is sufficient to invert the polarity. Therefore, the mechanism
governing this transition is different from the one proposed by Hong et al *?°, which relied on
the formation of a 3-4 nm thick GaOs3 layer introducing a centrosymmetric operation and thus
helping to break the metal polarity transfer from GaN to ZnO. For such a polarity reversal within
one monolayer, it is difficult to think of only geometric and topological factors; it is very likely
that also chemical and electronic factors are playing an important role. Therefore, in order to
unveil the underlying mechanism, an extensive study of the chemical and electronic structure of
GaN/ZnO interface by combining theoretical modelling ®* and high resolution transmission

63,64 ;

electron microscopy is underway.
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Figure 12: (a) Weak beam TEM micrograph, g=0002, and (b) HAADF image of ZnO/GaN
heterointerface of the sample nucleated with VVI/1l = 6.0. The dots represent the Ga and Zn atoms
in GaN and ZnO lattice respectively. The line represents the change in stacking sequence in GaN
and ZnO lattice. Bright vertical lines in the weak beam image (a) are threading dislocations
propagating from GaN.

2.4 Strain control of ZnO on GaN:

Figure 23 (a) shows the triple axis 20-» scans of 0002 reflection from ZnO films on (0001)
GaN/sapphire templates. As seen from the figure, the ZnO peak systematically shifts towards
smaller Bragg angles with increasing VI/Il ratio from 0.55 to 3 during the growth of LT
nucleation layer. This shift indicates that the c lattice parameter increases from 5.198 A to 5.217
A. When compared with the bulk ZnO lattice constant, these values suggest that the structures
grown employing VI/1I ratios below 1.5 during the deposition of the LT nucleation layer are
under tensile biaxial strain, irrespective of the film thickness, while the use of larger VI/II ratio
during the nucleation layer results in compressive strain in the high-temperature ZnO layers. To
compare the strain state of samples with similar thickness, a 175 nm thick film was also grown at
a VI/1l ratio of 0.85 during nucleation. Tensile biaxial strain was found to be present in this
sample; however, its magnitude was higher in the thicker (365 nm) sample. Well pronounced
thickness interference fringes observed for all the samples studied are indicative of relatively

smooth surface and ZnO/GaN interface.
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Figure 13: (a) Semi-logarithmic plot of XRD triple axis 20-o diffraction patterns along the
[0002] direction. From bottom to top, VI/II ratio in the LT-ZnO layer increases from 0.55 to 3.0
at a constant Zn flux of Jz = 0.1 A/s. Dash line represents the Bragg angle for bulk ZnO in
[0002] direction. Solid circles indicate the ZnO peak positions. Residual strain (b) measured
along the c direction and (b) calculated in the biaxial plane of ZnO as a function of VI/II ratio
during LT-ZnO growth. The negative and the positive sign in y-axis denote the compressive and
tensile residual strain, respectively. Straight lines are used to guide the eye.

Residual strain along the c direction of ZnO lattice is calculated from the corresponding peak of
X-ray 20-o diffraction pattern shown in Figure 13 (a). Figure 13 (b) shows the effect of oxygen
to Zn ratio during the LT-ZnO growth on the uniaxial (in the growth direction) residual strain, €1
= (cr - cp)/cp of ZnO, where cr and ¢y are the thin-film (derived from XRD scans) and the bulk
lattice parameter, respectively. Here, an experimentally determined bulk ZnO out-of-plane lattice
parameter of 5.204 A have been used . Because of the substantial broadening of the asymmetric
ZnO reflection and its overlap with the very intense neighboring GaN reflection, it is difficult to
discern the biaxial strain in ZnO directly with needed precision. Therefore, we have calculated

the corresponding biaxial residual strain by using the Poisson ratio ($) of 0.298 for thin film ZnO
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%, Figure 13 (c) shows the biaxial strain (gy) calculated from the corresponding uniaxial strain
(1) shown in Figure 13 (b) by using 9 = - &)/ 1. Conventionally, the positive and negative signs
of the ordinate in Figure 13 (b) and (c) represent tensile and compressive strain, respectively. As
evidenced from Figure 13 (c), the films are under tensile biaxial strain when the LT buffer is
grown under Zn-rich conditions. As the VI/II ratio increases, the extent of biaxial strain reduces
linearly, and the ZnO layer becomes relaxed at VI/Il = 1.5. When the VI/II ratio during growth of
the LT nucleation layer is larger than 1.5, the strain changes its sign, and the material becomes
compressively strained in the biaxial plane. The amount of compressive strain rises linearly with
increasing VI/II ratio. Thus, the residual strain in ZnO films grown at 670 °C is clearly controlled
by the VI/II ratio during the growth of LT-ZnO nucleation layer.

To explain the variation in the residual strain in ZnO films with varying VI/II ratio during the
growth of LT-ZnO buffer, we consider possible formation of point defects and thermal expansion
mismatch of ZnO, GaN, and sapphire. As the thermal expansion mismatch between ZnO and
sapphire substrate is dominant, it is reasonable to expect compressive biaxial strain in ZnO thin
films due to higher thermal expansion coefficient of sapphire, " oy = 8.1 x 10%/°C and o= 7.3
x 10/ °C, compared to ZnO, oy = 3.0 x 10°/°C and ar = 6.5 x 10°/ °C along ¢ and a
directions, respectively. In the regime of low VI/II ratio, Zn interstitials (Zn;) can be presumed as
the primary cause of tensile biaxial strain in the Zn-polar material. It has been reported that Zn
polarity of ZnO favors the formation of Zn; compared to the O polar variety as Zn displacement
is easier in Zn polar ZnO compared to O polar ®°. Furthermore, it is more likely to form Zn;
under Zn-rich growth conditions, because of the lowest formation enthalpy of zinc interstitials
among intrinsic point defects . Therefore, we suggest that once the Zn-polar nucleation layer is

grown at a VI/II ratio < 1.5, which results in tensile biaxial strain, subsequent high temperature
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growth leads to a gradual increase of tensile strain as the effect of thermal mismatch with the
substrate is reduced as the film grows thicker. However, with increasing VI/II ratio, the density
of Zn interstitials would reduce, thus reducing the tensile strain. Eventually, strain associated
with thermal expansion mismatch between ZnO and GaN/sapphire will become dominant, and
the material would become unstrained and then compressively strained, given that the material
quality is sufficiently high. We also suggest that detailed microstructural analysis to substantiate

the abovementioned arguments is needed.
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Chapter 3. Quaternary BeMgZnO by P-MBE

3.1 Introduction:

At a given substrate temperature, co-alloying of ZnO with BeO and MgO mutually enhance the
incorporation of both Be and Mg into the wurtzite quaternary alloy*'. As indicated by an arrow
in Figure 14 (b), by increasing Mg content while keeping Be cell temperature the same, the in-
plane lattice parameter first increases due to Mg incorporation into the lattice and approaches
that of ZnO (lattice matching), but then decreases, which suggests that enhanced Be
incorporation on cation sites with increasing Mg content. As a results, 5.1-eV BeMgZnO
quaternary alloy has been achieved with a better structural quality compared to MgZnO or

BezZnO ternaries.*! .
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Figure 14: Bandgap vs a lattice parameter for BeMgZnO, BeZnO and MgZnO. Dashed lines are
linear interpolation between wurtzite binaries.

Up until now, the growth of single crystal quaternary BeMgZnO has been limited to growths on
c-plane sapphire,*>**""2quartz,”>"silicon”® and GaN;">"® and the explored growth techniques
are MBE,*437L72p|_D 4244 3gnyttering’* 24,25 and solgel synthesis.”” It is important to note that
in earlier reports, the growth of BexMgyZnix,O was established at or below 400 °C *%™, we
have achieved growth of O-polar BexMgyZn1xyO at temperature as high as 500 °C on (0001)
GaN/sapphire templates by Plasma assisted Molecular Beam Epitaxy (P-MBE) while in parallel
exploring the effect of Zn to (Be + Mg) flux ratio (Jr) in suppression of the second phase
segregation in the temperature range from 450 °C to 500 °C. Prior to the growth of quaternary
BexMgyZn1xyO, the polarity of ZnO buffers has been inverted from Zn-polar to O-polar by
employing high VI/II ratio during nucleation'*. Photoluminescence (PL) at 15 K and in-situ
monitoring by Reflection High Energy Electron Diffraction (RHEED) suggest formation of a

wurtzite MgO-rich second phase when the Zn to (Be + Mg) flux ratio is relatively low at the
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higher end of growth temperature range explored. To account for this phenomenon, we suggest a
limiting phenomenon for incorporation of Mg into ZnO-rich BexMgyZn1x,O lattice facilitated
by the natural inclination towards the growth of MgO-rich phase due to its more negative

enthalpy of formation

3.2 O-polar BeZnO and BeMgZnO on c-sapphire

Figure 15 presents cross-sectional dark field TEM images of the Beo10ZnogO and
Beo.o7Mg0.30Zn0.630 layers. The 175-nm-thick ternary and quaternary alloys were grown at Ts =
400 °C, and the same oxygen to metal flux ratio was maintained during the growth. As seen for
the TEM images, the Beo.10Zno.9oO layer exhibits non-uniform contrast, which is caused by the
presence of high density of stacking faults and possible second-phase inclusions (Figure 15 (b))
The presence of high angle grain boundaries is also revealed from TEM analysis in
Beo.10Zn0.900, which is indicative of substantial mosaicity of the ternary material (Figure 15 (c)).
In aggregate, this leads to a rough surface morphology of the Beo.10ZnogoO layer and low
intensity of its 0002 reflection on 20-0 HRXRD scan, comparable to that from 15-nm thick low-
temperature ZnO buffer [Figure 16 (b)]. As evinced from Figure 16 (a), threading dislocations
originating mostly at the ZnO/sapphire interface are dominating defects in quaternary
Beo.o7Mgo.30Zno.630 alloy. Inhomogeneous contrast is likely an indicative of compositional
fluctuations. Improved structural quality of the quaternary material, despite a large density of
threading dislocations, is also confirmed by HRXRD, as evidenced from an order of magnitude
higher intensity of its 0002 reflection compared to that from the ternary layer [Figure 16 (b)].
This finding is in agreement with the TEM micrograph in Figure 15, which clearly indicates the

presence of high-angle boundaries, and therefore, misoriented blocks in BeZnO.

53



()

Second phas'e? :
T

C)

High-angle
boundary

Figure 15:(a) Cross-sectional TEM image of Beo.10Zno.9000/Zn0 structure. (b) Stacking faults and
possible second-phase inclusions and (c) high-angle grain boundaries.

The c lattice parameter of the Be0.07Mg0.30Zn0.630 quaternary alloy (5.081 A) deduced from
the HRXRD peak is smaller than that of the Be0.10Zn0.900 ternary material (5.123 A)
suggesting that a substantial fraction of Be atoms are likely incorporated into a BeO-rich second
phase or as interstitial atoms in Be0.10Zn0.900. Due to the large difference in atomic radii
between Be and Zn, a limited Be incorporation (~10%) into wurtzite ZnO host lattice has been
reported®®*!, beyond which these potential factors reduce the structural quality. The significantly
improved structural quality of the quaternary alloy suggests enhanced incorporation of both Be
and Mg on the cation sites of the wurtzite ZnO host lattice, which leads to a wider range of

bandgap modulation for BeMgZnO as compared to ternary BeZnO or MgZnO compounds with

an additional benefit of higher crystal quality than that of BeZnO *L,
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Figure 16: (a) Cross-sectional TEM image of Beo.07Mgo.30Zn0.630/Zn0O structure showing a large
density of threading dislocations (~10*° cm2). (b) HRXRD 20-w» scans of 0002 reflection from
Beo.10ZNn0.900/ZNn0 and Beo.07Mgo.30ZNn0.630/Zn0O structures.

3.3 Growth kinetics of O-polar BeMgZnO on (0001) GaN/sapphire template

O-polar BexMgyZni.xyO /ZnO heterostructures were grown on (0001) GaN/sapphire template
using plasma enhanced molecular beam epitaxy (P-MBE). Highly resistive, carbon-compensated
2.5-um Ga-polar GaN layers were grown by metal-organic chemical vapor deposition on (0001)
sapphire for this work. Prior to the growth of quaternary BexMgyZnix.yO, the polarity of ZnO
buffers has been inverted from Zn-polar to O-polar by employing high VI/Il ratio during
nucleation**. The nucleation procedure is described below in more detail. Knudsen cells were
used to evaporate Zn, Be, and Mg, and a radio frequency plasma source was used for reactive
oxygen. Following a thermal cleaning at 625 °C for 15 minute, GaN was exposed to a Zn beam
to terminate the surface with Zn adatoms. A 25 nm O-polar ZnO was then nucleated at 300 °C by
maintaining high oxygen to zinc ratio (VI/ll = 6) to ensure polarity inversion!*. This was
followed by annealing at 730 °C for 5 minutes at a reactor pressure of 1 x 10° Torr with closed
oxygen plasma shutter, and a 130 nm thick ZnO buffer layer was then grown at 670 °C under

oxygen rich growth conditions (VI/Il ratio 6.0). The growth of a 75 nm thick quaternary
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BexMgyZn1xyO layer was initiated under oxygen rich environment at a reactor pressure 1.5 x 10
* Torr.

3.3.1 Growth kinetics of BeMgZnO at temperature range 450° -500 °C:

In this work, two sets of samples grown at substrate temperatures of 475°C (series B) and 500 °C
(series C) were compared to a control sample A grown at 450 °C. The growth conditions of
samples studied are summarized in Table I. The reference sample A was grown with a Zn to (Be
+ Mg) ratio, Ji, of 3.9. In the first set (series B), J- was varied from 3.9 (sample B1) to 6.2
(sample B3). For sample B2, the metal flux ratio was increased to 5, thus 29% higher compared
to sample B1 or the reference sample A, by increasing Zn flux from 58 nm/h to 74 nm/h. For
sample B3, the J; ratio was further increased to 6.2, thus 59% higher compared to B1 or A, by
keeping Zn flux at 74 nm/h and decreasing Be and Mg fluxes from 3 nm/h to 2 nm/h and 12
nm/h to 10 nm/h, respectively. The second set of samples (series C) was grown at 500 °C. The
Zn to (Be + Mg) flux ratio was 3.9 for sample C1 (the same for sample A and B1), and for
samples C2, C3 and C4, the ratio was kept 52% (Jr = 5.9), 90% (Jr = 7.4) and 115% (Jr = 8.3)
higher than that of sample C1 or A. For sample C2, Zn flux was increased from 58 nm/h to 88
nm/h while Be and Mg fluxes were kept same as sample C1. In sample C3, keeping the Zn flux
at 88 nm/h, Be and Mg fluxes were reduced from 3 to 2 nm/h and 12 to 10 nm/h, respectively.
For sample C4, the flux ratio was further increased by increasing Zn flux up to 100 nm/h. The
growth time for all the quaternary samples was 1 hour. The growth rates, measured using a
profilometer, are listed in Table I. With increasing substrate temperature the desorption rate of
primarily Zn adatoms increases as Zn has much higher equilibrium vapor pressure (0.3 to 1 Torr)
compared to Mg (.01 to .06 Torr) and Be (less than 1x10°® Torr) within the temperature range

explored.!* As a result, the growth rate was reduced from 80 nm/h for sample A grown at 450 °C
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to 70 nm/h for sample C1 grown at 500 °C under the same metal fluxes, consistent with the
findings of Ivanov et al.'®, who reported a 10% reduction within the same temperature range.
Reflection High Energy Electron Diffraction (RHEED) was used to monitor in situ growth
progression. High-resolution X-Ray diffraction (HRXRD) (Omega-2theta scans of 0002
reflection) was employed to evaluate structural quality of the BexMgyZn1xyO alloy. Steady-state
PL measurements were performed at 15 K in order to obtain emission spectra from BexMgyZn; x-
yO quaternary using a frequency tripled Ti:sapphire laser (266 nm wavelength, 150 fs pulse
width, 80 MHz repetition rate) as an excitation source. Be and Mg contents were estimated from
the c lattice parameter obtained from HRXRD analysis and bandgap was measured from low
temperature PL considering Stokes shift, with previously established Vegard’s law with bowing
parameters for the full range of compositions.®!6” Metal fluxes were measured by using quartz
thickness monitor.

Table I: BexMgyZnix,yO growth temperature (Tg), Zn (Jzn), Mg (Jmg), and Be (Jge) metal fluxes

and their ratios, Jr = Iz /(JBe +J“"9) and growth rate of the quaternary samples included in this
study.
Sample Ty Jzm Jwvg Jge Jr Growth rate
number °C nm/h nm/h nm/h nm/h
A 450 58 12 3 39 80x10
Bl 475 58 12 3 39 75%10
B2 475 74 12 3 50 90x10
B3 475 74 10 2 62 85%10
Cl 500 58 12 3 39 70x10
C2 500 88 12 3 59 95+£10
C3 500 88 10 2 74 90zx10
C4 500 100 10 2 8.3 10010

Figure 17 (a) and (b) compare the double axis 20-o scans of the 0002 reflection from two sets of
BexMgyZn1xyO /ZnO heterostructures grown at Tg = 475 °C and 500 °C, respectively, with the

reference sample A which was grown at 450 °C. As the quaternary alloy was grown on GaN
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template, then deposited on a 300 nm AIN nucleation layer on sapphire using MOCVD
technique, XRD reflection from GaN and AIN is observed at Bragg angle 34.55 ° and 36.10 °,
respectively. ZnO peak appears at the left shoulder of GaN peak, which is clearly resolved in
triple axis scan shown in Figure 17 (c). The diffraction patterns from the first set (Tq = 475 °C)
are shown in Figure 17 (a). Although samples A and B1 were grown with the similar metal
fluxes, the XRD pattern from sample B1, grown at substrate temperature increased by only 25 °C
from sample A, shows no reflection corresponding to the quaternary material whereas
Be0sMg.25Zn0O peak at 35.1° is observed for sample A. Details of Be and Mg composition
estimation have been described in the following paragraphs. Among the samples grown at 475
°C, only sample B3 (Jr = 6.2), which was grown with the Zn to (Be + Mg) flux ratio ~ 60%
higher than that of sample A or B1, shows reflection from the quaternary Be.0sMg.20ZnO alloy at
35.03°. An increase of Zn to (Be + Mg) ratio by 30% used for the growth of sample B2 (Jr = 5)
is not sufficient to obtain BexMgyZn1.xyO of decent quality to register an XRD reflection. The
second set of samples, grown at 500 °C, exhibits a trend (Figure 17 (b)) similar to the first set
(475 °C). No reflection from the quaternary alloy is observed for sample C1 (Jr = 3.9) and C2 (Jr
=5.9), whereas a very weak reflection is recorded for sample C3 (Jr = 7.4). XRD scan of sample
C2 is not shown in Figure 17 (b) as it is similar to that of sample C1. Only sample C4 (Jr = 8.3)
which deposited with ~115% higher Zn to (Be + Mg) ratio compared to sample A shows
reflection from the quaternary Be03Mg.15ZnO alloy. It should be noted that only the substrate
temperature is varied among the samples A, B1 and C1, where only sample A shows reflection
from the quaternary alloy. As shown in Figure 17 (c), to obtain similar intensity reflection from
the quaternary alloy grown at Tg= 475 °C and 500 °C, approximately 60% and 115 % higher Zn

to (Be + Mg) flux ratio is required compared to the sample grown at Tg = 450 °C. Well
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pronounced thickness interference fringes observed for samples are indicative of relatively
smooth surface and BeMgZnO/ZnO interface. Additionally, a shift in ZnO peak position,
observed in Figure 17 (c), is attributed to minor unintentional variations in either oxygen radical
flux or Zn flux during the nucleation stage carried out at 300 °C. Consequently, ZnO peaks are
not clearly distinguishable from the GaN peaks for samples B2, B3, C3, and C4. As reported
elsewhere,'* there is a strong correlation between the residual strain in the overgrown ZnO and

the oxygen radical to Zn flux ratio during ZnO nucleation on GaN(0001)/ sapphire templates.
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Figure 17: The Double axis 20-® scans of the 0002 reflection for the samples grown using
different Zn to Be and Mg flux ratios at (a) 475 °C and (b) 500 °C compared with that for
reference sample A, which was grown at 450 °C. Figure (c) shows the triple axis scan of the
single crystalline BeMgZnO grown at temperature range 450 °C to 500 °C.

Composition of BexMgyZnixyO alloy is estimated by simultaneously solving the equations
obtained from Vegard’s law with bowing parameters for c lattice parameter and bandgap
reported by Toporkov et al.® BeMgzZnO was grown on thick GaN template which precludes
measurement of the absorption edge of BeMgZnO. Optical bandgap has been estimated from
15K PL emission energy of the dominant peak considering large Stokes shift from quaternary
alloy, as has been reported by Toporkov et al. Table 11 lists the c lattice parameter, energy of the
dominant PL peak obtained through deconvolution (see Figure 19), estimated optical bandgap,
and Mg and Be contents with error margins. The compositional error is associated mainly with
the bandgap estimation from Stokes shift and the statistical error while fitting the PL and XRD
peaks assuming Gaussian profiles. As listed in the table, Mg composition of the BeMgzZnO
reduces from 25% to 15% while increasing the Zn / (Be + Mg) ratio from 3.9 to 8.3 to obtain
single crystalline BeMgZnO in the temperature ranging from 450 °C to 500 °C. Reduction of Mg
incorporation into BexMgyZn1xyO lattice is expected at higher growth temperatures due to the
much lower equilibrium solubility limit (~4%) of MgO into wurtzite ZnO lattice.!® Be

incorporation at higher growth temperature also reduces slightly as the Be flux used in this work

is relatively small.
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Table Il: c lattice parameters, energy (EPL) of the dominant PL peak measured at 15 K, optical
bandgaps (Eg) and Be and Mg compositions for the crystalline BeMgZnO samples

Sampl c lattice Energy of Bandga Mg Be
e No. paramete dominant p compositio  compositio
r PL peak, Eq n n
EpL,
A eV eV % %
5.109 + 3.782 + 3.930 +
A 0005 0002 0.1 25l 3+1
5121 + 3.750 + 3.882 +
B3 0005 0002 0.1 201 3+1
5.129 + 3.554 + 3.602 +
C4 o005 0002 0.1 el 25l

Table 11l compares the c lattice parameter, PL emission energy and optical bandgap of the
BeMgZnO quaternary alloys discussed in the current study with those of the reported MgzZnO
ternary alloys.**2%In this work, even the largest c lattice parameter among the samples is about
5.129 A with only ~ 15% Mg and ~ 3% Be (Sample C4) resulting in optical bandgap of 3.60 eV,
which is inconsistent with the wurtzite MgZnO alloy. The smallest ¢ lattice parameter reported
for wurtzite MgZnO by Du et al.?* is 5.136 A for the material containing 55% Mg grown at 250
°C with a bandgap of 4.55 eV. Note that Mg incorporation into wurtzite MgZnO alloy reduces
with increasing growth temperature because of the segregation of MgO rich phase.*®*?? The
difference between the lattice parameters in our work (<5.129 A) and the values reported by
Ohtomo et al. (5.182 A, [Ref.19]) and Nishimoto et al. (5.165,[ Ref. 20]) for 25% Mg is far
beyond any experimental error. The reduction in the c lattice parameter with respect to MgZnO
found here is governed by its co-alloying with BeO, as it has a substantially smaller c lattice
parameter (4.3776 A [Ref. 10]) compared to wurtzite MgO (5.095 A [Ref. 26]). Thus the effect
of Be incorporation into the ZnO lattice is unequivocally shown by the significant reduction in

the c lattice parameter. It is worth noting that the difference between the lattice parameters (see
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Table 111) for a given Mg composition in MgZnO alloy could originate from different strain
conditions in the films caused by the employment of different growth techniques and substrates
for the epitaxial growth. Additionally, for 25% Mg, Takagi et al.?? and Laumer et al.? reported
MgZnO bandgap of 3.743 eV and 3.818 eV, respectively, whereas we have found the larger
value of 3.930 + 0.1 eV (Sample A), which is also consistent with Be incorporation into wurtzite
lattice.

Table I1l: Comparison of c lattice parameters, PL emission energies and optical bandgaps of the

crystalline Be0.03MgyZn0.97-yO alloys discussed here with relevant reported MgZnO thin films
of similar Mg composition.

Mg c lattice PL emission Optical
composition parameter energy, Ep, Bandgap, Egq
% A eV eV
25 (This 5.109 + 3.782 + 3.930+0.1
work) 0.005 0.002 3.743¢
5.182% - 3.818°
5.165" 3.717°
20 (This 5121+ 3.750 £ 3.882+0.1
work) 0.005 0.002 3.657¢
5.183% - 3.728°
5.170° 3.65°
15 (This 5.129 + 3.554 + 3.602+0.1
work) 0.005 0.002 3.554¢
5.190% - 3.640°
5.175" 3.576°

20Ohtomo et al. [Ref.19]

b Nishimoto et al [Ref. 20]

¢ Laumer et al. [Ref. 23]

dTakagi et al [Ref. 22]

Time evolution of RHEED patterns from BexMgyZn1.yO films grown with different Zn to (Be +

Mg) flux ratios at different substrate temperatures is shown in Figure 18. Figure 18 (a) and 2 (b)

exhibit the RHEED evolution at 20 min and 60 min, respectively, of the quaternary growth of
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sample A (Tq = 450 °C). The spotty diffraction pattern at 20 min indicates a three dimensional
growth mode, which remains unchanged until the end of the growth. The RHEED pattern from
sample B1 at 20 min of growth (Figure 18 (c)), grown at 475 °C, where substrate temperature is
the only parameter varied compared to sample A, indicates formation of a second phase on the
growing surface. Reflections from the new phase become dominant at 60 min of growth as the
separation between RHEED reflections reduces (Figure 18 (d)), compared to the RHEED pattern
recorded from sample A (Figure 17 (b)). The substantial reduction in spacing between RHEED
reflections, i.e., the increase in in-plane lattice parameter compared to the Be.gaMg.25Zn0O layer of
reference sample A suggests an initiation of second phase on the growing surface. Sample B2,
where Zn to (Be + Mg) ratio is 30% higher than that of B1 does not show obvious signature of
second-phase formation at 20 min. However, the elongated reflection spots tend to incline
(Figure 18 (f)), as observed at 60 min of growth, which is a characteristic of increased miss-
orientation of grains with respect to c-axis (the onset of textured growth).?” The 20-min RHEED
pattern from sample B3, grown with Zn to (Be + Mg) flux ratio approximately 60% higher than
that used for B1, exhibits elliptical shape reflections (Figure 18 (g)) and the pattern remains
unchanged until the end of the growth (Figure 18 (h)). These observations are in agreement with
XRD data, as seen from Figure 17 (a), except for sample B3, no 0002 reflection from
BexMgyZn1xyO is found for the samples from the first set. The RHEED patterns for the samples
grown at 500 °C (series C) are shown in Figure 18 (i) to 2 (n). For sample C1, where only the
growth temperature is further increased compared to samples A or B1, the degree of deformation
of spotty pattern at 20 min into the growth (Figure 18 (i)) is even higher compared to sample B1
(Tg = 475 °C), indicating faster progression of the RHEED pattern. An increase in in-plane

lattice parameter observed at 60 min (Figure 18 (j)), suggests the formation of a second phase on
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the growing surface. RHEED progression for samples C2 and C3 (C2 is not shown in the figure)
grown with the Zn to (Be + Mg) ratios increased by 52% and 90% respectively, compared to
samples A or C1 are similar. For sample C3, although the 20-min RHEED pattern (Figure 18 (k))
does not reveal the formation of second phase, the 60-min pattern (Figure 18 (1)) shows elliptical
spots at the onset of inclination (Figure 18 (1)) which indicate a textured growth of BexMgyZnix-
yO. A further increase in Zn / (Be + Mg) ratio (~115% of sample A or C1) for sample C4 results
in elliptical shape reflections at the 60 min of the growth, which is in agreement with X-ray
diffraction (Figure 18 (b)). Therefore, in order to obtain a single phase quaternary alloy at higher
growth temperature, high Zn to (Be + Mg) flux ratio is required, the higher the growth

temperature, the higher the ratio necessary.
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BeMg,Zn, , O

20 min 60 min

Figure 18: Left and right column shows the RHEED image taken along [1-100] azimuthal
direction after 20 min and 60 min growth of BexMgyZni1.xyO respectively. Figure (a) & (b) are
for the sample A grown at Tg= 450 °C, figure (c) to (h) are for T¢= 475 °C (samples B1, B2, and
B3) and figure (i) to (n) are for Tg = 500 °C (samples C1, C3, and C4). Zn to (Be + Mg) flux
ratios (Jr) are indicated on each figure.
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3.3.2 Thermodynamic limitation of Mg and Be incorporation:

Figure 19 shows the PL spectra measured at 15 K. Emission energies were obtained through
deconvolution using three Gaussian peaks, the results of which are shown in insets of Figure 19
(@ and (b) for samples B2 and C2, respectively. Following the deconvolution, integrated
intensities of the individual peaks are shown in Figure 19 (c) for series B (squares) and C
samples (circles) as a function of Zn / (Be + Mg) ratio. Among the samples in series B deposited
at 475 °C, the dominant emission at ~ 3.75 eV is at least a factor of four brighter for sample B3
with Jr = 6.2 than that for sample B1 with Jr = 3.9. Similar trend is observed for the samples
grown at 500 °C. Sample C1 grown with Jr = 3.9 does not show any emission originating from
BexMgyZnl-x-yO, while the integrated intensity of the dominant 3.55 eV peak increases at least
a factor of two from sample C2 to sample C4 with increasing Zn / (Be + Mg) ratio from 5.9 to
8.3. The increase in peak intensity together with a decrease in full-width at half maximum
(FWHM) suggests reduced density of non-radiative recombination centers in the quaternary
alloy. We speculate that these centers are primarily point defects. Therefore, increasing Zn to (Be
+ Mg) ratio enhances the optical quality consistently for both series of samples. Secondary
emission peaks (3.95 eV and 3.60 eV for B samples, 3.67 eV and 3.46 eV for series C samples)
occurring on both shoulders of the dominant one (3.75 eV for series B samples, 3.55 eV for
series C samples), most likely originate from inclusions with different compositions within the
quaternary matrix. These peaks are expected to diminish or merge into a single peak as the
distribution of metal constituents becomes more homogeneous with increasing Zn flux, which
would also result in slight shrinkage of the bandgap.

The energy of the dominant emission (Figure 19 (b)) from samples grown at 500 °C (series C)

are red shifted (~3.55 eV) compared to the samples grown at 475 °C (series B) emitting at ~3.75
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eV (Figure 19 (a)). This is clearly due to the reduction of mainly Mg incorporation into the
wurtzite BexMgyZn1xyO lattice at higher growth temperature. However it is important to note
that emission from the dominant peak appears almost at the same energy for a set of samples
grown at the same temperature, although the Zn to (Mg + Be) ratio is increased by a substantial
amount. For the samples of series B, dominant emission occurs near 3.75 eV, although the Zn to
(Mg + Be) flux ratio is increased by as much as 60%. Similarly, for the samples grown at 500 °C
(series C), dominant emission occurs at ~3.55 eV, although the flux ratio has been increased up
to ~115%. This phenomenon can be explained by a limitation of Mg and/or Be incorporation to

the wurtzite BexMgyZn1.x.yO lattice set by the growth kinetics as is discussed below.

Sample C2 1]
umulative Fi

Sampie B2 ]
(a) cumulative Fif HP) ca _

PL intensity (a.u.)
Integrated PL Intensity

6 38 4034 36 38 40 S5 6 7 8
Energy (eV) Zn/ (Be + Mg) Ratio

Figure 19:15 K PL spectra from quaternary samples grown at (a) 475°C and (b) 500°C along
with reference sample A grown at 450°C. As examples, insets show the deconvolution of spectra
into three Gaussian peaks for (a) sample B2 and (b) sample C2. Figure (c) shows the effect of Zn
/ (Be + Mg) ratio on the integrated intensity of different emission peaks. Rectangular and circular
symbols represent series B and series C samples, respectively. Solid lines are used as guides to
the eye

Formation of a second phase is clearly evidenced by the evolution of RHEED patterns for

sample B1 and C1, (Figure 18 (d) and (j), respectively), where the spacing between reflection
spots is reduced compared to the single homogeneous BeMgZnO (sample A). Assuming a

hexagonal structure, we have calculated interplanar distances from RHEED reflections taken
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along [1-100] azimuthal direction for samples B1 and C1 as 1.66 + 0.01 A and 1.67 + 0.01 A,
respectively. These values are reasonably consistent with the hypothetical interplanar distance
(1.66 A) of metastable wurtzite MgO (a lattice parameter 3.32 A, [Ref. 6]). It is important to note
that the interplanar distance of wurtzite BeO (1.35 A) is even lower than that of ZnO (1.63 A). In
addition, the interplanar distances of 1.42 A and 2.07 A measured from 220 and 200 RHEED
reflections, respectively, for a (001)-oriented cubic MgO grown on ZnO (0001) template in our
previous work?®, also rule out any possible cubic phase in samples B1 and C1. Moreover,
reduction of spacing between RHEED spots has also been observed by Vashaei et al.?® at the
onset of MgO-rich wurtzite MgZnO phase separation for relatively high Mg / (Mg + Zn) ratio.
However, no reflection from MgO-rich alloy was noted in the XRD scans, most plausibly due to

insufficient sensitivity of our conventional XRD system.

To delve more into the abovementioned phase separation at higher substrate temperature, we
must consider both thermodynamic (formation enthalpy) and kinetic (mobility of adatoms)
factors. Formation enthalpy of hypothetical wurtzite MgO is calculated to be -5.678 eV by using
exchange tuned Heyd-Scuseria-Ernzerhof (HSE) hybrid functional, details of which are
discussed in a future report.>® The more negative formation enthalpy of wurtzite MgO compared
to wurtzite ZnO (-3.632 eV) !, and the increased surface mobility of Mg adatoms at higher
growth temperatures, make the formation of wurtzite MgO-rich alloys more favorable.
Additionally, nearly constant PL emission energy of the dominant peak for the samples grown at
the same temperature (3.75 eV and 3.55 eV for Tq = 475 °C and Ty = 500 °C, respectively)
despite the variation of Zn / (Be + Mg) ratio in a wide range, suggests temperature controlled

incorporation of Mg and possibly Be into the wurtzite BexMgyZn1xyO lattice. The reduced
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surface mobility of Mg adatoms at relatively low growth temperatures decreases the probability
of MgO-rich phase preventing the formation of MgO clusters. When the growth temperature

increases, the density of Mg adatoms on the growing surface should be reduced in order to

achieve single-phase material.
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Chapter 4. Zn polar BeMgZnO / ZnO heterostructure with 2DEG:

4.1 Introduction:
Accumulation of non-equilibrium hot longitudinal optical (LO) phonons for devices operation
under high electric field, plays an adverse role. As the supplied electric power is dissipated
mainly through electron —phonons coupling, it reduces the electron drift velocity.”®8° Fast
electron energy relaxation® and hence high electron drift velocity can be achieved through
ultrafast decay of hot phonons via plasmon-LO phonon resonance®?8.Plasmon-LO phonon
resonance occurs when
hwphonon~NWplasmon

with the plasmon frequency for 2D system described by8*

Wptasmon = (e7n/m*€)1/2
where %, o, €, m", &, and n are the reduced Planck constant, the frequency, the electron effective
mass, the dielectric constant and the electron density, respectively. This translates to the
resonance occurring at ~10'° cm™ for GaN (LO phonon energy of 90 meV) corresponding to a
2DEG density of ~ 9.4x10% cm™. For ZnO having an LO phonon energy of 72 meV, the
resonance electron density is ~7x10* cm=.8 Clearly, this electron density is impractical for bulk

ZnO Dbased thin film transistor. ZnO based HFETs with 2DEG operating near the
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abovementioned resonance in ZnO is possible providing that the said high sheet electron
concentration can be obtained.

So far MgZnO has been only considered for as barrier layer in ZnO based HFET structure. Such
HFET structures with MgxZni1xO barriers have been reported to exhibit low-temperature
mobilities as high as 10® cm?/V-s and unusual fractional quantum Hall effect under high
magnetic fields 8% The limitation associated with the use of wurtzite MgxZni1xO barriers in
heterostructures is the partial cancelation of spontaneous and piezoelectric polarizations caused
by compressive strain in the MgxZn1.xO barriers due to its higher in-plane lattice parameter
(theoretical wurtzite MgO a lattice parameter 3.32 A [Ref. °°]) compared to ZnO (3.25 A [Ref.
59)) that limits achievable densities of 2-dimensional electron gas (2DEG) to below 8x10? cm™
cm2.8 with moderate Mg content less than 40%,38 Specifically, this level of 2DEG concentration
can only be achieved by employing MgZnO barriers with very high Mg content through growth
under low substrate temperatures (300 °C or less),>>% while such structures are prone to
degradation under thermal treatments and under high current operations.

Because the in-plane lattice parameter, a, increases and decreases with increasing Mg and Be
content (BeO a lattice parameter 2.698 A [Ref. 3] ), respectively, the amount and sign of strain
can be controlled by tuning the in-plane lattice parameter in BeO-MgO-ZnO solid solutions in a
wide range by varying the Be/Mg ratio. Moreover, at a given temperature, co-alloying of ZnO
with BeO and MgO helps each other towards an enhanced incorporation of both Be and Mg into
the lattice with a better structural quality compared to their respective ternaries*!. Switching the
strain sign from compressive to tensile through the incorporation of Be into wurtzite lattice
changes the direction of piezoelectric polarization, thus paving the way for the piezoelectric and

spontaneous polarizations to be additive. Therefore, as expected, in ZnO based HFET structure,
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using BexMgyZnixyO as a barrier with a small amount of Be (<5%) and relatively lower Mg
content (~30%), one can achieve similar 2DEG sheet carrier density (103 cm) which otherwise
would require very high Mg content (60%) in MgxZn1xO /ZnO HFET structures 8. This opens
the path for BexMgyZnixyO growth at higher temperature with relatively lower Mg content;
therefore, for achieving relatively high material quality.

We have calculated the 2 DEG sheet carrier density for both Zn-polar and O-polar ZnO for Both
BeMgZnO and MgZnO as barrier considering respective piezoelectric and spontaneous

polarization. Our experimentally found densities agree well the theoretical consideration.

4.2 Calculation of sheet carrier density:

Figure 20 shows the HFET structure of Zn polar (Figure 20 (a) & (b)) and O polar (Figure 20 (c)
& (d)) for both BeMgZnO (Figure 20 (a) & (c)) and MgzZnO (Figure (b) & (d)) as barrier. Two
dimensional electron gas (2DEG) channel, shown as dashed line, form at the heterointerface into
the ZnO layer. Spontaneous polarization (Psp), always directed towards [0001] direction,
obtained due to different iconicity at the heterointerface. The direction of the strain induced
piezoelectric polarization depends on the sign of strain. As shown in Figure 3, MgZnO has
higher in plane, a, lattice parameter, when compared to ZnO, while by incorporating Be one can
obtain smaller a lattice parameter from quaternary BeMgZnO alloy. As a result, thin (20 nm)
BeMgZnO and MgZnO barrier layers in Zn polar HFET structure shown in Figure 20 (a) and (b),
respectively, are under tensile and compressive biaxial strain. Therefore, piezoelectric
polarization of quaternary BeMgZnO (Figure 20 (a)) directs toward [0001] direction®, thus
summing up with spontaneous polarization. On the other hand, piezoelectric polarization of
compressively strained MgzZnO (Figure 20 (b)) has an opposite direction with respect to

spontaneous polarization, thus reducing the net polarization charge. In both cases, piezoelectric
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polarization of ZnO is annulled due to the strain relaxation as the film thickness is relatively high
(400 nm). However, in the O polar ZnO / BeMgzZnO HFET structure (Figure 20 (c)),
piezoelectric polarization of ZnO, works along [0001] direction®® as ZnO under compressive
biaxial strain, while for the ZnO / MgZnO heterostructure (Figure 20 (d)), it works opposite to

[0001] direction due to tensile strained ZnO. Piezoelectric polarization of BeMgZnO

[0001] [0001]

(Tensile) P (Compressive)
i lp, 15, BeMgZnO | 1P 1R MgZnO
2DEG  (Relaxed) 2DEG  (Relaxed)
lPSp ZnO lPS” ZnO
Substrate Substrate
a) b)
[000T) [000T]
IP spl R pz(Compressive) IPsp ' Py (Tensile)
2 DEG ZnO 2 DEG ZnO
+o +o
(Relaxed) (Relaxed)
[ BeMgZnO [ MgZnO
Substrate Substrate
c) d)

Figure 20: Polarization induced sheet charge density and directions of the piezoelectric and
spontaneous polarization of Zn polar (a) BeMgZnO / ZnO, (b) MgZnO / ZnO and O-polar (c)
ZnO / BeMgZnO, (d) ZnO/ MgZnO heterostructure

and MgZnO is zero due to strain relaxation of relatively thicker film. Figure 21 shows the
calculated 2DEG sheet carrier density from the Zn polar HFET structures as a function of Mg
incorporation for both BexMgyZng7O and MgyZni1yO barrier for Be content from 1 to 3%.
Polarization induced sheet carrier density is calculated by using the following equation

lo| = |P,y(BexMgyZn,_x_,0) + P,e(BexMg,Zn,_,_,0) — P, (Zn0O)
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Lattice parameters, piezoelectric constants, elastic constant and spontaneous polarization values
of BeO, MgO and ZnO used for the carrier density calculation are presented in t generation is not
considered.

Table IV. Lattice parameter of the quaternary and ternary alloys are calculated using the
Vegard’s law, while piezoelectric and elastic constant and spontaneous polarization are estimated
with linear approximation of Be and Mg composition. As seen from Figure 21, almost factor two
higher sheet carrier density is expected from Be.02Mg.30 ZnO / ZnO HFET structure compared to
Mga3o ZnO / ZnO due to the subtraction of piezoelectric component from the spontaneous
polarization in the latter case. Theoretically, similar trend of 2DEG sheet carrier is expected from
O-polar structures if technological limitation which includes growth quality and defect
generation is not considered.

Table IV: a lattice parameters, elastic (C) and piezoelectric (e) constants, spontaneous
polarization (PSP) of BeO, MgO and ZnO.

BeO MgO Zn0O

pag ;Zttgfi A 2608 3300 3.250°
Cs3 (Gpa) 4882 109¢ 211°
Ca1 (Gpa) 77 58¢ 105°
ex*[C/m2] 002 1640 122
en[C/MY]  -002°  -058¢  -0.51°

Psp [C/m?] -0.045%  -0.1237  -0.053¢

aref, 90 bref 91 Cref 92 dref 93 ergf 94 fraf 95
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Figure 21: Calculated 2DEG sheet charge density of Zn-polar HFET structures with
BexMgyZno.¢7-yO with x = 0-3and MgyZn1.yO barriers as a function of Mg composition.

4.3 Experimental results:

We have investigated electrical properties of Zn-polar BeMgZnO/ZnO heterostructure grown on
GaN (0001)/c-sapphire templates. Figure 23 (a) and b (b) compare the temperature dependence
of mobility and sheet carrier density in BexMgyZn1xyO/ZnO heterostructure described in Table
V. Sheet carrier density of all three samples was decreased by ~2.4x10% cm™ when the
temperature was decreased from 293 K to 100K. This decrease in sheet density is attributed to
the parallel bulk conduction channel originated from the defective LT-ZnO layer, HT-ZnO layer
and also the BeMgZnO barrier, if any. Similar reduction in sheet carrier concentrations with
decreasing temperature was also reported for MgZnO/ZnO heterostructures.®%When the
temperature was decreased even further, the sheet carrier constant remained nearly constant over
the temperature range of 100K to 13K. The room temperature mobility of Beo.o2MgyZnO/ZnO
heterostructures are in the order of 200 cm? / Vs. As we reduce the temperature the mobility of

heterostructure monotonically increases and the highest mobility was obtained for sample A up
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to 1838 cm? / Vs at 13 K, which is comparable to the values reported in MgZnO/ZnO
heterostructures®®®’. These characteristics of nearly temperature-independent sheet carrier
density, increased mobility at room temperature over the ZnO value and the temperature
dependence of mobility clearly indicate the presence of two dimensional electron gas at the
interface of Beo.o2MgyZnO/Zn0O heterostructure.

Table V: Structure parameters and electronic properties of Be0.02MgyZnO/ZnO heterostructure
for sample A,Band C

Beo.0oMgyZnO Sheet concentration Electron Mobility
Mg
Sample thickness (10*2cm??) (cm?/V/s)
content, y

(nm) 293 K 13K 293 K 13K

A 30 0.21 8 5.6 242 1838

B 30 0.26 9.3 7.0 249 1635

C 20 0.26 10.0 1.7 220 1509
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Figure 22: Hall-effect measurement of (a) electron mobility and (b) sheet concentration of two
dimensional electron gas for BexMgyZnO/ZnO samples shown in Table | over the temperature
range from 13K to 293K.
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Figure 23: Comparison 2DEG sheet carrier density determined for Zn-polar BexMgy Znix
yO/ZnO with that in both Zn- (Tampo et al.8) and O polar MgyZni.y0/ZnO heterostructures
(Ullah et al®®).

Figure 23 compares the 2 DEG sheet carrier concentrations as a function of Mg content in Zn-
polar BexMgyZnixyO/ZnO heterostructures with those in O-polar ZnO/MgyZn;.yO
heterostructures grown in our lab (shown schematically in Figure 20 (a) and (d)) and Zn-polar
MgZnO/ZnO HFET structure (Figure 20 (b)) reported by Tampo et al.®8. Figure 23 also shows
the polarization charge (dashed lines) computed theoretically for Be content varying for 0 to 3%.
As seen from the Figure 23, the incorporation of only about 3% Be increases the 2DEG carrier
density in Zn-polar BeMgZnO/ZnO heterostructures up to of 1.2x 10 cm containing 41% Mg
in the barrier, whereas achieving the same carrier concentration in Zn-polar MgZnO/ZnO
heterostructure would require the incorporation of 60% Mg into the barrier. The 2DEG
concentration of 7.7x10'? cm™ obtained for the BeMgZnO/ZnO heterostructure containing 2%

Be and 26% Mg in the barrier, would have required incorporation of more than 40% Mg into the
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barrier in the MgZnO/ZnO heterostructure. Therefore, the incorporation of only about 2-3% Be
into the barrier layer significantly increases the 2DEG density through strain engineering as
discussed earlier. The observed increase in 2DEG sheet carrier concentration in heterostructures
with quaternary barriers agrees well with the trend observed in the theoretical calculation,
although it overestimates the sheet carrier densities. the discrepancy between calculated
polarization sheet charge densities at the BeMgZnO/ZnO interface and the experimental 2DEG
concentrations most likely arise from uncertainties in elastic constants and polarization
parameters used, as well as errors in determining the composition (particularly, accurate
determination of low concentrations of Be is challenging) and partial strain relaxation in the
barrier. Also higher carrier density observed in Zn polar MgyZn1-yO / ZnO8 compared to O-polar
ZnO / MgyZn1yO heterostructures, an aberration from the ideal theoretical calculation, can be
explained by the advantage of Zn polar HFET structure over the O polar one. In O-polar ZnO /
MgZnO structure, the thin ZnO channel grown on MgzZnO buffer may have degraded quality
compared to the established growth technique of epitaxial ZnO on sapphire or GaN. Therefore,
electron trap generated by defect may reduce the 2DEG sheet carrier density of O-polar ZnO /

MgyZn1yO heterostructure.
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Chapter 5. Electrical characterization of BeMgZn0/ZnO heterostructure

5.1 Schottky diode on BeMgZnO:

Considerable efforts were made by some researchers to elucidate possible current transport
mechanisms associated with forward- bias current in ZnO Schottky contact device. %1% The
chemical reactions between the metal and the semiconductor, the surface states, the contaminants,
the defects in the surface layer, and the diffusion of the metal into the semiconductor are well
known problems in the formation of Schottky contacts. Strong downward surface band banding®*
is observed for ZnO surface which results in increased carrier concentration near the surface by
orders of magnitude from the bulk carrier concentration.'%?

There are variety of methods reported in the literature that are used to prepare the surface of ZnO
for better Schottky contact fabrication, such as HCI etching (and other acids), Ar physical etching,
H20; treatment'®1% UV Ozone and O-plasma (or mixture with He) exposure. H2O; treatment
shows improved performance in comparison to HCI or H3POa etching prior metal deposition
(0.7eV for H.0, and Ohmic for HCI).2%, In fact, the peroxide may additionally eliminate oxygen
vacancies that serve as donors on the surface of ZnO. The reported H,O2 surface treatments'®’
usually include boiling in the non-diluted peroxide. Such procedure will etch thin films with

thickness in the range of microns and therefore, cannot be applied for heterostructure FET. UV

79



Ozone and O-plasma are used only to decrease surface conductivity and do not etch ZnO. There
are few works showing results for plasma treated samples vs. not plasma treated samples.
To create Schottky barrier with undoped ZnO, a high work function can be applied to the surface

of a ZnO crystal. Although many publications®

show that Au has some serious problems at high
temperatures (>340 K), it has widely been applied to ZnO to form Schottky barriers 19113, Other

metals used for the same purpose are Agttt116, pdit31l7 and ptiié-12L,
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Figure 24: Free energy of formation per Oxygen atom for variety of metals as a function of metal
work function

Usually Schottky contacts are achieved by depositing a high work function metal such as Pd, Pt,
Ir etc (see Figure 24). In contrast, Ag has low work function of 4.26 eV. Despite that, devices
fabricated with Ag metal can show rectifying behavior. This is due to interface silver oxide layer
that is formed from partial oxidation of Ag with oxygen from ZnO matrix. The formed oxide
layer is transparent for electrons and have higher work function in comparison to Ag. Raju et

al.}?? reported ~5.55eV work function for PLD grown AgO which is 1.3 eV higher than of Ag
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(4.26 eV). Silver oxidation with oxygen from ZnO must create high concentration of oxygen
vacancies and therefore donors on the interface. It may be the case that there is a competition
between the increase in number of oxygen vacancies (expected to hurt the Schottky
performance) and the formation of silver oxide with higher work function than Ag (expected to
benefit the Schottky performance) and overall the latter one wins. This consideration requires
more detailed investigation. In spite of the fact that high-quality Schottky contacts are critical for
ZnO device applications, there is little information about the Schottky contacts on BeMgZnO to
date.

In order to get better understanding of the underlying mechanism of Ag / BeMgZnO Schottky
diode, temperature dependent measurement is necessary. Richardson constant, Schottky barrier
height inhomogeneity, conduction mechanisms, activation energy can be determined through
temperature dependent I-V measurement. The temperature-dependent current-voltage (I-V-T)
characteristics based on thermionic emission usually reveal a larger barrier height with increased
temperature. Barrier height inhomogeneity is supposed to be responsible for this behavior. The
Gaussian distribution of the barrier height is used to account for the inhomogeneity at the
interface arising due to potential fluctuations in Schottky contact devices. Muller et al.'?®
reported temperature-dependent 1-V characteristics of the sputtered PdOx/ZnO Schottky diodes.

The derived standard deviation of the barrier height inhomogeneity is 6=0.2 ¢V and the mean
barrier height is ¢, =1.37eV for PdOx/ZnO Schottky contact. A major breakthrough in the
development of Schottky contacts (SCs) on untreated ZnO surfaces with remarkably low ideality
factors and large effective barrier heights was achieved by Allen et al. in 2007. They reported

reactively sputtered AgOx/SCs on ZnO bulk single crystals with ideality factors close to unity

(1.1).12* Using such SCs with nearly homogeneous barriers, it was for the first time possible to
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extract an experimental value of the effective Richardson constant of ZnO of 10 Acm2K™ from
temperature dependent current-voltage (I-V) measurements®® The reported values for the
effective Richardson constant are in the vicinity of the theoretical value of 32 Acm=2K2 for ZnO.
Sarpatwari et al. reported 27+7 Acm2K? for nearly ideal Schottky diode with IrOx. Kim et al.1?®
reported 49.0 Acm2K?2. The value of 10+6 Acm?K? was reported by Allen et. al,'?® with
confirmation that thermionic emission model with barrier lowering due to image force lowering
is the dominant transport mechanism for the fabricated SCs. Muller et al.'?® extracted the
effective Richardson constant of 7.7+4.8 Acm™2K? However, to the best of this author
knowledge, no temperature dependent I-V results from BeMgZnO Schottky diode have been
reported so far.

In this work, we have achieved silver Schottky diode on BeMgZnO/ZnO heterostructure with
remote oxygen plasma surface treatment. We have extended our analysis to include studies of
current voltage characteristics in BeMgZnO/ZnO heterostructure measured at various
temperatures in the range of 85-470 K. the temperature dependence of ideality factor and the
barrier height is systematically investigated using thermionic emission theory on the basis of the
Gaussian distribution of the barrier heights around the mean value due to barrier height
inhomogeneity at the interface.

5.1.1 Fabrication of Ag/Beo.02Mgo.26ZnO Schottky diode:

We explored Ag Schottky contacts on quaternary Zn polar BeMgZnO/ZnQO heterostructure grown
by P-MBE on GaN/sapphire template previously deposited by MOCVD technique. Zn polarity
was maintained by using high VI/1I ration during the nucleation growth of ZnO at 300 ° C on
GaN. The thickness of the BeMgZnO was 30 nm and a presence of two dimensional has been

confirmed on BeMgZnO/ ZnO heterostructure. To obtain Ohmic contact, 30 nm of Ti was
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deposited by e-beam evaporation followed by a 50 nm Au deposition by thermal evaporation
technique. The specific contact resistivity of Ohmic contact was found about 2.25x10° Q cm?.
Before proceeding to Ag Schottky metal deposition by e-beam technique the BeMgZnO surface
has been treated with remote oxygen plasma for 5 min with a 50 W RF power and 35 sccm
oxygen flow. 50 nm of Ag metal was deposited as Schottky contact on rectangular (140 um x 80
um) and circular pad of two different diameters (140 um and 1 mm).

Schottky diodes were fabricated on four different BeMgZnO/ZnO heterostructures whose electron
mobilities, sheet carrier concentrations, ideality factors and barrier heights at room temperature
are given in Table VI

Table VI: BexMgyZnixyO/ZnO samples studied for Ag Schottky diode with their electron

mobility, 2 DEG sheet carrier concentration, Schottky contact area, barrier height and ideality
factor at room temperature

Sampleno 77 K Mobility 2 DEG Schottky Barrier height Ideality factor
Sheet carrier area

concentration

cm?/Vs cm2 cm? eV

1.54x10*

A/1067 225 2x1012 0.93 1.81
(circular)
3.85x10™

B/1071 350 5.5x1012 0.80 1.73
(circular)
7.85x10™

Cl/1226 750 6.7x10%? 0.67 2.3
(circular)
1.12x10™

D/1207 1553 6.2x10%? 1.07 1.22

(rectangular)
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Figure 25 shows the current-voltage (I-V) characteristics at room temperature of the
BeMgZnO/ZnO HEMT based Schottky diodes shown in Table VI. The forward bias current
increases exponentially with the applied-bias voltage in the intermediate voltage regime (0.1V <
V <1V). Beyond 1 V a small increase in current is observed with the increase in forward voltage
which is attributed mainly to the significant effect of the series resistance in I-V characteristics.
A slight increase of the current is visible in reverse bias direction. This is explained by the

voltage-dependent image force lowering effect which reduces the apparent barrier height%,
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Figure 25: I-V relationship of Ag Schottky diodes on BexMgyZn1.x.yO/ZnO samples
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We have analyzed the experimental (I-V) curves according to the thermionic emission theory
(TE) at forward bias voltage V (V > 3KT/q), in which the current-voltage characteristics can be

expressed as:

=1 exp{%} 14

where n is the ideality factor, k Boltzmann’s constant, T the absolute temperature and Rs the

series resistance of the diode. The saturation current |, of the diode is given by

I, = AAT 2 exp (L‘DBJ 15
KT
where A is the Schottky contact area, ®@g the barrier height, A* the effective Richardson constant
defined as
*1,2
A= Azqm k* 16

h3
where h is Plank’s constant, m" is the effective electron mass. Richardson constant value is

calculated for Beo.o2Mgo.26ZnO by assuming linear approximation of theoretically calculated
Richardson constant of BeO, MgO and ZnO by using the effective mass of the binary constituent
listed in Table VII. The barrier height and ideality factor for each diode were obtained using the
calculated Richardson constant of 36 Acm2K2 while fitting the forward 1-V curve over the range
0.1V<V<0.3 V using Egs. (1) and (2) assuming zero series resistance at this range of potential
applied.

Table VII: Effective mass of Il-oxides semiconductor and calculated Richardson constant using
Eqn 3

BeO MgO Zno
Effective mass, m” 0.58% 0.371% 0.27128
Richardson constant, A 32.3 69.4 442
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Ideality factor and apparent barrier height obtained through exponential fitting are listed in Table
Table V1. The highest schottky barrier height ®g = 1.07 eV was obtained from sample D at room
temperature with an ideality factor 1.22. As can be seen from Figure 25 (d) that rectification ratio
as high as 8 orders of magnitude has been obtained. It has been observed consistently that the
device performances were improved in the smaller Schottky junction due to less amount leakage
current more homogeneous barrier.

5.1.2 Temperature dependent properties of BeMgZnO Schottky Diodes:

We have carried out temperature dependent 1-V measurement on the Schottky diode of larger
contact area. Measurements were performed at a pressure of 10° Torr to avoid water vapor
condensation, with the diode mounted in a cold head equipped with a LNz cooling system. A
LakeShore 330 temperature controller (accuracy +0.1 K) and an HP 4140B DC voltage source
capable to measure pA current was employed for data acquisition. Figure 26 shows the I-V
curves for sample B, C and D measured at different temperature. For all samples, the forward
current shows exponential behavior for orders of magnitude indicating the dominance of TE.
Current at forward biases, for all samples, increases with increasing temperature as expected for
TE!2126 Current at reverse bias, increases for sample B with increasing temperature while for

sample C it decreases at the lower range of the temperature explored.
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Figure 26: Temperature dependent current-voltage (I-V) measurement of Ag/Beo.o2Mgo.2sMgO
Schottky diode at temperature range from (a) 80 K to 400K for sample B (b) 85 K to 457 K.for
sample C and (c) 300 K-375 K for sample D.

The ideality factor n and apparent barrier height ®s are determined from the slope and intercept
of the linear region of the forward bias 1-V. The ideality factor is introduced to take into account

the deviation of the experimental I-V from the ideal thermionic emission theory. The variations

of the ideality factor n and barrier height ®s as a function of temperature are shown in Figure 27
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Figure 27: Temperature dependence of the (a) ideality factor and (b) barrier height for the
Ag/BeMgZn0O/ZnO Schottky diode.

It is noteworthy that the ideality factor and barrier height are highly dependent on temperature,
that is, n decreases and ®s increases with increasing temperature. As seen from Figure 27 (a), the
experimental values of n strongly decrease with increasing temperature from 7.56 at 80 K, to
1.07 at 400 K for sample B, from 7.44 at 85 K to 1.20 at 457 K for sample C and 1.58 K at 295 K
to 1.23 at 375 K. The barrier height also shows a strong dependence on the temperature (Figure
27 (b)). We have observe an increase of the apparent barrier with increasing temperature, where
the slope increases gradually except for sample C where it becomes linearly dependent on the
inverse temperature for temperatures above 360 K. The similar dependence of ideality factor and
barrier height has been reported by Muller et al.*?® Barrier height increases from 0.20 eV at 80 K
to 0.94 eV at 400 K for sample B, from 0.18 eV at 85 K to 0.93 eV at 457 K for sample C and
for sample D it increases from 0.74 eV at 300 K to 0.98 eV at 375 K temperature. We have used

the temperature range above room temperature for the study of lateral inhomogeneity of the
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mean barrier height and standard deviation. The use of this higher temperature region also has
the advantage that the current transport is well described by TE and other possible transport
mechanisms such as tunneling or trap-assisted tunneling can be safely ignored*?°.

The high value of n at low temperature is often attributed to the existence of interface states
localized at the interface and to barrier inhomogeneities.****3! This behavior can be associated
with the presence of a nonuniform Schottky contact.**?Such nonuniformity can be attributed to
Thermionic Field Emission (TFE) and the lateral inhomogeneities of the barrier
height.**%13*Moreover, it is well known that the current transport mechanism across the interface
is a temperature-activated process. At low temperature, the carriers are only able to overcome the
lower barrier heights and tunneling though the barrier becomes dominant, whereas, with the
increase in temperature, more carriers have sufficient energy to surmount the higher barriers. As
a result, the apparent energy barrier height will increase with the temperature. Here we have used

a model assuming a Gaussian distribution of the barrier heights as proposed by Sachs®*

2

(&)B (VA)_(DB)

= 1
P(q)B (VA)):J(VA)\/erXp - 20_2 (VA)

Here, both the mean barrier height and the standard deviation have a linear voltage dependence

17

o’ (V) =0 (0)+pV, 18
&)B(VA):CT)B(O)+p2VA 19
where p2 and p3 are assumed to be temperature independent. The temperature dependence of the

ideality factor is express as

1

= 20
1-p, +(epy 1 2ksT)

n

and the barrier height is given by

o, =0, -2 21
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Equation 21 is commonly used in literature to determine the effective barrier height @, from
apparent barrier height @, measured from I-V data. In order to prove the Gaussian distribution

of barrier height, the plot of ®B versus q/2KT should give a straight line, the intercept of which is
the effective barrier height and the slope is the variance (¢?). The standard deviation is a measure
of the barrier homogeneity, i.e. the lower value of o2 corresponds to a more homogeneous barrier

height.
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Figure 28: Barrier height versus g/2kT plot for Ag/Beo.02Mgo.26ZnO/Zn0O heterostructure. Mean
barrier height and standard deviation were found from the intercept and slop of the straight line.

Figure 28 is obtained by plotting the apparent barrier height as a function of g/2kT. The linear
dependence of the barrier height with the inverse temperature denotes that the
Ag/BeMgzZnO/ZnO Schottky diodes indeed show lateral inhomogeneity of barrier height that
follows Gaussian distribution. The extrapolation of the straight line at T-2->0 gives the effective

barrier height (®,) 1.562 +0.48 eV, 1.03 + 0.005 eV and 1.872+0.029 eV with standard

deviation 0.209+0.054, 0.097 +£0.028, 0.240£0.032 from sample B, C and D respectively.
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Figure 29: Richardson plot (square) of In (%) vs g/kT and a modified Richardson plot (circle) of
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In (F) — 52z VS O/KT together with a linear fit to determine

Equation 15 is used to construct a Richardson plot of In(lo/T?) versus /KT, with the slope giving
®g and A*determined by the intercept. This plot is shown in Figure 29 (a) (filled square), but the
temperature dependence of ®g makes fitting a single slope problematic. As it is mentioned
earlier, Schottky diodes usually show ideal behavior at room temperature and above, therefore
we can safely ignore other current conduction mechanism except thermionic emission.
Therefore, the Richardson plot is constructed using the 1-V results at higher end of the
temperature investigated for Ag/Beo.02Mgo.26Zn0O/ ZnO Schottky diode. As can be clearly seen in
the Figure 29 (a), the temperature dependence of In (J,/T2) versus g/KT plot is found to be linear.
By means of fitting the experimental data, from the intercept and the slope of the straight line,

the values of Richardson constant A"and effective barrier height @, were extracted from sample

C as 0.82 Acm?K2 and 0.883 eV. It is worthy to notice that the values of the conventional
Richardson constant A” are noticeably different from the theoretical value of Beo.02Mgo26MgO
(36 Acm™2K™). The deviation from the ideal values can be ascribed to the different interface
quality, which, in turn, depends on several factors such as the surface defects density resulting
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from growth, surface treatment (cleaning, etching, etc.), metal deposition process (evaporation,
sputtering, etc) and obviously the lateral inhomogeneity of effective barrier height. In this work,
we have modified the conventional Richardson plot according to the Gaussian distribution of the

barrier height by replacing the effective barrier height, ®g in equation 15 by the equation 21

I q°c? o qP
e e =(#) - 2

2_2
Filled circle in Figure 29 shows the modified Richardson plot In(%}—% versus g/KT.

From the intercept and the slope of the straight line, the values of Richardson constant A*and

effective barrier height were extracted as 18.1 +7.4 Acm2K? and 1.01 +0.02 eV. The value of

effective barrier height (®,) obtained from the modified Richardson plot are similar to that

obtained from apparent barrier height, ®s versus g/2kT plot in Figure 28 (a). Richardson
constant value of 29.4 Acm2K? and 34.8 Acm™2K? obtained from sample B and D (Figure 28
(b)),respectively, are close enough to the value calculated theoretically for Beo.o2Mgo.26ZnO
quaternary alloy.

The high ideality factor at low temperature, observed from Figure 27 (a), indicates an obvious
deviation from pure thermionic emission which can be explained by thermionic field emission
model. If the current transport is controlled by the thermionic field emission theory, the

relationship between the current and voltage can be expressed

qV

Jr = ]SFeXp(ntunkT) 23

with
Neyn = %coth (%) = f—; 24

and

_ AsT2qynEoo(Pp=V+Vy) (aVn _ a(Pp+Vn)
Jsk = kTcosh(Eqgo/kT) (kT Eo ) 25
where
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v, =Ll 26
q Np

where Eqo is the characteristic tunneling energy that is related to the tunnel effect transmission

probability:

Eop = 1= (2 )1/2 27

41T \mx*&g

Where £=8.5 g0 m*=0.27 mo for ZnO%* and h= 6.626x1034Js. The ideality factor shown in
Figure 27 (a) for sample B are plotted in Figure 30 together with calculated theoretical curves.
As seen in Figure 30, the measured values agree very well with theoretical curves, giving Eqo =
45~50 meV. Thus, this analysis strongly suggests that the TFE mechanism is somehow involved

in the present BeMgZnO Schottky contacts.
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Figure 30: Calculated temperature dependence of the ideality factor for the case when the current
through the junctions is dominated by the TFE with characteristic energy values Eqo according to
equation 24 (solid lines) for the Ag/BeMgZnO studied. The filled circles show the experimental
temperature dependence values of the ideality factor obtained from |-V characteristics given in
Figure 27(a).

According to equation 27, Eqo = 45~50 meV correspond to donor concentrations of Np=1.2-

1.5x10%° cm Assuming a 4 nm 2DEG channel, the corresponding sheet carrier density would be
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4.8-6x10'2 cm™. The 2DEG sheet carrier density for sample B measured from Hall-effect

measurement is within the range of values calculated from Eqo parameter.
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Figure 31: Calculated I-V-T curves using the TFE/FE model (dashed line) for Eoo = 50 meV
obtained from Figure 30. Solid line shows the experimentally found I-V-T curves.

Using equation 23 to 25, we have plotted the calculated I-V curves at temperatures ranging from
80 K to 400 K (Figure 31 dashed lines) using Eoo = 50 meV obtained from Figure 30 and
effective barrier height 1.55 eV obtained from Gaussian distribution of inhomogeneous barrier
height. The theoretically calculated 1-V curves matched sufficiently well with the experimentally
measured I-V curves (solid lines).

The ideality factor and the barrier height measured at different temperatures can be modelled by
means of Gaussian distribution of the barrier height. It has been shown that these parameters and
their functions can also be explained by the dominant TFE mechanism. However, one cannot
distinguish between the two possible models on the basis of the 1-V characteristics only, that is,

the domination of TFE can be connected with the lateral distribution of barrier height. Since the
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enhancement of the transmission probability can also yield a local reduction of the barrier height
In our case, we suggest that the dominance of TFE may be connected to the Gaussian

distribution of the barrier height.

5.2 Capacitance-voltage (CV) measurement and carrier confinement of two
dimensional electron gas:
The presence of two dimensional electron gas can be understood from capacitance-voltage (C-V)

profiling technique!®®

using a multifrequency inductance, capacitance, resistivity (LCR) meter
operated at room temperature between 500 kHz to 2 MHz. The C-V profiling technique allows

one to measure the carrier concentration

_Ccav
V' ege dC
as a function of depth
EyE
Z., ==
c-v C

where V is the voltage applied to the Schottky contact, C is the measured differential capacitance
per unit area, ¢ is the dielectric constant of the material (g0 = 8.85x10%* C/V cm; e = 1.602x10%°
C ). Differential capacitance is extracted from the differential impedance measured from LCR
meter by using serial and/or parallel RC circuit model where the inductance is assumed to be
negligible. More complex model consisting of several capacitance and resistance can be used as
in the case of transistor to measure unknown capacitance and resistance with greater accuracy.
Using the serial model, where a resistance and a capacitance is connected in series, the
differential capacitance can be found using the equation

C= -1
Y f
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whereas in parallel model, where a capacitance and a resistance is connected in parallel, the
capacitance can be found using the equation

e S S
2 fr(X2+Y?)

C
where X and Y are the real and imaginary part of the impedance, Z, obtained from the LCR
meter.

Ideally, for a noncompensated homogeneously doped semiconductor, the C-V concentration Nc.
v should be equal to the free carrier concentration. However, in semiconductors and
heterostructures, with large variation of the doping concentration (intentional or unintentional),
and especially in structures with 2DEG confinement, the C-V concentration (Nc.v) does not

really convey the actual information of the carrier profile. Nevertheless, Kroemer et al'® showed

that charge conservation is fulfilled for C-V profiles, that is,

n, = I chv (Zcfv)dchv =

—00

n(z)dz

é'—.S

This property of the C-V technique is very useful for determination of the sheet carrier

concentration ns and the location of the 2DEG in HEMT heterostructure.
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Figure 32: C-V concentration profile of Nc.v vs penetration depth of BexMgyZnO/ZnO
heterostructure shown in Table

Figure 32 shows electron density vs penetration depth profile of BexMgyZnix.yO/ ZnO
heterostructure samples obtained from C-V measurement. Growth condition of the samples are

listed in

Table VIII. As seen from Figure 32, the depth of peak electron density confirms the confinement
of two dimensional electron gas at the BeMgZnO and ZnO interface. The depth of the peak
electron density correlates well with BeMgZnO thickness measured by a-step profilometer.
However, for all the three samples, the peak density occurred a little earlier which could be the

effect of improper dielectric constant used for depth calculation and/or the error margin of
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profilometer (=10 nm). ZnO relative dielectric constant (g = 8.5) is used for depth calculation

which could be different for BeMgZnO layer.

Table VIII: BeMgZnO thickness and sheet carrier concentration comparison between C-V
profiling technique and Hall-effect measurement

Sheet carrier concentration

BeMgZnO thickness cm?
Sample
nm Hall-effect measurement
C-V profiling
at 13 K
A 50 5.7x10'? 5.5x10'?
B 30 7.1x10%? 6.3x10'?
C 20 7.7x10%? 4.0x10"?

Sheet carrier concentrations calculated from C-V measurement are also compared with that
obtained from Hall-effect measurement at 13K temperature. 2DEG sheet carrier concentration is
obtained through integration around the peak electron concentration. Sheet carrier concentration
obtained from C-V profiling technique shows a little lower trend in general except for sample C.
In sample C, the difference of sheet concentration between C-V and Hall-effect measurement is

higher, could be an effect of poor confinement of two dimensional electron gas.
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5.3 Hot electron energy relaxation time:

The high-field electron transport is accompanied with intense LO-phonon emission by hot
electrons, the emitted non-equilibrium LO phonons accumulate, and the associated phenomena
are often referred to as hot-phonon effects. Essentially, very short LO-phonon lifetimes are
desirable for fast electron energy relaxation and the best operation of the device. % Strong LO-
phonon-plasmon coupling is the condition for the ultrafast decay of hot phonons and the
associated ultrafast relaxation of the hot electron energy. Indeed, a hot electron loses a
considerable amount of energy when an LO phonon is emitted, but the energy loss is
compensated when an LO-phonon is reabsorbed. The reabsorption rate is controlled by the
lifetime of hot-phonon decay into acoustic phonons and other vibrations. The plasmon-assisted
ultrafast decay of hot noise, slowest degradation, and fastest operation of GaN-based transistors

with two-dimensional electron phonons has been shown to pave the way for the lowest gas

(2DEG) channels®™’.
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Figure 33: The dependence of excess noise temperature on power per electron for
BeMgZnO/ZnO heterostructure with 2DEG
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The electric power supplied to the electron gas Ps equals the dissipated power P4 because the
voltage pulse is long enough for the strongly coupled subsystem of hot electrons and hot
phonons to reach the quasi-steady state. The energy relaxation time approximation relates the
electron gas temperature to the supplied power. The straight line in Figure 33 corresponds to the
constant electron energy relaxation time. The self-heating effect is more easily avoided in 2DEG
channels (100 ns pulses are short enough at the supplied power levels under discussion). The
slope of the excess noise temperature versus the supplied power is used to obtain the energy

relaxation time. The value of 1., = 1.5 ps is extracted.
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B ZnO bulk
O ZnO 2DEG
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Figure 34: Electron energy relaxation time versus electron density per unit volume (blue symbol-
GaN based 2DEG, green symbol-BeMgZnO/ZnO heterostructure with 2DEG, brown symbol-
bulk ZnO)

We have studied the hot electron effects in the Be.Mg,ZnO/ZnO heterostructures with two-
dimensional electron gas (2DEG) of different sheet carrier concentration. The results are

compared with those for doped ZnO films and GaN based heterostructure with 2DEG. Figure 34

shows, in general, for a particular 2DEG sheet carrier density BeMgZnO/ZnO heterstructure
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shows lower hot-electron energy relaxation time compared to AlIGaN/GaN heterostructure. The
minimum energy relaxation 180 fs is obtained at 4.2x12 cm™ two dimensional electron density.
The similar sheet carrier density of GaN based heterostructure has 610 fs, a factor three higher
hot-electron energy relaxation time. These findings bodes well with the theoretical prediction
that ZnO based heterostructure should have shorter LO phonon life-time, due to lower LO
phonon energy (70meV) compared to GaN (92meV). The value of sheet carrier density 4.2x12
cm, in where the lowest hot-electron energy relaxation time is obtained, is in between the
resonance density reported for GaN 2DEG channels (~8x10%2 cm) 2DEG channels and InGaAs
2DEG channels (~2.5x1012 ¢cm?)103. Therefore, this ultrafast energy relaxation indicates that
LO phonon-plasmon resonance frequency for ZnO based heterostructure could be occured near
to 4.2x12 cm electron sheet density. However, we do not know how sharp the resonance is.
Further studies of hot-electron effects in ZnO-based channels are required on BeMgZnO/ZnO
with lower 2DEG densities. To compare with the doped ZnO energy relaxation time, we have
used an approach where the thickness of the channel is estimated as the width of the density
profile at the Fermi level. Taking a realistic value of 4 nm, we get the average 3DEG density of
~ 1.05 x 10%° cm for the 2DEG channel of sheet carrier density 4.2x12 cm™. The recent result
correlates well with the doped ZnO films where the electron energy relaxation time was
measured over a wide range of 3DEG densities. Although, the comparison is not straightforward
because the 3DEG density is not constant in the 2DEG channel; it depends on the position in the
transverse direction. The density profile resembles a rather asymmetrical Gauss function, and

only some average 3DEG density can be specified for the 2DEG channel.
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Chapter 6. Conclusion

In this thesis growth of Zn polar BeMgZnO/ZnO heterostructure with two dimensional electron
gas has been achieved by using molecular beam epitaxy technique. Two dimensional electron
gas appeared at the BeMgZnO/ZnO heterointerface only when the Zn polarity was achieved
during the nucleation growth of ZnO on GaN/sapphire template. We have demonstrated that the
polarity of ZnO grown on Ga-polar (0001) GaN can be inverted from Zn-face to O-face, if the
oxygen-to-Zn ratio is sufficiently high during the low temperature ZnO nucleation layer growth;
even though the GaN surface is continually exposed to Zn flux before oxygen was allowed to the
growth chamber. We propose that changes in stacking sequence caused by the formation of
presumably one monolayer of non-stoichiometric GaOx, governed by the chemical and
electronic factor at the GaN surface, may be responsible for the polarity inversion. We have also
found that the VI/11 ratio during LT-ZnO growth controls the sign and the extent of strain in ZnO
films grown at high temperature of 670 °C on the LT nucleation layers. We further suggest that
the density of Zni varying with the VI/II ratio during nucleation growth is responsible for the
change in residual strain.

We have demonstrated that when Mg and Be are co-incorporated into the wurtzite ZnO lattice
the structural quality of wide-bandgap ZnO-based alloys improves due to compensation of strain,

which also results in mutually enhanced incorporation of both species on cation lattice sites. This
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unique feature allowed quaternary BeMgZnO alloys with bandgaps up to 5.1 eV. We have
achieved growth of single crystal

We have achieved growth of single crystal O-polar BexMgyZn1.xyO alloy at 500 °C on (0001)
GaN/sapphire template. Our data revealed a thermodynamic limitation of Mg and Be
incorporation in the wurtzite BexMgyZn1x.yO lattice beyond which excess Mg and probably Be
tend to initiate phase segregation. Moreover, an increase in the in-plane lattice parameter
observed from evolution of RHEED pattern during quaternary growth suggests presence of a
wurtzite MgO-rich layer on the growing surface. We propose that relative more negative
formation enthalpy of MgO compared to ZnO and the increased surface mobility of Mg adatoms
at high temperatures are responsible for the formation of MgO-rich phase. We have
demonstrated that the use of sufficiently high Zn / (Be + Mg) ratio is required to suppress the
second phase generation at elevated growth temperature.

In addition, our calculations indicate that the incorporation of Be in alloy barrier in ZnO-based
heterostructures makes it possible to change the strain sign, and thus, align the direction of
piezoelectric polarization in the same direction as spontaneous polarization vector. As a result,
the piezoelectric polarization component adds up with the spontaneous polarization resulting in
higher 2DEG sheet carrier density at the BeMgZnO/ZnO and ZnO/BeMgzZnO interfaces in Zn-
polar and O-polar heterostructures, respectively. On the experimental side, we have
demonstrated high 2DEG concentrations near the plasmon-LO phonon resonance (~7x10'? cm™)
in BeMgZnO/ZnO heterostructures with moderate Mg content and a small amount of Be.
Achieving the same 2DEG concentrations in MgZnO/ZnO heterostructures would require
incorporation of much higher Mg content (>40%) by using very low growth temperature, which

leads to inferior material quality and poor device performance. Operation near or at the plasmon-
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LO phonon resonance leads to short LO phonon lifetimes which in turn enhance carrier
velocities needed for field effect transistors.

We explored Ag Schottky diode on quaternary BeMgZnO alloys and obtained a Schottky barrier
height, ®g = 1.07 eV with an ideality factor n=1.22 for a Ag/Beo.02Mgo.26ZnO Schottky diodes.
The temperature-dependent electrical characteristics of the Ag/Beo.02Mgo.26Zn0/Zn0O
heterostructure were studied by wusing temperature dependent current-voltage (I-V)
measurements in the temperature range of 80-457 K. Richardson constant value of 34 Acm?K?
was found experimentally which is close to the theoretical value of 36 Acm2K? known for

Beo.02Mgo.26Zn0 alloy.
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