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ZnO-based materials have great potential for UV light-emitting diodes (LEDs) and
transparent electronics because of the high exciton binding energy of ZnO relative to
GaN. Fabricating an effective LED from novel materials requires a detailed knowledge
of the band offset, etch, and contact behavior of the material. This work determined the
valence and conduction band offsets for Zn0.95Cd0.05O/ZnO (0.17 eV, 0.30 eV) and
related materials using x-ray photoelectron spectroscopy (XPS) and photoluminescence
(PL). These methods were also used to study carrier confinement in two promising
passivation materials: MgO/GaN (1.06 eV, 3.30 eV) and Sc2O3/GaN (0.42 eV, 2.14 eV).
To form an LED mesa, it is critical to understand the etch rate of ZnO-based materials.
In this work, HCl and H3PO4 were used as etchants for ZnCdO/ZnO (~50 nm·min-1
HCl/~15 nm·min-1 H3PO4) and ZnMgO/ZnO (300-1100 nm·min-1 HCl/120-300 nm·min-1
H3PO4). A high degree of selectivity was sought using these etchants on ZnCdO/ZnO
(~50 HCl/~15 H3PO4) and ZnMgO/ZnO (~300-400 HCl/~25 H3PO4). Alloyed Ti/Au and
xiv

Ti/Al/Pt/Au contacts were deposited on n-type Zn0.95Cd0.05O, with excellent contact
resistivities of and 2.3×10-4 and 1.6×10-4 Ω-cm2, respectively. Alloyed Ti/Au and
indium-tin-oxide (ITO)/Ti/Au metallization of n-type Al-doped ZnO was used to create
ohmic metal contacts with excellent contact resistivities of 6×10-8 and 4.6×10-6 Ω-cm2.
Using SiLENSe Software, the optimum active layer thickness was found to be 200 nm.
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CHAPTER 1
INTRODUCTION
The first light-emitting diode (LED) reported by Henry Round in 1907 was a
Schottky diode, rather than a p-n-junction diode [1-4]. LEDs have been studied
intensively for three decades. High-intensity red, green, and yellow LEDs have been
developed. By contrast, although blue LEDs have been developed, the technology is still
maturing. Blue is one of the three primary colors (red, green, and blue). In order to
produce the full color spectrum and white light, a blue LED is required. SiC, ZnSe, GaN,
and ZnO are available materials for making a blue LED [1]. GaN, ZnSe, and ZnO are
direct bandgap (2.82-3.4 eV) materials, while SiC is an indirect bandgap (2.2-3.5 eV)
material and has a low luminescence output (10~20 mcd) [4]. SiC-based LEDs have a
low intensity compared to direct bandgap materials. Due to the properties of direct
energy bandgap materials, high-intensity light obtained from GaN, ZnSe, and ZnO is
more suitable for optoelectronic devices. ZnSe-based materials have been grown at room
temperature. The lifetimes of ZnSe material-based LEDs and laser diodes (LDs) are
short. This is due to the high defect density (104 cm-2) in II-VI crystals, which leads to
early device failure. The bandgap of GaN, AlN, and InN is 3.4, 6.3, and 2.0 eV,
respectively [5]. A high-intensity GaN-based LED from the ultraviolet to the yellow
light region can be obtained by creating alloys with GaN, AlN, and InN.
Although GaN-based LEDs have been studied for 20 years, the GaN crystal
material has a large number of defects due to the lack of a lattice matched substrate. In
addition, fabricating p-GaN is not a trivial process. In 1991, S. Nakamura et al. of Nichia
1
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Co. developed a buffer layer at low temperature using amorphous GaN, and then grew
the GaN at high temperature on top of the buffer layer [4]. This greatly improved the
GaN crystal quality. S. Nakamura et al. also found that Mg can act as an acceptor only
after activation by annealing Mg-doped GaN at 700°C in N2 [6]. The end result was the
generation of low-resistivity p-type GaN.
In 1993, the NiChia Co. developed a 1-Cd GaN LED with a lifetime of around
10,000 hours. In 1994, S. Nakamura et al. made InGaN/AlGaN heterostructure-based
blue LEDs on a sapphire substrate; this device had an emission wavelength of 400 nm.
In 1995, he made InGaN single-quantum-well-structure LEDs [5,7]. Toyota Gosei and
Matsushita/Panasonic cooperated to sell blue LEDs. Cree also makes a GaN LED, which
is grown on SiC substrate. NiChia, Sanyo, Hewlett-Packard, Temic, OSRAM Opto, and
Lumileds also sell GaN-based blue LEDs. Despite the advances in GaN-based
technology, other materials are being researched to generate more stable LEDs with a
lower cost of production. ZnO is a promising material for this application and is the
subject of this dissertation.
Before its use in semiconductors, ZnO was used as pigment in paint, ointment,
creams, and lotions. Later, it was studied as a substrate for developing high-quality GaN.
ZnO is a direct, wide bandgap material with a wurtzite crystal structure; it is used in gas
sensors, transparent electrodes, liquid crystal displays, solar cells, piezoelectric
transducers, photoelectronics material devices, blue and UV LEDs, and laser diodes [811]. As of 2003, the use of ZnO in blue LEDs and thin film transistors (TFT) has been
studied extensively. Compared to GaN semiconductors, ZnO has the advantage of a
relative low growth temperature on cheap glass and a much higher exciton binding
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energy (~ 60 meV) than GaN (25 meV). This means that ZnO has a more stable exciton
state at room temperature, since the heat energy is around 26 meV. The excitons in a
ZnO semiconductor will not dissociate into free electrons or holes as a result of the heat
at room temperature or the scattering between excitons. In addition, a commercial ZnO
substrate is available. The ZnO system also involves simpler processing relative to GaN,
which cannot be wet-etched in conventional acid mixtures at safe temperatures. The
curvature of the conduction band and valence band for ZnO is smaller than for GaN.
This means that the electron effective mass in ZnO is larger than in GaN. To emit light,
it is vital to eliminate the non-radiative recombination of electron hole pairs. The
intrinsic defects will be deeper, and the electron and hole mobility will be smaller than in
GaN [12]. D. C. Look et al. studied ZnO as a GaN substrate and developed a p-n
junction for a LED using p-type ZnO [13,14]. Some groups have published results on Nor P-doped ZnO p-n junction LEDs. A. Tsukazaki et al. studied a ZnO p-i-n
homojunction structure on (0001) ScAlMgO4 grown by laser molecular beam epitaxy
(MBE) [15,16]. J.-H. Lim et al. has made a p-n homojunction ZnO LED on sapphire
using r-f sputtering. S. J. Jiao et al. demonstrated a ZnO p-n junction LED on a-plane
Al2O3 substrate using plasma-assisted MBE [17].
To improve ZnO LED device performance, the development of low-resistance
ohmic contacts on ZnO is essential. Conventional contact formation involves the
deposition of a metal contact on ZnO followed by annealing at elevated temperatures.
This minimizes the voltage drop at the interface of the metal and ZnO-based material.
Some groups have found low-contact resistivity for N- and P-type ZnO on the order of
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10-7 and 10-5 Ω-cm2, respectively [18-20]. In this study, the low-contact resistivity for Ntype ZnO was found to be on the order of 10-7 Ω-cm2.
When designing a three-layer heterostructured LED, it is essential to know all of
the information about the corresponding band offsets. A three-layer LED consists of a
light-emitting region, sandwiched between two layers with a bandgap wider than the
center layer. The two outer layers are referred to as the “clad” layers, whereas the center
layer is referred to as the active layer. The clad layers confine electron hole pairs within
the active layer, increasing the light emission efficiency for the device. To determine
these properties, the energy bandgap was determined using photoluminescence (PL). Xray photoelectron spectroscopy (XPS) was used to determine the conduction band and
valence band offset, as discussed in Chapter 5.
To design a ZnO-based LED, it is essential to optimize all of the dimensions and
parameters associated with LED performance. ZnO-based LED structures were
simulated as a function of thickness, doping, and composition using the SiLENSe
simulation program. The simulation of ZnMgO/ZnCdO/ZnMgO shows that intensity
increases with increasing ZnCdO thickness and Cd composition.
Currently, high-quality p-type ZnO-based material has proved difficult to achieve
in practice due to a strong self-compensation effect arising from native defects involving
O vacancies or hydrogen impurities. To fabricate a ZnO LED, an etch process is required
to develop mesa structures. The etch results are presented in Chapter 3. Furthermore,
low-resistivity contacts are needed. Chapter 4 discusses the development of these
contacts using various metal schemes and by changing the doping density. When
designing an LED, sound knowledge of the bandgap is needed to engineer electron hole
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pair barriers and quantum wells. These results are presented in Chapter 5. To efficiently
design a ZnO-based LED, a general understanding of LED performance is needed.
Chapter 6 discusses these results as predicted by simulation.

CHAPTER 2
BACKGROUND
2.1 ZnO Properties
Zinc oxide has several useful physical properties that are ideal for its application in
LED fabrication [21-23]. The material is cheap to process because ZnO can be etched
using wet chemical means. ZnO is ideal for aerospace applications since it has a high
resistivity to radiation damage. Currently, ZnO is used in optoelectronic devices, solar
cells, and transparent electrodes; however, ZnO has great potential in the manufacture of
high efficiency and low cost white light LEDs.
ZnO has a bandgap of 3.4 eV with a free exciton binding energy of
60 meV [21,23]. It is optically transparent, even at high doping levels. ZnO has a
wurtzite crystal structure with a lattice contact a = 3.253 Å and c = 5.211 Å, giving a c / a
ratio of 1.602, as depicted in Figure 2-1. Zinc oxide is composed of alternate layers of
zinc and oxygen atoms in the (0001) direction (c-axis) of the crystal [24]. Its physical
properties are listed in Table 2-1. The exciton binding energy of ZnO (~60 meV) is
higher than that of GaN (25 meV), which allows it to produce higher light intensities
[23].
Commercial bulk crystalline ZnO is readily available [18,23]. These high-quality
films are generated using a chemical vapor phase transport method (Eagle-Picher
Technologies, Miami, OK), melt growth technique (Cermet, Atlanta, GA), or
hydrothermal methods. ZnO materials can be grown under laboratory conditions using
molecular beam epitaxy (MBE), pulsed laser deposition (PLD), laser MBE, metal6
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organic chemical vapor deposition (MOCVD), and hydride or chloride vapor phase
deposition (HVPE) on multiple substrates. The bandgap of ZnO can be tuned by alloying
it with Mg and Cd, which are substituted on the cation site. A quantum well ZnO LED
can be constructed using ZnCdO as a clad layer and ZnMgO as a barrier [25]. The
substitution of Mg for Zn increases the bandgap up to 3.90 eV for Zn0.67Mg0.33O while
still maintaining the wurtzite structure. The substitution of Cd in the Zn atoms decreases
the bandgap to 3.0 eV for Zn0.9Cd0.1O.
ZnO is an intrinsic n-type material due to the O-atom vacancies, Zn interstitials,
and H incorporation within the crystal during growth. Undoped ZnO has unstable longterm electrical properties due to the changing number of O vacancies as atmospheric
oxygen interacts with the surface. The n-type conductivity and stability can be improved
by doping with Al, Ga, and In. To make p-type ZnO, acceptor candidates such as N, P,
and As have been successfully substituted in the oxygen sites [25,26]. N (1.46 Å) might
be the best acceptor candidate for ZnO doping, since its ionic size is similar to that of O
(1.38 Å). Atoms with a larger radii mismatch site will limit the solid solubility for the
anions. In addition to N, P (2.12Å) and As (2.22 Å) have been successfully used as
acceptors despite their larger radii. At this time, p-type ZnO requires further
characterization.
2.2 Wet Etching
Wet chemical etching has been used for 30 years to remove material or create
specific features on substrates that are typically defined by a patterned resist coating [2730]. The wet chemical process consists of three steps. First, the etchant species migrates
from the bulk solution to the surface of the substrate. Second, the exposed portion of the
material is removed by a reaction between the etchant and substrate. Finally, the
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dissolved reaction products diffuse away from the substrate into the bulk solution. In
order to achieve a uniform and well-controlled etch rate, the etching solution is agitated.
This helps minimize the formation of concentration gradients in the solution during the
etching process, which would decrease the etch rates. Depending on the nature of the
reaction, the etching process may produce gases in the form of bubbles, which will
substantially hinder the etchant migration toward the surface. Agitation addresses this
issue by assisting in the removal of bubbles from the surface. Further complications may
arise when etching features such as trenches with small length scales. These cause the
formation of localized concentration gradients in which the local etch rates are decreased.
Wet etching is typically not used for features with length scales below ~ 2 µm, and
general etching profiles using this technique are isotropic so that the reaction progresses
in all directions.
Of the wet etching steps just described, species diffusion and reaction kinetics
dominate the process. Diffusion-limited etching, as the name implies, is limited by the
diffusion of the reactant to the surface or of products from the surface. Fick’s law of
diffusion may be used to approximate the etch rate, but it is difficult due to the associated
fluid dynamics in the bulk and localized geometries. Reaction-limited etching is not
limited by species diffusion, but instead depends on the reaction rate at the surface. This
is a strong function of temperature, which is substantially easier to control. The rate for
reaction-limited etching is given by

R = Ke − Ea / kT

(2-1)

where K is a temperature dependent rate constant, Ea is the activation energy, k is the
Boltzmann constant, and T is the solution temperature. Etching rates are also a function
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of the film composition and density. In some cases, they can be dependent on the
crystallographic orientation. For example, the etch rate on a FCC[111] structure may be
slower than that on a FCC[100] structure since the [111] orientation is more densely
packed. Commonly desired etch rates are around 10 to 100 nm per minute.
The selectivity of etching is also an important parameter during the process. This is
defined as the ratio of the etching rates of differing materials,

S=

r1
r2

(2-2)

where r1 is the etching rate of the film being etched and r2 is the etching rate of the
masking material or the material below the film. A selectivity range of 25 – 50 is usually
reasonable.
The main advantage of using a wet etching process is its high selectivity. Wet
etching is also more cost effective and causes less substrate damage than other methods.
However, wet etching may be difficult to control, may vary with the crystallographic
orientation, and may not define features down to the length scales available using other
techniques.
2.3 Metal-Semiconductor Contacts
Electrical contacts are required to energize or collect electrical information from a
device. Ideally, these contacts should have a low resistivity to enhance electron flow to
and from the device. When depositing a metal on a semiconductor, the total resistance
can be summed up in two components: the contact resistivity ρc (Ω-cm2) and the sheet
resistance Rs (Ω/) [28,31]. Section 2.3.3 gives the methodology used to determine these
values. The contact resistivity is
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ρc = (

∂J −1
)V = 0
∂V

(2-3)

where J is the current density and V is the applied voltage. The sheet resistance is a large
contributor to the total resistance. The relationship between the total resistance and the
sheet resistance is given by [32]
R=ρ

L
L
= Rs
Wt
W

(2-4)

where R is the resistance due to the semiconductor, ρ is the resistivity of the
semiconductor, L is the length, W is the width, and t is the thickness of the layer.
Assuming that the semiconductor film is smooth and of uniform thickness, Rs should not
vary.
2.3.1 Rectifying Contacts

A rectifying contact is typically formed as a metal and semiconductor are brought
together (see Figures 2-2 and 2-3) [33]. This will prevent most electrons and holes from
flowing freely between the contact and semiconductor. The rectifying behavior is caused
by the potential barrier between the metal and semiconductor. Rectifying contacts have a
current to voltage curve that is nonlinear and asymmetric about the origin. Usually, they
have a very low resistance in the forward bias and an infinite resistance in the reverse
bias. When a bias is applied, the semiconductor barrier will vary and the direction will
change with the bias polarity while the metal component of the barrier will remain
constant.
The dominant transport mechanism for a Schottky diode at room temperature is
thermionic emission [12,33]. The majority carrier will move from the semiconductor
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over the potential barrier into the metal. The current density based on the thermionic
emission is
J = AT 2 exp(

− qΦ B
qV
)(exp( ) − 1)
kT
kT

(2-5)

where A is the effective Richardson constant (A/K2-cm2), T is the absolute temperature,
ΦB is the barrier height, k is the Boltzmann constant, q is the electron charge, and V is the
bias.
2.3.2 Ohmic Contacts

When the semiconductor contact is ohmic, the carriers can flow in and out of the
semiconductor freely with a minimum contact resistance according to Ohm’s law
[31,33,34]. The current to voltage characteristics of the device are linear and symmetric.
To make an ohmic contact on an n-type semiconductor, the work function of the metal
must be less than or equal to the semiconductor electron affinity. This will decrease the
barrier, allowing the carriers to flow freely, as shown in Figure 2-2. The barrier height
for an n-type semiconductor is
ΦB = ΦM-χS

(2-6)

where χS is the semiconductor electron affinity, which is the difference between the
vacuum level and the conduction band, and ΦM is the work function of the metal.
For an ohmic contact on a p-type semiconductor, the work function of the metal
must be greater than or equal to the sum of the semiconductor electron affinity and the
bandgap energy,
ΦB = Eg - ( ΦM - χS )

(2-7)

where Eg is the bandgap. Then the bending of the valence band in the semiconductor can
be minimized and carriers can flow freely with a low barrier height, as shown in Figure
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2-3. A high work function metal is a good candidate for a p-type semiconductor while a
low work function metal is the best candidate for an n-type semiconductor. However,
there is a problem when considering wide bandgap materials for a p-type semiconductor.
If the sum of Eg and χs is greater than ΦM, there will be a barrier to the electron flow.
Consider the bandgap and electronic affinity of GaN and ZnO. By summing these
values, which can be found in Table 2-2 [35,36], a metal work function of 7.72 eV is
required to create an ohmic contact. The metal with the highest work function is Pt,
which has the value of 5.64 eV [37]. To complicate matters, there is almost always some
level of contamination at the interface that will increase the barrier height. Some
pretreatment, such as etching, is required before depositing the metal. If a mismatch
occurs between the fermi level of the metal and semiconductor, a rectifying contact is
formed. This means that no metal will be suitable for forming an ohmic contact on the
semiconductor materials.
It is not possible to find an appropriate metal to obtain an ohmic contact for most
semiconductors. However, there are two additional ways to make an ohmic contact [31]:
the barrier height can be lowered, or a tunnel contact can be created. The barrier height
can be adjusted by alloying the metal with the semiconductor, or by changing the doping
density. Annealing the sample will alloy the metal with the semiconductor and reduce
the barrier at the interface after the metal deposition, hence improving the contact
resistivity, but a tunnel contact is a more practical way to make an ohmic contact.
Typically, this requires a doping density higher than 1019 cm-3 to make the barrier very
thin. If the barrier region can be reduced to 3 nm or less, the carriers will be able to
tunnel through this region.
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To create effective metal contacts on semiconductors, either a suitable metal is
required or a tunneling contact must be generated. Since the work function of most
metals is less than 5 eV, there are great advantages in generating a tunnel contact on wide
bandgap materials. In addition, it is critical that the metal contact is thermally and
electronically stable, has a low resistivity, and is non-reactive with a minimal tensile
stress.
2.3.3 Transmission Line Method (TLM)

The TLM was proposed by Shockley in 1964 [38]. The contact resistance for a
lateral current flow geometry can be obtained using the TLM, where a series of the samesized contacts with different gap lengths are deposited on the semiconductor, as shown in
Figure 2-4 [39]. Probes are placed at the two ends of the pattern and are used to maintain
a constant current throughout the measurements. A second set of probes is used to
measure the voltages between adjacent electrodes. Then the resistance between these two
pads is calculated. The resistance versus the gap between the pads is shown in Figure 25. The total resistance between two pads is given by
R = 2 Rc +

Rs
l
W

(2-8)

where Rc (Ω) is the contact resistance, Rs (Ω/) is the sheet resistance, l is the gap
between the two pads, and W is the width of the pad. The slope of the resulting line is a
function of the sheet resistance and the intercept is the contact resistance. As the distance
approaches 0, Rs goes to 0 and the total resistance becomes equal to 2 Rc. In general, a
good contact resistivity is on the order of 10-7 Ω-cm2 [40]. The specific contact
resistivity (Ω-cm2) is
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2

RT
( Rc w) 2
ρc =
=
Rs
Rs

(2-9)

where RT (Ω-mm) is the transfer resistivity. The minimum contact width W should be
larger than the transfer length LT, which is expressed as
LT =

ρc
Rs

(2-10)

LT provides a good measure of the contact quality. Ideally, LT should be targeted between
tens of µm to several µm.
A disadvantage of the TLM technique is that current crowding may occur during
the measurements [39]. To address this issue, similar measurements can be performed on
the mesas shown in Figure 2-6, which can confine the current in the mesa pattern and
reduce the current errors. The measurements can also be performed using a circular TLM
(c-TLM), shown in Figure 2-7, which does not use an etching step to form a mesa and
thus requires only one lithography step [41].
For c-TLM, two probes are utilized to measure the resistance across the structure.
The resistance R is [42]
R=

Rsh
R
1
1
[ln 2 + LT (
+ )]
2π
R2 − s
R2 − s R2

(2-11)

where Rsh is the sheet resistance of the semiconductor, R2 is the outer radius of the
circular contact, s is the gap spacing, and LT is the transfer length. The measured
resistance will yield a nonlinear resistance versus gap curve. To obtain the linear curve,
and hence the contact resistance and sheet resistance, the following transformation is
required. Assuming that R1 >> s and R2 = R1 + s, the resistance is
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R=

Rsh
[ s + 2 LT ] • c
2 π( R1 )

(2-12)

where c is a correction factor described by

c=

Rl [ R1 + s]
ln
s
R1

(2-13)

Since the outer ring radius to gap ratio is larger, the ring contact geometry reduces to that
of the TLM model.
2.4 Bandgap Engineering

To successfully generate an LED, knowledge of the bandgap, valence band offset,
and conduction band offset is required. The bandgap will determine the wavelength of
light emitted from the device. The electron flow is determined by the conduction band,
and the hole movement is dictated by the valence band. When creating heterostructures,
the carriers (holes and electrons) need to be confined at the quantum well. At a
heterojunction, the valence band and conduction band deviate from their respective bulk
material values. The observed change in the offset values is a function of the bonding
strain at the interface between the two materials. There are three types of band lineup:
(1) straddling, (2) staggered, and (3) broken-gap, as shown in Figure 2-8 [32]. The
energy bandgap will also increase with increasing temperature, as given by

E g (T ) = E g (0) −

aT 2
T +β

(2-14)

where the Eg is the bandgap, T is the temperature, a is the first bandgap correction factor,
and β is the second bandgap correction factor. Electron spectroscopy can measure the
binding energy difference between a semiconductor core level and the valence band edge
of the semiconductor interface. Therefore, it is critical to understand the valence and
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conduction band offsets when the heterojunction is formed at relevant operating
temperatures (~ 25°C). This provides information regarding the band bending, Schottky
barrier height, and heterojunction band discontinuities [43,44]. The binding energy is
measured with respect to the fermi level. X-ray photoelectron spectroscopy provides a
direct contactless and non-destructive method to measure the binding energy with respect
to the fermi level. With this information, the valence band offset can be determined from
a
a
b
b
∆EV = ( ECL
− EVBM
) − ( ECL
− EVBM
) + ∆ECL

(2-15)

where ∆Ev is valence band discontinuity, ECLa and ECLb are the core level binding
energies for the bulk a and b samples, EVBMa and EVBMb are the valence band maximum
binding energies for the bulk a and b samples, and ∆ECL is the core level binding energy
difference, as shown in Figure 2-9. The band offset at various semiconductor
heterojunctions has been studied and established by many groups [35,43-66]. The
conduction band offset, ∆Ec, is

∆Ec = ∆E g − ∆Ev

(2-16)

where ∆Eg is the bandgap difference between samples a and b. Only the binding energy
difference is used to determine ∆Ev. It is important to note that the EF location is not
required to measure the heterojunction discontinuity. The core level peak position is
defined as the middle of the full width at half maximum. The EVBM is determined by
extrapolating from the leading edge of the valence band spectrum, as shown in Figure 210.
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2.5 Processing Techniques
2.5.1 E-Beam Evaporator

In an e-beam evaporator, the high-energy electron beam emitted from a hot
filament is accelerated to a voltage of 10 keV [28,34]. The beam is then directed toward
the target to be evaporated. The material heats up and begins to evaporate as it is
bombarded by the electron beam. To grow the film, a substrate is placed in line with the
e-beam target. Typically, the sample vapor pressure should be at least 10 mtorr to obtain
reasonable deposition rates. The evaporator must be operated at low rates to achieve the
best uniformity; however, care must be taken since low evaporation rates require
extremely high vacuums to minimize film contamination.
2.5.2 Electrical Measurements

The I-V curves used to characterize the semiconductor devices are generated using
a Hewlett Packard 4156A Precision Semiconductor Parameter Analyzer. A probe station
is connected to the analyzer to create a contact with the microscopic device.
A four-point probe is used to measure the resistivity of the semiconductor material
[28]. A constant current is applied to the two outer probes while the voltage is measured
across the two inner probes. This provides the information required to calculate the
resistivity. See Section 2.3.3 for a more detailed description of this technique.
2.5.3 Rapid Thermal Annealing

Rapid thermal annealing is used to rapidly heat and cool the wafer. This
minimizes the effects of particle diffusion [28,67]. Wafers are annealed to migrate the
dopants to the desired depth by varying the temperature and annealing time. Figure 2-11
depicts a typical temperature ramp block. Initially, the sample is maintained at constant
temperature while the chamber is purged with an inert gas. This will minimize any
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atmospheric contamination before the annealing. The temperature is then rapidly ramped
up to the annealing temperature. Care is taken to minimize the time during the ramp up
for better control over dopant diffusion. Upon completion of the annealing, the wafer is
rapidly cooled to terminate the dopant diffusion. The chamber is purged with an inert gas
while the sample is cooled to minimize the gas-solid interactions while the sample is at
elevated temperatures. The steady-state portion of Figure 2-11 is governed by the length
of time required to optimize the dopant distributions within the sample.
2.5.4 Sputter Deposition

Sputtering is a process in which atoms are removed from the surface of a solid by
high-energy ion impacts [28,34]. The material removal is a product of the momentum
exchange between the incoming ion and the target material. A plasma consisting of
argon ions and electrons is ignited between the source and the substrate. The target
material is placed on the electrode with the voltage set to maximize the ion flux at the
target. As the positively charged argon ions bombard the target surface, the target
material is removed from the surface. These atoms impinge on the sample surface,
forming a thin film. The sputter yield depends on the direction of the incident ions, target
material, mass ratio of the target material to the bombarding ions, and energy of the
bombarding ions. Sputter deposition has multiple advantages over other techniques,
including improved film uniformity and an enhanced ability to produce layers of
compound materials and alloys.
2.6 Characterization Techniques
2.6.1 Auger Electron Spectroscopy (AES)

AES is a technique that is used to monitor surface cleanliness and identify the
elemental composition of the near-surface region and small area depth
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profiling [67-69]. The resolution of the surface scan is approximately 3 nm and the depth
profiling ranges from 2 to 20 nm. AES uses a focused electron beam directed toward a
surface. The high-energy electron beam removes a core level electron from a surface
element. Then an electron within the atom, known as the Auger electron, decays with a
probability of transferring this energy to another electron. The Auger electron is ejected
into a vacuum. Finally, the kinetic energy of the Auger electron is measured with a
detector. Since each element has its own characteristic electronic structure, it is possible
to determine the elemental composition on the surface, except for hydrogen and helium.
Depth information can be determined by using AES in conjunction with ion
bombardment, providing elemental depth profiles.
2.6.2 Atomic Force Microscopy (AFM)

AFM measures the topography of conductors, semiconductors, and insulators with
a force probe located within a few Å of the surface [70,71]. To collect the AFM data, a
tip is rastered across a surface while the tip movements normal to the surface are
measured. This technique has a lateral resolution of 1 to 5 nm. AFM is typically used to
obtain a three-dimensional surface image or determine the surface roughness and crystal
grain size. As the tip is rastered over the surface, a feedback mechanism is employed to
ensure that the piezo-electric motors maintain a constant tip force or height above the
sample surface. The tip movements normal to the surface are digitally recorded and can
be manipulated and displayed in three-dimensions by a computer. There are three types
of AFM mode, described below.
(1) Contact mode. Here, the force between the probe tip and substrate is repulsive
with a mean value of 10-9 N. The force is set by pushing a cantilever against
the sample surface. The contact mode can obtain a higher atomic resolution
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than the other modes, but it may damage a soft material due to excessive
tracking forces applied from the probe on the sample. Unlike the other modes,
frictional and adhesive forces will affect the image.
(2) Non-contact mode. Here, the main interaction force between the probe tip and
the substrate is attractive due to van der Waals force. The tip is 5 to 150 nm
above the sample surface. The resolution in this mode is limited by the viscous
interactions with the surrounding atmosphere.
(3) Tapping mode. Here, the tip is brought into contact with the surface, lifts off
the surface, and moves to the next location where it is again brought into
contact with the surface. The tapping mode overcomes the problems that the
other two modes have by alternately placing the tip in contact with the surface
to provide a high resolution and then lifting the tip off the surface to avoid
dragging it and damaging the material.
The interaction between the probe tip and substrate as a function of the distance is shown
in Figure 2-12.
2.6.3 Photoluminescence (PL)

Photoluminescence (PL) is a nondestructive technique that is used to measure the
physical and chemical properties of materials [70]. A light is directed toward the sample
surface. If the impinging light has a higher energy than the bandgap, an electron hole
pair will be generated. Light will be emitted as these electron hole pairs release energy in
radiative recombination. The emitted light is collected by a lens, passed through an
optical spectrometer, and is measured at a detector. The radiative recombination
mechanism, known as photoluminescence, is depicted in Figure 2-13. PL is typically
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used to determine the bandgap of a semiconductor, identify impurities, and verify the
quality of a sample.
2.6.4 Profilometry

Stylus profilometry is used to measure the sample thickness and topographical
features including feature widths, island heights, and trench depths. The best resolution
that can be obtained using this technique is 10 nm. It is typically used to measure
features with length scales on the order of microns. During the measurement, a stylus
directly contacts the surface and is translated across the surface in one dimension. The
vertical displacement of the stylus is converted to electrical signals, which are recorded
by a computer. Profilometry may damage samples made from soft material.
2.6.5 Scanning Electron Microscopy (SEM)

SEM is used to obtain topographic images of the microstructural to nanostructural
characteristics of a solid material, with a magnification range of 10 – 10,000× [72]. An
important feature of SEM is the large depth of field, which offers the ability for the
specimen image to have a three-dimensional appearance. The components of SEM
include an electron lens system, an electron source, an electron collector, and
photorecording cathode ray tubes. The resolution of a conventional electron source is 10
– 50 nm while that of a field emission electron source is 1 – 5 nm. The sample is
irradiated with a focused electron beam and signals, such as secondary electrons,
backscattered electrons, characteristic x-rays, and other photons of various energies, are
collected from the interaction of the electron beam with the sample. A good SEM image
can be optimized by the beam parameters. The limiting sharpness and feature visibility
of the images depends on four parameters: the electron probe size dp, electron probe
current ip, electron convergence angle αp, and electron beam accelerating voltage V0, as
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shown in Figure 2-14. SEM provides information about the surface topography,
crystallography, and composition.
2.6.6 X-Ray Photoelectron Spectroscopy (XPS)

XPS was developed in the 1960s by Kai Siegbahn, who was awarded the Nobel
Prize for Physics in 1981 [67,69,73]. Common X-ray sources are Mg Kα (1253.6 eV), Al
Kα (1486.6 eV), and monochromatic Al Kα (1486.7 eV). The photons can penetrate
samples on the order of 1 – 10 microns. The XPS emission process is shown in Figure 215. In XPS, X-rays bombard a sample, which causes a core electron to be ejected from
an atom. The electron then moves to the surface and finally escapes into the vacuum.
The elements on the sample can be identified from the binding energies of the ejected
photoelectrons. The photoelectron energies and intensities provide information regarding
the relative concentration and chemical state of the elements present on the sample. The
only chemical species that cannot be detected by XPS are hydrogen and helium. XPS can
probe 30 Å of the sample surface. The kinetic energies of the emitted electron are
KE = hυ – BE - φs

(2-17)

where hυ is the photon energy, BE is the binding energy of the atomic orbital from which
the electron originates, and φs is the spectrometer work function. XPS is a surfacesensitive technique for chemical analysis, and the length scale is set by the inelastic mean
free path in the solid.
This technique is also used to determine the conduction and valence band offset at
heterojunctions, as described in Section 2.4.
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Table 2-1. Physical properties of ZnO
Property
ZnO
Crystal
Wurtzite
Bandgap
3.37 eV (RT), 3.44 eV (2K)
Density
5.606 g/cm3
Space group
P63mc
a = 3.250Å, c = 5.204Å
Lattice constant
Sublimation point
1975 oC
Thermal conductivity
0.6, 1.0 – 1.2
Thermal expanasion coefficient α11 = 4.0, α33 = 2.1 (10-6 / oC)
no = 1.9985, ne = 2.0147 (λ = 6328 Å);
Refraction index
me* = 0.28 m0, mhh* = 0.78 m0
Effective mass
< 106 cm-3
Intrinsic carrier concentration max n-type doping > 1020 cm-3 electrons
max p-type doping < 1017 cm-3 holes
Electron Hall mobility at 300K
200 cm2/Vs (RT)
for low n-type conductivity
Hole Hall mobility at 300K
5 – 50 cm2/Vs
for low p-type conductivity
Table 2-2. Bandgap and electron affinity of GaN and ZnO.
Material Eg (eV) χ (eV) Eg + χ (eV)
GaN
3.4
4.1
7.5
ZnO
3.37
4.35
7.72

24

Zn

O

a
Figure 2-1. Crystal structure of ZnO.
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Figure 2-2. Energy band diagram of a metal/n-type semiconductor contact at thermal
equilibrium.
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Figure 2-3. Energy band diagram of a metal/p-type semiconductor contact at thermal
equilibrium.
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Figure 2-4. Schematic diagram of a TLM pattern.
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Figure 2-6. TLM without etch mesa (top); TLM with etch mesa (bottom).
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Figure 2-7. Top view of a circular TLM pattern.
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Figure 2-8. Energy band lineups: (a) straddling, (b) staggered, and (c) broken-gap.
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Figure 2-9. Energy-band diagram at an abrupt heterojunction interface.
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Figure 2-11. Operating procedure of rapid thermal annealing.
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Figure 2-12. Interaction between the probe tip and substrate as a function of distance.
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Figure 2-14. Four beam parameters of the SEM imaging mode.
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Figure 2-15. XPS photoemission and Auger process. (1) A photon interacts with the
element. (2) The energy of the photon is channeled into a core electron,
which departs from the atom. (3) The electron decays to the lower orbital, and
the energy is transferred to another electron, called the Auger electron. (4)
The Auger electron escapes from the element.

CHAPTER 3
WET ETCH OF ZINC OXIDE-BASED MATERIALS
3.1 Introduction

ZnO has a long list of applications in gas sensing, in varistors, in piezoelectric
transducers, as a light transmitting electrode in optoelectronic devices, in electro-optic
modulators, and as a sunscreen [74]. Recently, major advances in the areas of
conductivity control of epitaxial films and availability of high-quality bulk ZnO
substrates have refocused attention on ZnO/ZnMgO/ZnCdO heterostrucutre system for
use in ultraviolet light emitters and transparent electronics [21]. ZnO can be grown at
relatively low temperatures on cheap substrates such as glass, and it has a larger exciton
binding energy (~60 meV) than GaN (~25 meV) (enabling the fabrication of vertical
geometry devices with low threading dislocation densities). The latter is important for
achieving robust light emission at higher temperature. The ZnO system also has simpler
processing relative to GaN for which cannot be wet-etched in conventional acid mixtures
at safe temperatures [21,59,75-92]. There have been a number of recent reports of ZnObased light emitting structures involving different approaches, including homojunctions
with low emission intensity [35,83,91-94]; hybrid structures involving heterostructures
with SiC, GaN/sapphire, AlGaN/ sapphire, or Cu2O [35,93-97]; and ZnO pin
homojunction diodes grown on oxide substrates [15,16,98]. Another important factor in
the design of ZnO-based light-emitting diodes (LED) is the realization of bandgap
engineering to create barrier layers and quantum wells in heterostructures. With respect
to higher bandgaps, an increase up to 4.0 eV has been achieved by the incorporation of
35
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Mg in the ZnO layer while still maintaining the wurtzite structure [98]. Ternary ZnCdO
seems to be an appropriate candidate for narrow bandgap because of the smaller bandgap
of CdO (2.3 eV), providing, of course, that phase separation is avoided during growth of
this ternary [99]. Molecular beam epitaxy (MBE) provides an excellent vehicle for
controlling both purity and phase of the ZnCdO. In addition, the advances in growth of
ZnO nanorods and nanowires have suggested that these may have applications to biodetection [89] because of their large surface areas.
In most device fabrication schemes, wet etching is needed for isolation or mesa
formation if nonconductive substrates are used. The binary ZnO is readily etched in
many acid solutions, including HNO3/HCl and HF [89,98,100,101]. In most cases, the
etching is reaction limited, with typical thermal activation energies of >6 kcal٠mol-1. In
preliminary work, we have found that the etching of the ZnO is strongly dependent on
material quality. If the ZnO is very thin, the wet etch rates are high in all acid solutions.
A particular problem encountered with the wet etching of ZnO/AlGaN-based LED
structures was the presence of a very significant undercut (as much as around 10 µm)
[96], which occurred mainly at the end of the selective removal of the ZnO from the
underlying AlGaN.
There are no reports to date on the wet etching of ZnCdO and ZnMgO and in
particular it is important to develop selective etches for ZnCdO/ZnO and ZnMgO/ZnO
systems. We demonstrated the achievement of selective etching of ZnCdO over ZnO
using both dilute HCl and H3PO4 mixtures. We also report on the selective etching of
Zn0.9Mg0.1O relative to ZnO, both grown with similar thicknesses on sapphire substrates
by pulsed laser deposition (PLD) to ensure similar crystal quality. In Zn0.9Mg0.1O/ZnO
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system, wet etch selectivities over 400 for ZnMgO over ZnO can be achieved with HCl at
high dilution factors with water.
3.2 Experimental
3.2.1 Growth of ZnCdO

MBE growth of ZnO and ZnCdO single-layers was performed on c-plane sapphire
substrates. Low-temperature Knudsen cells were used to evaporate 6 N purity Zn, Cd,
and Mg. Atomic oxygen fluxes were produced by a radio-frequency (rf) plasma source.
The source was operated at an O2 flow rate of 2-5 standard cubic centimeters per minute,
depending on the Zn flux, and a forward power of 150 W. In situ reflection high-energy
diffraction (RHEED) was used to monitor MBE growth of the wurtzite phase ZnO and
Zn0.95Cd0.05O. After thermal cleaning of the sapphire surface, the substrate temperature
was lowered to 400–600°C. The ZnO growth was initiated by simultaneously opening
the Zn and the atomic oxygen shutters to ensure Zn-polarity for as-grown films. To
reduce the number of variable growth parameters, TS (400°C) and Zn/O flux ratio (1.5:1)
were kept constant and only the Cd cell temperature was used to control the composition
during growth. After growth, room temperature cathodoluminescence (CL)
measurements were performed on the samples to define the spectral position of the nearbandedge emission peaks for ZnCdO. The Cd composition was verified by both
Rutherford backscattering and the calibrated XPS measurements and was determined to
be 4.8 ± 0.3%. The experimental bandgap of our ZnCdO was ~2.9 eV from CL
measurements at 25°C. There was no phase separation in the ZnCdO films, as confirmed
by CL emission mapping.
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3.2.2 Growth of ZnMgO

The films were grown by PLD on c-plane Al2O3 substrates. Phosphorus-doped
(Zn0.9Mg0.1)O targets were fabricated using high-purity ZnO (99.9995%) and MgO
(99.998%), with P2O5 (99.998%) serving as the doping agent. The ablation targets were
fabricated with a phosphorus doping level of 2 at.% (which can produce p-type
conductivity if the films are annealed after growth [102]), and a KrF excimer laser with a
repetition rate of 1 Hz and pulse energy density of 1–3 J/cm2 was used as the ablation
source. The target to substrate distance was 4 cm. The ZnO growth chamber exhibits a
base pressure of 10-6 torr. Film growth was performed at 500°C for ZnMgO or 400°C for
ZnO in an oxygen pressure of 50–150 mTorr. Both types of films were ~0.5-mm thick
with an electron concentration of 1017 cm-3 and mobility of 25 cm2·V-1·s-1 for the ZnO
and a mixed conductivity (indeterminate conductivity type with carrier density around
1016 cm-3) for the ZnMgO layers, as determined from van der Pauw Hall measurements.
3.2.3 Wet Etch Method

The wet chemical etch was performed with HCl/H2O or H3PO4/H2O solutions as a
function of both solution concentration and temperature. A photoresist mask (AZ 1045)
was used for creating features whose depth was measured by stylus profilometry after
postetch removal of the mask in acetone.
3.3 Results and Discussion

Figure 3-1 and 3-2 shows the etch rates of Zn0.95Cd0.05O and Zn0.9Mg0.1O,
respectively, as a function of solution concentration for HCl/H2O or H3PO4/H2O at 25°C.
For Zn0.95Cd0.05O, controllable etch rates in the range (<100 nm·min−1) are desirable for
mesa formation and were obtained over this set of solution concentrations. For
Zn0.9Mg0.1O, the etch rates were significantly faster with HCl/H2O at all concentrations
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(120–1100 nm·min-1). Note, high dilution factors of the acids with water were used to
obtain controllable etch rates. The use of pure HCl or H3PO4 produced very high rates
and extensive bubbling in the solutions that led to nonuniform and rough surfaces.
To determine the rate-limiting step in the etching, we measured the etch rate as a
function of solution temperature over the range 25–75°C. In the dilute mixtures used
here, it is common to have an etch rate of semiconductor is limited by the diffusion of the
active etchant species to the ZnCdO and ZnMgO surface, or by the out-diffusion of the
soluble product, i.e., a diffusion-limited etch rate. Further characteristics include a square
root dependence of etch depth on etch time, an activation energy ≤ 6 kcal·mol−1, and a
strong dependence of etch rate on solution agitation. This mode of etching is not
desirable for device fabrication because of the difficulty in obtaining reproducible rates.
Figure 3-3 and 3-4 shows an Arrhenius plot of ZnCdO (~3×10−3 M) and ZnMgO
(2.4×10−2 M) etch rate in the two solutions of HCl and H3PO4 at high dilution factors
with water, respectively. Under these conditions, the etch activation energies are in the
range ~0.4 kcal·mol−1 for ZnCdO and 2-3 kcal·mol−1 for ZnMgO, values that are
consistent with diffusion-limited etching.
Figure 3-5 shows the etch rates of ZnO as a function of solution concentration for
HCl/H2O or H3PO4/H2O at 25°C. By contrast to the case of ZnMgO, the etch rates are
significantly faster with H3PO4/H2O at all concentrations. Note that lower acid dilution
factors were used to obtain controllable ZnO etch rates, when compared to those used for
ZnMgO. Once again, the use of pure HCl or H3PO4 produced irreproducible etch rates
and nonuniform, rough surfaces.
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The etch rates for ZnO were significantly slower than ZnCdO (2×10−3-3.5×10−3 M)
and ZnMgO (5×10−3-2.5×10−2 M) under the same conditions, and we had to employ
lower dilution factors (2×10−3-10−1 M) in order to get practical removal rates. Figure 3-6
shows an Arrhenius plot of ZnO etch rate in the two acid/water mixtures. Under these
conditions the activation energies (~5.6–5.9 ± 0.4 kcal·mol−1) were consistent with a
transition to reaction-limited etching. Also the transport of the reaction species through
the etch solution is less of a factor than the very dilute solutions used for ZnCdO and
ZnMgO, as the etch rate did not vary with changes in the solution agitation rate. For the
reaction-limited etch mechanism, the etch depth depends linearly on time, the activation
energy is ≥6 kcal·mol−1, and the rate is independent of solution agitation. This is the
preferred mode of etching for device fabrication, as the temperature and solution
composition need to be controlled, without the influence of varying composition
gradients throughout the mixture.
The resulting selectivities for etching ZnCdO over ZnO and ZnMgO over ZnO in
the two mixtures with the same concentration are shown in Figure 3-7 and 3-8,
respectively. The ZnO etch rates were in the range 30–90 nm·min−1 for dilute acid
mixtures. For ZnCdO, the HCl/H2O solution provides selectivities in excess of 50 under
optimum conditions, while the maximum selectivity with H3PO4/H2O was ~15. ZnMgO
had selectivities in excess of 425 with the HCl/H2O solution, under optimum conditions.
A rule of thumb in device fabrication schemes is that a selectivity of at least 10, and
preferably 100.
Optical microscopic images were taken after selectively etching ZnCdO layers
from an underlying ZnO layer on sapphire and ZnMgO layers from an underlying ZnO
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layer on sapphire. These clearly demonstrate that it is possible to generate a clean
pattern transfer using selective etching. For example see the optical microscopy image
and the scanning electron microscopy images of ZnCdO selectively etched with HCl
solution from an underlying ZnO layer, as shown in Figure 3-9. Similar results are
shown for ZnMgO selectively etched from an underlying ZnO layer in Figure 3-10.
3.4 Summary

ZnCdO, ZnMgO, and ZnO can be readily etched in dilute solutions of HCl and
H3PO4. High dilution factors of these acids with water provides controllable etch rates in
the range 30–90 nm·min−1 for ZnCdO and 120–1100 nm·min-1 for ZnMgO, with adequate
selectivity to ZnO grown under the same conditions. Photoresist provides a stable and
convenient mask for patterning ZnCdO, ZnMgO, and ZnO in these acid solutions. The
availability of simple wet solutions for this heterostructure system simplifies the
processing of mesa-type ZnO-based LEDs and avoids the need for plasma etching
processes which are known to damage the ZnO surface even at low plasma powers [103].
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Figure 3-1. Etch rate of ZnCdO with different concentrations of HCl and H3PO4 solutions
diluted in water.

43

Etch rate (nm/min)

1000

HCl
H3PO4

750
500
250
0

0.005 0.010 0.015 0.020 0.025

Concentration (M)
Figure 3-2. Etch rate of Zn0.9Mg0.1O in different concentrations of HCl and H3PO4 diluted
with water.
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Figure 3-3. Arrhenius plot of ZnCdO etch rate in 0.0031M HCl and 0.0029M H3PO4
solutions diluted in water.
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Figure 3-4. Arrhenius plot of Zn0.9Mg0.1O etch rate in 0.024M concentrations of HCl and
H3PO4 diluted with water.
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Figure 3-5. Etch rate of ZnO in different concentrations of HCl and H3PO4 diluted with
water.
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Figure 3-7. Etch selectivity of ZnCdO to ZnO at room temperature as a function of
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Figure 3-8. Etch selectivity of ZnMgO to ZnO as a function of solution concentration.
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Figure 3-9. Optical microscopy image (top) of ZnCdO selectively etched with HCl
solution from an underlying ZnO layer. The photoresist mask is still in place.
At bottom is an SEM image of the selective removal of ZnCdO from an
underlying ZnO substrate.
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a

b
Figure 3-10. SEM images of ZnMgO selectively etched with an underlying ZnO layer.
(a) The overall pattern with a 3000 X mag. (b) a 3700 X mag image showing
the ZnMgO sidewall.

CHAPTER 4
OHMIC CONTACTS TO ZINC OXIDE-BASED MATERIALS
4.1 Introduction

Zinc oxide (ZnO) exhibits an interesting combination of multifunctional properties,
including optical, semiconducting, piezoelectric, electrooptic, and optoelectronic
functionality, and ZnO films find applications in many electronic devices including
sensors, actuators, transducers, and high frequency surface acoustic wave (SAW) devices
[104]. There are also uses for n-ZnO in the copper indium gallium diselenide (CIGS, or
Cu(InxGa1-x)Se2) thin-film solar cell, where there is strong interest in ZnO (and its alloys)
to solid-state lighting. ZnO devices may have application in the photoelectrochemical
splitting of water to generate hydrogen [105-108]. There are also some significant recent
interests in developing ZnO-based UV light-emitting diodes (LEDs) that may have some
advantages over the corresponding devices fabricated in the GaN material system. These
include the lower deposition temperatures for ZnO, the higher exciton binding energy
(important for robust light emission over a broader range of temperatures), the
commercial availability of high quality substrates and the simpler processing relative to
GaN for which convenient wet etch are not available [19,21,109]. ZnO has a bandgap of
about 3.2 eV and its band-edge emission is about 388 nm, in the blue/near-ultraviolet
portion of the electromagnetic spectrum. If efficient lasers or LEDs can be made of ZnO,
the near-ultraviolet photons that would be emitted could be used to excite phosphors in
suitable combinations to produce white light. Alternatively, alloying with cadmium
would reduce the bandgap, and the emitted photons would be of longer wavelength [110].
52
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There have been many recent advances in improved ZnO epitaxial growth quality and
development of the various processing modules necessary for LED fabrication. A variety
of ZnO-based LEDs, including homojunctions with low emission intensity [83,91,92],
hybrid structures involving heterostructures with SiC, GaN/sapphire, AlGaN/ sapphire or
Cu2O [35,93-97], and ZnO p-i-n homojunction diodes grown on ScMgAlO4 or Al2O3
substrates have been reported recently [15,16].
Another important factor in the design of ZnO-based LED is the realization of
bandgap engineering to create barrier layers and quantum wells in heterostructures. An
increase up to 4.0 eV has been achieved by the incorporation of Mg in the ZnO layer
while still maintaining the wurtzite structure[98]. On the other hand, ZnCdO is the best
candidate for the narrow bandgap component of a heterostructure because of the smaller
bandgap of CdO (2.3 eV) [99]. However, very little has been reported on development of
ohmic contacts to ZnCdO. In ZnO, the usual approaches involve surface cleaning to
reduce barrier height or increase of the effective carrier concentration of the surface
through preferential ion of oxygen [8-10,78,91,111-125]. Specific contact resistances of
~ 3×10-4 Ω-cm2 were reported for Pt-Ga contacts on n-ZnO epitaxial layers [99,112],
2×10-4 Ω-cm2 for Ti/Au on Al-doped epitaxial layers [113,114], 0.7 Ω-cm2 for nonalloyed In on laser-processed n-ZnO substrates [115], 2.5×10-5 Ω-cm2 for non-alloyed Al
on epitaxial n-type ZnO [9] 7.3×10-3 Ω-cm2 to 4.3×10-5 Ω-cm2 for Ti/Au on plasma
exposed, Al-doped n-type epitaxial ZnO and 9×10-7 Ω-cm2 for Ti/Al on n+-epitaxial ZnO
[116]. Several points are clear from the past works, namely that the minimum contact
resistance generally occurs for post-deposition annealing temperatures of 200°C to 300°C
on doped samples treated so as to further increase the near-surface carrier concentration.
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A necessary component of any ZnO-based light emitter is low resistance ohmic
contacts to both n- and p-type layers which are thermally stable and reliable. There have
not been many detailed studies of contact formation to ZnO with controlled intentional
doping levels [9,10,115-117,126-128]. The usual approaches so far have focused on (i)
use of various surface preparations to reduce the metal semiconductor barrier height or
increase of the carrier tunneling probability, or by (ii) increasing the near-surface carrier
concentration through intentional oxygen loss or the indiffusion of zinc. A variety of
different metallization schemes have been reported for ohmic contacts on n-type ZnO,
including Ti/Au, Ti/Al/Pt/Au, Zn/Au, Al, Al/Pt, Re/Ti/Au, Ru and Pt/Ga. These
metallizations produce specific contact resistances in the range 10-4-10-7 cm2 on
unintentionally n-type ZnO. In most cases in device applications, it is necessary to
intentionally dope the n-contact layer because of the effect of contact resistance on device
heating and reliability.
A key aspect of the design of ZnO-based LEDs is the need for transparent
conducting oxides that increase current spreading and reduce re-absorption of the photons
generated in the smaller bandgap ZnCdO active layer. In GaN LED technology, indiumtin-oxide (ITO) is used as an anti-reflective coating with a low refractive index of ~2 at
wavelengths in the range 400-460nm [129-134]. This compares to the refractive index of
~2.4 for ZnO at the bandgap wavelength. Previous results have shown that the optical
transmittance of ITO films can be >85% over a fairly broad range of wavelengths (400520 nm) even after annealing to improve contact resistance [130,132]. The ITO is
usually not conducting enough to make a direct ohmic contact, but is used as an overlayer
on thin metal contact stacks [129-134]. For n-ZnO, specific contact resistances of 7×10-

55
3

-4.3×10-5 Ω-cm2 have been reported for Ti/Au on Al-doped epitaxial layers

[113,114,116]. Generally, the minimum contact resistance generally occurs for postdeposition annealing temperatures of 200 °C to 300 °C on doped samples. The thermal
stability of most ohmic contact schemes on ZnO is far lower than those on GaN due to
the lower thermodynamic stability of most oxide phases relative to their nitride
counterparts. However, no work has been done to incorporate ITO onto the metal layers
on ZnO and determine the thermal stability of the resulting stacks.
In this Chapter we report an investigation of Ti/Au and Ti/Al/Pt/Au metallization
on n-type ZnCdO layers grown on ZnO/GaN/Sapphire templates. The effect of thermal
annealing on contact resistance, contact morphology and stability were determined for
annealing temperatures up to 600°C. We also describe the properties of Ti/Au ohmic
contacts to heavily Al-doped ZnO grown by Pulsed Laser Deposition (PLD). The
contacts are Ohmic even in the as-deposited state due to carrier tunneling and additional
annealing further reduces the specific contact resistance. Then, we investigate ITO/Ti/Au
metallization on n-type ZnO:Al on sapphire templates. The effect of thermal annealing
on contact resistance, contact morphology and stability were determined for annealing
temperatures up to 450°C. The typical resistivity of the ITO film was around 10-3 ~ 104

Ω-cm and the resulting contact resistivity was <10-5 Ω·cm2 for all temperatures up to

450°C.
4.2 Experimental
4.2.1 Ti/Au and Ti/Al/Pt/Au Ohmic Contacts to N-type ZnCdO

MBE growth of ZnO and ZnCdO single layers was performed first on GaN/c-plane
sapphire templates to optimize growth conditions. The GaN templates were transferred
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to an oxide MBE system and were outgassed at ~700°C for 15 min under N2 ambient to
obtain a clean surface, as indicated by a sharp reflection high-energy electron diffraction
(RHEED) pattern. The in-situ RHEED was used to monitor MBE growth of ZnO and
ZnCdO. After thermal cleaning of the GaN surface, the substrate temperature was
lowered to 400-600°C. The ZnO growth was initiated by simultaneously opening the Zn
and the atomic oxygen shutters to ensure Zn-polarity for as-grown films. During growth,
the oxygen flow rate was controlled at 2-5 sccm flow rate, depending on the Zn flux.
Under these conditions ZnO growth rates of 0.4-1 µm/hr were obtained depending on the
substrate temperature. After 1 hour of growth, the thickness of the ZnO film was about
0.6 µm and a spotty RHEED pattern was observed. The RHEED pattern suggests that the
ZnO film is single crystal grown along the [0001] direction, or c-axis, without in-plane
rotation. However, the spotty nature of the pattern indicates that the film is not
atomically flat. After growth, the samples were annealed to ~700°C in vacuum (10-5
Torr). This step was found to improve the roughness of the films. Based on the results of
CL measurements, the highest-quality ZnO films can be grown at 400°C with a Zn/O flux
ratio of approximately 1:1 on clean GaN surface without any special prior treatments.
Further improvements in ZnO surface morphology and electrical properties were
obtained by annealing at 700°C in vacuum for 1 h. The thicknesses of the ZnCdO films
grown in these experiments were in the range of 0.3-0.8 µm. In-situ RHEED was used to
monitor MBE growth of the wurtzite phase ZnO and Zn0.95Cd0.05O. After thermal
cleaning of the sapphire surface, the substrate temperature was lowered to 400-600°C.
The ZnO growth was initiated by simultaneously opening the Zn and the atomic oxygen
shutters to ensure Zn-polarity for as-grown films. To reduce the number of variable
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growth parameters, TS (400°C) and Zn/O flux ratio (1.5:1) were kept constant and only
the Cd cell temperature was used to control the composition during growth. The Cd
composition was verified by both Rutherford backscattering and the calibrated XPS
measurements and was determined to be 4.8+/-0.3%. The experimental bandgap of our
ZnCdO was ~ 2.9 eV from cathodoluminescence (CL) measurements at 25°C. There was
no phase separation in the CdZnO films, as confirmed by CL emission mapping.
Contact metallurgy of either Ti(200 Å)/Au(800 Å) or Ti(200 Å)/Al(800 Å)/Pt (400
Å)/Au (800 Å) was deposited by electron-beam evaporation and patterned by resist liftoff to form a transmission line pattern (TLM), consisting of 100 µm2 and gap spacings
varying from 2 µm to 16 µm. The samples were annealed for 1 min at temperatures up to
600°C in N2 and the current-voltage (I-V) characteristics recorded on an Agilent 4156B
parameter analyzer. Auger Electron Spectroscopy (AES) depth profiling was performed
on a Physical Electronics 660 Scanning Auger Microprobe. The electron beam
conditions were 10 keV, 0.3 µA beam current at 30° from sample normal. For depth
profiling, the ion beam conditions were 3 keV Ar+, 2.0 µA, 3 mm2 raster, with measured
sputter rate of 110 Å/minute. Cross-section transmission electron microscopy (TEM)
was also performed on the as-grown samples.
4.2.2 Ti/Au to Aluminum Doped ZnO

The films were grown by PLD on MgO buffers on c-plane Al2O3 substrates. Figure
4-1 shows a cross-sectional TEM image of the as-grown sample. The deposited layers
show a typical dislocation density for heteroepitaxial growth on a mismatched substrate
and are typical of state-of-the-art ZnO grown on sapphire. The ablation targets were
fabricated with an Al doping level of 0.01 at. % and a KrF excimer laser with a repetition
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rate of 1 Hz and pulse energy density of ~3 J/cm2 was used as the ablation source. The
target to substrate distance was 4 cm. The ZnO growth chamber exhibits a base pressure
of 10–6 Torr. Film growth was performed at 800°C in an oxygen pressure of 20–50
mTorr. The films were ~ 0.9-µm thick with an electron concentration of 9×1018-1.3×1019
cm–3 and mobility 50-61 cm2·V–1·s–1at room temperature, as determined from van der
Pauw Hall measurements. The full-width-at-half maximum (FWHM) for the ZnO(002) is
at the peak of 0.26-0.64 °. The layers exhibited strong band edge photoluminescence at
~370 nm at room temperature. Contact metallurgy of either Ti (200Å)/Au (800Å) was
deposited by electron-beam evaporation and patterned by resist lift-off to form a TLM
with 100 µm pads spaced from 2 to 16 µm. The samples were annealed for 1 min at
temperatures up to 450°C in O2 and the I-V characteristics recorded on an Agilent 4156B
parameter analyzer. AES depth profiling was performed on a Physical Electronics 660
Scanning Auger Microprobe. The electron beam conditions were 10keV, 0.3 µA beam
current at 30° from sample normal. For depth profiling, the ion beam conditions were 3
keV Ar+, 2.0 µA, 4 mm2 raster, with measured sputter rate of 88 Å/minute. Finally, the
surface roughness of the contacts was determined by tapping mode Atomic Force
Microscopy (AFM).
4.2.3 ITO/Ti/Au Ohmic Contacts to Aluminum Doped ZnO

The films were grown by PLD on 200 nm thick MgO buffers on c-plane Al2O3
substrates. The ablation targets were fabricated with an Al doping level of 0.01 atomic %
and a KrF excimer laser with a repetition rate of 1 Hz and pulse energy density of ~3
J/cm2 was used as the ablation source. The target to substrate distance was 4 cm. The
ZnO growth chamber exhibits a base pressure of 10–6 Torr. Film growth was performed
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at 800 °C in an oxygen pressure of 5 mTorr. The films were ~ 0.7 µm thick with an
electron concentration of 1.3×1019 cm–3 and mobility ~56 cm2·V–1·s–1at room temperature,
as determined from van der Pauw Hall measurements. The FWHM for the ZnO(002) is
at the peak of ~0.39 °. The layers exhibited strong band edge photoluminescence at ~370
nm at room temperature. Contact metallurgy of Ti (200Å)/Au (800Å) was deposited by
electron-beam evaporation and patterned by resist lift-off to form a circular transmission
line pattern (c-TLM) with maximum outer pad contact radius of 160 µm. The ITO layers
were deposited by sputtering from a target with composition 90% In2O3 10% SnO2. The
deposition rates were in the range 0.4-0.6 Å·s-1, depending on power. The typical
resistance of ITO film is around 10-3 ~ 10-4 Ω-cm. The samples were annealed for 1 min
at temperatures up to 450°C in O2 and the I-V characteristics recorded on an Agilent
4156B parameter analyzer. AES depth profiling was performed on a Physical Electronics
660 Scanning Auger Microprobe. The electron beam conditions were 10 keV, 0.3 µA
beam current at 30° from sample normal. For depth profiling, the ion beam conditions
were 3 keV Ar+, 2.0µA, 4mm2 raster, with measured sputter rate of 88 Å/minute.
4.3 Results and Discussion
4.3.1 Ti/Au and Ti/Al/Pt/Au Ohmic Contacts to N-type ZnCdO

Figures 4-2 and 4-3 show TEM cross-sections of the layer structure. The layers
show excellent interfacial abruptness and defect densities typical of heteroepitaxial films
grown a lattice-mismatched substrate. The crystalline quality of the samples was also
investigated by selected area electron diffraction (SAED) patterns, as shown at the
bottom of Figure 4-2. The SAED pattern taken across the interface of ZnO and GaN
showed only one set of high-quality, well-defined single-crystal diffraction spots, without
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any sign of spot broadening or splitting. The SAED pattern from the ZnO/GaN interface
region looked essentially the same as that obtained from the middle of the GaN layer. In
contrast, the SAED pattern taken across the interface of GaN and sapphire, clearly shows
splitting in diffraction spots, as expected for highly mismatched epitaxial growth.
The as-deposited contacts were rectifying, but converted to Ohmic behavior after
200°C anneals and their properties improved steadily up to 450-500°C. Figure 4-4 shows
the sheet resistance under the ZnCdO derived from the TLM measurements, as a function
of annealing temperature for both types of metal schemes used. This decrease in sheet
resistance corresponds to an improvement in both the contact transfer resistance (Figure
4-5) and specific contact resistance (Figure 4-6). The minimum specific contact
resistivity of 2.3×10-4 Ω-cm2 was obtained at 500°C for Ti/Al/Pt/Au and 1.6 x10-4 Ω-cm2
was obtained at 450°C for Ti/Al. These values also correspond to the minima in transfer
resistance for the contacts.
The mechanism of current transport was elucidated by measuring the change in
specific contact resistivity with the measurement temperature. Since the ZnCdO layer is
moderately doped (~1017 cm-3), thermionic emission was expected, which is dependent
upon the measurement temperature. However, the Ti/Au contacts exhibited almost
constant specific contact resistance in the temperature range of 25-200oC, indicating that
current flow is dominated by tunneling. When the tunneling dominates, the specific
contact resistivity (RSCR) is dependent upon doping concentration and is given as

RSCR ∝ exp[

2 ε S me*
h

(

φB
ND

)]

(4-1)
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where φB is the barrier height, εS the semiconductor permittivity (εS,ZnO=8.5), me* the
effective mass of electrons, h the Planck’s constant and ND is the donor concentration in
the semiconductor. It is reported that very thin titanium oxide layers can be formed at the
interface when the Ti is contacted to pure ZnO even in as-deposited condition [116] since
the titanium has a higher affinity with oxygen than Zn (∆Hfo (Ti3O5)= -2459.1 kJ/mol,

∆Hfo (Ti2O3)= -1520.9 kJ/mol, ∆Hfo (TiO2)= -944 kJ/mol, ∆Hfo (TiO)= -542.7 kJ/mol vs.
∆Hfo (ZnO)= -350 kJ/mol) [93]. As a result, the oxygen vacancies, which are effective
electron donors, increase carrier concentration near the ZnCdO surface promoting the
tunneling phenomena through the extremely thin oxide barrier, as shown schematically in
Figure 4-7. If Ti is brought into intimate contact with ZnCdO without any surface states
and interfacial layers, the barrier height (φB =φTi-χZnO) is calculated to be -0.02 eV based
on electron affinity of ZnO (χZnO =4.35 eV) [135] and work function of Ti (φTi =4.33 eV),
suggesting a negligible barrier height. The barrier height can be experimentally obtained
from the measurement of specific contact resistivity (ln RSCR) vs. doping concentration
(1/√ND) in the field emission region [135,136]. From the results of as-deposited
Ti/Al/Pt/Au contacts to n-ZnO films with a range of carrier concentrations, the calculated
barrier height is ~0.04 eV [136].
The morphology of the contacts was a strong function of the annealing temperature,
as shown in Figure 4-8. The smooth and flat metal surface in the as-deposited condition
for Ti/Al/Pt/Au became rough after 350oC annealing. After 600oC annealing, some voids
were observed and the underlying ZnCdO layer was exposed. As annealing temperature
increases, Ti and Au start to form intermetallic compounds [116] and oxygen is
predominantly removed from the ZnCdO surface leading to decomposition of the
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ZnCdO. This combined effect appears to be responsible for the formation of voids on the
surface. By sharp contrast, the Ti/Au contacts showed more superior thermal stability
and still retained smooth morphology up to 450ºC.
AES surface scans from the Ti/Au contacts are shown in Figure 4-9 as a function of
annealing temperature. Zn and Ti outdiffusion to the surface are clearly evident by
450ºC. A summary of the near-surface composition data is shown in Table 4-1. The
corresponding depth profiles are shown in Figure 4-10. The formation of the TiOx
interfacial region is clearly evident after annealing and is strong evidence that this is at
least part of the reason for the improved contact resistance.
Similar data is shown in Figures 4-11 and 4-12 for the Ti/Al/Pt/Au contacts on
ZnCdO and a summary of the near-surface composition data is shown in Table 4-2. The
surface scans show Au and Al outdiffusion to the surface are clearly evident by 450oC in
the metallization scheme. The depth profiles show significant outdiffusion of Pt, Al and
Ti at the higher anneal temperatures and oxidation of the Ti, as discussed above. The Pt
does serve as an effective diffusion barrier, at least to 450ºC in this metallization scheme.
4.3.2 Ti/Au to Aluminum Doped ZnO

Figure 4-13 shows the sheet resistance of the Al-doped ZnO under the Ti/Au
contacts (top) and contact transfer resistance (bottom) as a function of annealing
temperature for Ti/Au contacts on Al-doped ZnO of two different electron
concentrations. The latter were obtained by altering the oxygen pressure during growth
of the ZnO. The sheet resistance shows little change with annealing temperature while
the transfer resistance goes through a minimum between 200-300°C, depending on the
doping concentration in the ZnO.
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Figure 4-14 shows the resulting specific contact resistance of the Ti/Au contacts.
The minimum specific contact resistivity of 6 x10-8 Ω-cm2 was obtained at 300°C for
Ti/Au, which is the lowest, reported for n-Ohmic contacts on ZnO. Note that even the asdeposited contacts exhibit a very low specific contact resistivity of 2.4×10-7 Ω-cm2 for
the layer doped at 1.3×1019 cm-3. The specific contact resistivity of both the as-deposited
and annealed contacts was independent of the measurement temperature over the range
25-225°C, the limit of our test set-up. This is characteristic of contacts in which the
dominant transport mechanism is tunneling through the barrier. For the tunneling
mechanism, the relation between specific contact resistivity (RSCR) and doping
concentration ND is given by Equation 4-1. The high doping concentration in the ZnO
promotes tunneling over the small barrier height of Ti (0.02-0.04 eV) on ZnO [126]. In
addition, it is thermodynamically favored that titanium oxide layers will form at the
metal/ZnO interface even in as-deposited condition due to the stronger affinity of Ti for
oxygen relative to Zn [135]. If indeed there is formation of a thin titanium oxide
interfacial layer, then the loss of oxygen from the ZnO would be expected to increase the
carrier concentration near the ZnO surface and increase the tunneling probability since
oxygen vacancies are expected to be donors in ZnO. In our heavily n-type ZnO the
additional donors are not required to create a low resistance contact.
Figure 4-15 shows optical microscopy images of the Ti/Au contacts as a function of
anneal temperature. The morphology of the contacts degraded with increasing
temperature and was quite rough at 450oC. To quantify this effect, AFM scans were
performed. Figure 4-16 shows topographic images of (left) as received Ti/Au deposited
on ZnO:Al(N ~ 9.x1018 cm-3) and (right) after a subsequent anneal to 250 oC. The scan
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size of these AFM images is 5 µm x 5 µm. The as-deposited contacts showed a rootmean-square (RMS) roughness of 43.2 nm while at 250oC annealing the RMS roughness
was 40.7 nm. However, the as-deposited contacts had the Z range of 223.3 nm with a
smaller grain size and 250o anneal the Z range was 273.2 nm. Therefore, the surface did
become rougher for anneals up to 450oC. However, this appeared to be somewhat
sample-dependent, with the more heavily doped layers showing a lower degree of
roughening at a given anneal temperature. The reason for this is not understood at
present. As annealing temperature increases, Ti and Au start to form intermetallic
compounds [10,117,119,127,128] and oxygen is predominantly removed from the ZnO
surface leading to decomposition of the ZnO [126]. These reactions are likely to play a
strong role in the roughening of the contact morphology but it is not clear as to why this
should vary due to doping concentration in the ZnO.
Figure 4-17 shows AES surface scans (top) and depth profiles (bottom) from the
Ti/Au contacts both before and after annealing at 250ºC. Zn outdiffusion to the surface is
clearly evident at 250ºC. The possible formation of a TiOx interfacial region is
inconclusive from this data although we have seen more clear evidence in previous
section on Ti/Au and Ti/Al/Pt/Au Ohmic contacts on n-type Zn0.05 Cd0.95O layers grown
on ZnO buffer layers.
4.3.3 ITO/Ti/Au Ohmic Contacts to Aluminun Doped ZnO

Figure 4-18 shows the specific contact resistance of the ITO/Ti/Au contacts on Aldoped ZnO as a function of annealing temperature, as well as the corresponding
semiconductor sheet resistance under the contact stack. The minimum specific contact
resistivity of 4.6×10-6 Ω-cm2 was obtained at 50°C. Note that even the as-deposited
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contacts exhibit a very low specific contact resistivity of 5.9×10-6 Ω-cm2 and values of
<10-5 Ω-cm2 were achieved for all temperatures up to 450°C. This is attractive from the
viewpoint of maintaining a low process thermal budget for ZnO structures grown on
cheap transparent substrates such as glass.
The morphology of the contacts was a not a strong function of the annealing
temperature until temperatures of 450°C, as shown in Figure 4-19. The as-deposited
contact stack exhibited a smooth surface (a root-mean-square (RMS) roughness of ~5 nm
as measured by Atomic Force Microscopy over a 5×5 µm2 area). The surface showed
similar morphologies for anneals up to 450oC. At these annealing temperatures, previous
results have shown that Ti and Au start to form intermetallic compounds
[10,117,119,126-128] and oxygen is removed from the ZnO surface leading to
decomposition of the ZnO [126]. These reactions most likely play a role in the
roughening of the contact morphology.
Figure 4-20 shows the AES surface scans of ITO/Ti/Au contacts either asdeposited (bottom), after annealing 350oC (middle) or 450oC (top). Outdiffusion of In to
the surface of the contact stack is evident by 350°C and Zn at the higher temperature.
The corresponding elemental depth profiles obtained by AES are shown in Figure 4-21.
The Ti is an effective diffusion barrier to movement of In until 350°C annealing. At
450°C, the interfacial abruptness degrades due to layer intermixing and both the
outdiffused In and the underlying Ti become oxidized. The sheet resistivity of the ITO
was in the range 10-3-10-4 Ω-cm for all temperatures up to 350°C. This is less than the
resistivity of other oxides such as NiO (~10-1 Ω-cm) [132,137] which are potential
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candidates for transparent layers, allowing more uniform carrier injection to the active
region in ZnO-based LEDs.
4.4 Summary

In conclusion, Ti/Au and Ti/Al/Pt/Au contacts show specific contact resistivity in
the range 1.6-2.3×10-4 Ω-cm2 on lightly n-type ZnCdO layers after annealing at 450500ºC. The temperature dependence of the specific contact resistivity indicates that the
dominant mechanism of current transport is field emission. The creation of oxygen
vacancies (Vo) appears to play an important role in the Ohmic nature of the Ti/Au and
Ti/Al/Pt/Au contacts through a local increase in electron concentration. The Ti/Au
scheme shows superior thermal stability compared to Ti/Al/Pt/Au.
Ohmic contacts using Ti/Au on Al-doped ZnO had the following properties.
Contacts made to heavily Al-doped ZnO with carrier concentrations near 1019 cm-3 show
minimum specific contact resistivity of 6.0 ×10-8 Ω-cm2 after annealing at 300ºC. These
contacts are Ohmic as-deposited, exhibiting very good specific contact resistances of
2.4x10-7 Ω-cm2. The dominant mechanism of current transport is tunneling, even in the
as-deposited contacts, showing the advantage of specifically doping the ZnO. This is a
valuable result for applications where low temperature processing of the ZnO is
important, such as transparent electronics or light emitters on cheap substrates such as
glass.
ITO/Ti/Al contact stack grown on ZnO produces a contact with a resistance <10-5
Ω-cm2 over a broad range of annealing temperatures and maintains smooth morphology
up to 350°C. The ITO refractive index is between that of ZnO and air, which reduces the
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reflection at the ZnO/air interface. This approach looks promising as a transparent
conducting current spreading layer on ZnO-based LEDs.
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Table 4-1. Concentration of elements detected in Ti/Au contacts on ZnCdO/ZnO/GaN
(in Atom %).
Preparation condition
C
Au
O
Ti
Zn
As received
51.9
45.6
2.5
nd
nd
o
Annealing at 450 C
46.8
19.2
26.5
5.0
2.5
Annealing at 500oC

46.3

18.7

26.1

4.1

4.8

Table 4-2. Concentration of elements detected in Ti/Al/Pt/Au contacts on
ZnCdO/ZnO/GaN (in Atom %).
Preparation condition
C
Au
O
Al
As received
66.8
31.3
1.9
nd
o
Annealing at 450 C
32.9
15.6
26.3
26.3
Annealing at 500oC

28.7

6.5

29.5

32.3
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Al-Doped ZnO

MgO

Sapphire
0.4 µm
Figure 4-1. Cross-sectional TEM image of as-grown Al-doped ZnO on MgO buffer on
sapphire substrate.
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Al2O3

GaN
ZnO
ZnCdO C
Pt

Figure 4-2. TEM cross-section of ZnCdO layers grown on a ZnO buffer layer deposited
on GaN using sapphire as a substrate. The SADP’s from individual layers are
also shown.
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Figure 4-3. Higher magnification TEM cross-section images of the as-grown structure.
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Figure 4-4. Sheet resistance as a function of annealing temperature for Ti/Auand
Ti/Al/Pt/Au contacts on ZnCdO.
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Figure 4-5. Transfer resistance as a function of annealing temperature for Ti/Au and
Ti/Al/Pt/Au contacts on ZnCdO.
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Figure 4-6. Specific contact resistivity as a function of annealing temperature for Ti/Au
and Ti/Al/Pt/Au contacts on ZnCdO.
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Interfacial
oxide

Ti

n+-ZnO n-ZnCdO
Figure 4-7. Schematic of proposed contact conduction mechanism, through reduction of
depletion region by formation of oxygen vacancies and an interfacial TiOx
layer.
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Figure 4-8. Optical microscopy images of Ti/Au (top) and Ti/Al/Pt/Au contacts (bottom)
annealed at different temperatures.
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Figure 4-9. AES surface scans of Ti/Au contacts on ZnCdO/ZnO/GaN as-received
(bottom), after annealing at 450oC (middle), and 500oC (top).
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Figure 4-10. AES depth profiles on Ti/Au contacts on ZnCdO/ZnO/GaN as-received
(bottom), after annealing at 450oC (middle), and 500oC (top).
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Figure 4-11. AES surface scans of Ti/Al/Pt/Au contacts on ZnCdO/ZnO/GaN as-received
(bottom), after annealing at 450oC (middle), and 500oC (top).
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Figure 4-12. AES depth profiles on Ti/Pt/Al/Au contacts on ZnCdO/ZnO/GaN asreceived (bottom), after annealing at 450oC (middle), and 500oC (top).
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Figure 4-13. Electrical properties of Ti/Au contacts on ZnO:Al. (a) Sheet resistance as a
function of annealing temperature. (b) Transfer resistance as a function of
annealing temperature.
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Figure 4-14. Specific contact resistivity as a function of annealing temperature for Ti/Au
contacts on ZnO:Al.
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Figure 4-15. Optical microscopy images of Ti/Au contacts annealed at different
temperatures on ZnO:Al (N ~ 9x1018 cm-3).

Figure 4-16. Topographic images of (a) as received Ti/Au deposited on ZnO:Al(N ~
9.x1018 cm-3.) and (b) after a subsequent anneal to 250 oC. The scan size of
these AFM images is 5 µm x 5 µm.
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Figure 4-17. AES surface scans (top) and depth profiles (bottom) of Ti/Au contacts on
ZnO:Al/sapphire as-received and after annealing at 250oC.

85

19

-3

Sheet resistance (Ω/ )

N ~ 1.33x10 cm
120
110

1E-4
As deposited

1E-5
100
1E-6

90
As deposited

80

100

200

300

400

Specific contact resistance (Ω -cm2)

1E-3

130

1E-7
500

o

Temperature ( C)
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Figure 4-19. Optical microscopy images of ITO/Ti/Au contacts annealed at different
temperatures on ZnO:Al (N ~ 1.3x1019 cm-3.) The inner contact diameter is
~300 µm.
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Figure 4-20. AES surface scans of ITO/Ti/Au contacts on Al-doped ZnO as-received
(bottom), after annealing at 350oC (middle), and 450oC (top).
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Figure 4-21. AES depth profiles on ITO/Ti/Au contacts on Al-doped n-ZnO as-received
(bottom), after annealing at 350oC (middle), and 450oC (top).

CHAPTER 5
BANDGAP ENGINEERING
5.1 Introduction

InGaN materials system is already commercialized over much of the blue/green
regions of the spectrum. The ZnMgO/ZnCdO system has some advantages because of
the high exciton binding energy of ZnO relative to GaN, the availability of high quality
ZnO substrates (enabling the fabrication of vertical geometry devices with low threading
dislocation densities) and the simpler processing relative to GaN for which convenient
wet etches are not available [19,21,109]. There have been a number of recent reports on
ZnO-based light emitting structures, including homojunctions [83,91,92], hybrid
structures involving heterostructures with SiC, GaN/sapphire, AlGaN/ sapphire or Cu2O
[35,93-97], and ZnO pin homojunction diodes grown on ScMgAlO4 substrates [15,16].
Ternary ZnCdO seems to be an appropriate candidate for the narrow bandgap active
region because of the smaller bandgap of CdO (2.3 eV) [65,138,139]. In designing LED
structures with this system, there is a need to have available basic information such as the
valence and conduction band offsets. To date, little is known for the ZnCdO/ZnO
system, although the bandgap energies have been reported as a function of Cd
composition [65,138].
AlGaN/GaN high electron mobility transistors (HEMTs) are of great interest for
high-frequency/high-power/high-temperature applications due to the very high density of
the 2D gas and an extremely high breakdown voltage [140-157]. Applications for these
devices include high frequency wireless base stations and broad-band links, commercial
89
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and military radar, and satellite communications. The use of metal-oxide-semiconductor
(MOS) or metal-insulator-semiconductor (MIS) gates for HEMTs produces a number of
advantages over the more conventional Schottky metal gates, including lower leakage
current and greater voltage swing [149-152]. One of the continuing issues with
microwave power AlGaN/GaN HEMTs is surface and bulk carrier trapping phenomena
causing the power performance to degrade substantially at high frequencies and high
signal levels. This phenomenon can also be observed as a current dispersion between dc
and pulsed test conditions or a degraded rf output power. One technique to mitigate the
surface carrier traps is to passivate the HEMT structure with a dielectric layer such as
SiNX, Sc2O3, or MgO over the source/gate and gate/drain regions [141,145,151-157]. In
particular, MgO has been shown to provide the most effective reduction of current
collapse and also a low interface state density with GaN [154-157]. However, to date
there is no information available on the band offsets in the MgO/GaN system. This is
important for determining the suitability of this dielectric for device operation at elevated
temperatures where carrier confinement must still be maintained.
The use of gate insulators to realize metal-oxide-semiconductor field effect
transistors (MOSFETs) for GaN-based transistors would provide many advantages
relative to the commonly used Schottky-gate devices [120,147,149-151,154,155,158166]. These include lower leakage current and greater voltage swing, improved thermal
stability against reaction in the gate region, simplification of circuit design since
enhancement-mode MOSFETs can be used to form single supply voltage control circuits
for power transistors and reduced power consumption through the use of complementary
devices. Sc2O3 films deposited by rf plasma-enhanced MBE have been shown to provide
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low interface state densities (in the 1011 eV-1·cm -2 range) on n- and p-GaN
[154,155,165,166] and also are effective in reducing the effect of surface states on current
collapse in AlGaN/GaN HEMTs. The Sc2O3 has a bixbyite crystal structure, with a 9.2%
lattice mismatch to GaN, a high dielectric constant (14) and reasonable bandgap (6.0 eV).
Applications for these devices include high frequency wireless base stations and broadband links, commercial and military radar, and satellite communications. In all cases a
complete understanding of the interface is needed but as yet there are no published
reports on the band offsets in the Sc2O3/GaN heterostructure. We have determined in the
related MgO/GaN system that the bandgap difference of ~4.36 eV between the MgO and
GaN has an almost 3:1 ratio between ∆EC and ∆EV [167]. This is promising for
maintaining carrier confinement in n-type devices for high temperature operation.
In this chapter, we present an XPS study of the valence band offset (∆EV) in a
Zn0.95Cd 0.05O/ZnO (0001) heterojunction. The samples were grown by MBE and exhibit
no detectable phase separation at this concentration. The valence band offset is
determined to be ∆Ev =0.17+/-0.03 eV. We also investigate an XPS study of the valence
band offset (∆EV) in a MgO/GaN (0001) heterojunction. The MgO layers were grown by
MBE on GaN/sapphire templates, with a valence band offset determined to be ∆Ev
=1.06+/-0.15 eV. In addition to this, we also report an XPS study of the valence band
offset (∆EV) in a Sc2O3/GaN (0001) heterojunction in which the Sc2O3 layers were grown
by MBE on GaN/sapphire templates. The valence band offset is determined to be ∆Ev =
0.42+/-0.07 eV, which indicates the conduction band offset is approximately 5 times
larger.
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5.2 Experimental
5.2.1 ZnCdO/ZnO Heterojunction Band Offset

MBE growth of ZnO and ZnCdO single layers was performed on c-plane sapphire
substrates. Low-temperature Knudsen cells were used to evaporate 6N-purity Zn, Cd and
Mg. Atomic oxygen fluxes were produced by a radio-frequency (RF) plasma source.
The source was operated at an O2 flow rate of 2-5 standard cubic centimeters per minute,
depending on the Zn flux, and a forward power of 150W. In-situ RHEED was used to
monitor MBE growth of ZnO and Zn0.95Cd0.05O. After thermal cleaning of the sapphire
surface, the substrate temperature was lowered to 400-600 °C. The ZnO growth was
initiated by simultaneously opening the Zn and the atomic oxygen shutters to ensure Znpolarity for as-grown films. To reduce the number of variable growth parameters, TS
(400°C) and Zn/O flux ratio (1.5:1) were kept constant and only the Cd cell temperature
was used to control the composition during growth. After growth, RT CL measurements
were performed on the samples to define the spectral position of the near-band-edge
emission peaks for ZnCdO. Three samples were used to characterize the ZnCdO/ZnO
system. Namely, a 5000Å thick ZnO layer grown on sapphire, 0.1 µm ZnCdO/0.1 µm
ZnO grown on 2 µm of GaN on sapphire and 1 nm ZnCdO/0.1 µm ZnO grown on 2 µm
of GaN on sapphire. The experimental bandgap of our ZnCdO was ~ 2.9 eV from CL
measurements at 25°C. There was no phase separation in the CdZnO films, as confirmed
by CL emission mapping.
The surfaces of the specimens were examined initially by low-resolution survey
scans to determine which elements were present. Very-high-resolution spectra were
acquired to determine the binding energy (i.e., chemical state) and concentration of
specific elements observed in the survey spectra. The quantification of the elements was
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accomplished by using the atomic sensitivity factors for a Physical Electronics Model
5700LSci XPS spectrometer. The approximate escape depth (3λ sinθ) of the carbon
electrons was 80Å. A Physical Electronics 5700LSci with Monochromatic aluminum Xray source (energy 1486.6 eV) was used in these experiments. The source power was
350 watts and the analysis region was 2 mm x 0.8 mm. The exit angle was 65°. Charge
correction was performed by using the known position of the C-(C,H) line in the C 1s
spectra at 284.8 eV. The electron pass energy was 187.85 eV and the entrance slit width
was 1.3 mm. The total energy resolution was 0.48+/- 0.01 eV. Charge neutralization was
performed with an electron flood gun. A core-level photoemission-based method was
used to determine the valence band offset [51,168]. Appropriate shallow core-level peaks
were referenced to the top of the valence band for the thick ZnO (which was also checked
by comparison with a true bulk ZnO substrate) and the thick film of ZnCdO, using a
linear extrapolation method to determine the valence band maximum. The resulting
binding energy differences between the core peaks and valence band minimum for the
single layers were then combined with core-level binding energy differences for the
heterojunction sample to obtain the valence band offset. This is a standard method for
determining band offsets [44,48,58,62,169]. The XPS was calibrated using a
polycrystalline Au foil. The Au f7/2 peak position and Fermi-edge inflection point were
determined to be 84.00±0.02 and 0.00±0.02 eV, respectively. Therefore, all of the
binding energies (BE) are accurate on an absolute scale within 0.02–0.03 eV, over the
binding energy range of 0 to 100 eV.
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5.2.2 MgO/GaN Heterojunction Band Offset

The MgO growth was performed in a modified RIBER 2300 MBE equipped with a
reflection high-energy electron diffraction (RHEED) system. Oxide growth was
performed using a standard effusions oven containing Mg (99.99%) operating at 360°C.
Atomic oxygen was supplied from an Oxford MPD21 radio frequency plasma source
with 300 watts forward power at 8x10-6 Torr oxygen pressure. The substrate temperature
was measured using a backside thermocouple that was calibrated using the melting points
of In (156°C), InSb (525°C) and GaSb (712°C). Three samples were used to characterize
the MgO/GaN system. Namely, a 3 µm thick GaN layer grown by Metal Organic
Chemical Vapor Deposition on a c-plane sapphire substrate, 0.04 µm MgO grown on 3
µm of GaN on sapphire and 5 nm MgO/ 3 µm of GaN on sapphire. The crystal structure
of magnesium oxide is rocksalt, which is an FCC array of magnesium atoms with an
interpenetrating FCC array of oxygen atoms. The (111)//(0001) is the lowest energy
configuration for the interface of these two materials and the expected growth plane for
the MgO, which produces the lattice mismatch between the MgO(111) and the GaN
(0001) of -6.5%. At a substrate temperature of 100°C, the single crystal nature of the
oxide film appears to remain for the duration of the growth and the growth rate is 2.5-3.0
nm/min. From the cross-section TEM micrographs, the MgO becomes polycrystalline
after 4nm of growth. However, the film actually rotates, maintaining the (111)//(0001)
symmetry as no other XRD peaks were seen other than the (222).
The surfaces of the specimens were examined initially by low-resolution survey
scans to determine which elements were present. Very-high-resolution spectra were
acquired to determine the binding energy (i.e., chemical state) and concentration of
specific elements observed in the survey spectra. The quantification of the elements was
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accomplished by using the atomic sensitivity factors for a Physical Electronics Model
5100LSci XPS spectrometer as described in Section 5.2.1. A Physical Electronics
5100LSci with aluminum X-ray source (energy 1486.6 eV) was used in these
experiments. The source power was 300 watts and the analysis region was 10 mm x 4
mm. The exit angle was 45°. The electron pass energy was 17.9 eV and the entrance slit
width was 1.3 mm. The total energy resolution was 0.05+/- 0.01 eV. A core-level
photoemission-based method was used to determine the valence band offset [51,168].
Appropriate shallow core-level peaks were referenced to the top of the valence band for
the GaN and the thick film of MgO, using a linear extrapolation method to determine the
valence band maximum. The resulting binding energy differences between the core
peaks and valence band minimum for the single layers were then combined with corelevel binding energy differences for the heterojunction sample to obtain the valence band
offset [44,51,168]. This is a standard method for determining band offsets
[48,58,62,64,169].
5.2.3 Sc2O3/GaN Heterojunction Band Offset

Scandium oxide was deposited epitaxially on (0001) GaN in a MBE using
elemental Sc and atomic oxygen supplied from a Oxford MPD21 radio frequency plasma
source with 300 watts forward power at 8×10-6 Torr oxygen pressure [157,158]. All
oxide growths were performed in a modified RIBER 2300 MBE equipped with a
reflection high-energy electron diffraction (RHEED) system. A standard effusion cell
operating at 1190°C was used for the evaporation of the scandium (99.999%). The
substrate temperature was measured using a backside thermocouple that was calibrated
using the melting points of In (156°C), InSb (525°C) and GaSb (712°C). Previous
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measurements have found these growth conditions produce an interface trap density of
5×1011 eV-1·cm-2 at Ec-Et = 0.2eV determined from the Terman method and 1.11×1012 eV1

·cm-2 at Ec-Et = 0.42eV from AC conductance measurements conducted at 300°C

[154,155,165]. Three samples were used in our XPS experiments, namely, a 3 µm thick
GaN layer grown by Metal Organic Chemical Vapor Deposition on a c-plane sapphire
substrate, 0.04 µm Sc2O3 grown on 3 µm of GaN on sapphire and 3 nm Sc2O3/ 3 µm of
GaN on sapphire. The crystal structure of scandium oxide is Bixbyite, which is an FCC
array of scandium atoms with oxygen occupying ¾ of the tetrahedral sites. The
symmetry of the (111) of the FCC array is identical to the (0001) of the hexagonal array.
The (111)//(0001) is the lowest energy configuration for the interface of these two
materials and the expected growth plane for the Sc2O3, which allows for the lattice
mismatch between the Sc2O3 (111) and the GaN (0001) to be 9%. When grown at a
substrate temperature of 100°C, the single crystal nature of the oxide film is lost after a
few nanometers and the remaining growth is polycrystalline.
The surfaces of the specimens were examined initially by low-resolution survey
scans to determine which elements were present. Very-high-resolution spectra were
acquired to determine the binding energy (i.e., chemical state) and concentration of
specific elements observed in the survey spectra [167]. The quantification of the
elements was accomplished by using the atomic sensitivity factors for a Physical
Electronics Model Perkin-Elmer PHI 5100 XPS spectrometer as described in Section
5.2.1. A Physical Electronics Perkin-Elmer PHI 5100 with magnesium X-ray source
(energy 1253.6 eV) was used in these experiments. The source power was 300 watts and
the analysis region was 10 mm x 4 mm. The exit angle was 45°. Charge correction was
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performed by using the known position of the C-(C, H) line in the C 1s spectra at 284.5
eV. The electron pass energy was 17.9 eV and the entrance slit width was 1.3 mm. The
total energy resolution was 0.05+/- 0.01 eV.
Core level survey spectra of the 0.04 µm thick Sc2O3, 3 nm layer of Sc2O3 on
GaN/sapphire, and the GaN/sapphire templates using a pass energy of 89.45 eV at takeoff angle of 45o are shown in Figure 5-1. A core-level photoemission-based method was
used to determine the valence band offset [51,157,168]. Appropriate shallow core-level
peaks were referenced to the top of the valence band for the GaN and the thick film of
Sc2O3, using a linear extrapolation method to determine the valence band maximum. The
resulting binding energy differences between the core-level peaks and valence band
minimum for the single layers were then combined with core-level binding energy
differences for the heterojunction sample to obtain the valence band offset
[51,58,62,64,157,168,169].
5.3 Results and Discussion
5.3.1 ZnCdO/ZnO Heterojunction Band Offset

Figure 5-2 shows the XPS Zn 2p3 narrow scan and valence band spectrum from the
0.1 µm ZnCdO/0.1 µmZnO/MOCVD GaN/C-plane sapphire and ZnO substrate samples
using a pass energy of 11.75 eV and step size of 0.025 eV. The valence band value (EV)
was determined by linearly fitting the leading edge of the valence band and linearly
fitting the flat energy distribution and finding the intersection of these two lines, as shown
in the insets of the Figure 5-2. Core level survey spectra of ZnCdO, 1nm layer of ZnCdO
on ZnO, and a ZnO substrate using a pass energy of 187.85 eV at take-off angle of 65o
are shown in Figure 5-3. Table 5-1 shows a summary of the band offset results. These
values were then inserted into the following equations to calculate ∆Ev, namely ∆Ev =
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(EZn-2p-EV)ZnO-( EZn-2p-EV)thick ZnCdO- (EZn-2p-EZn-2p)ZnCdO/ZnO. The resulting ∆Ev was
0.17+/-0.03 eV for the Zn0.95Cd0.05O/ZnO (0001) heterojunction. This is relatively good
value for device applications in which strong carrier confinement is needed, such as light
emitters or heterostructure field effect transistors. For example, the valence band offsets
in the In0.2Ga0.8N/GaN system are of order 0.06 eV [170].
Figure 5-4 shows a schematic of the energy band lineup in the ZnCdO/ZnO
heterostructure, with all of the energy scales included. The bandgap of the ZnO used
here is 3.37 eV at room temperature, as determined by photoluminescence measurements.
The bandgap difference of 0.47 eV between the Zn0.9Cd 0.1O and ZnO has an almost 2:1
ratio between ∆EC and ∆EV. Similar work is needed in the ZnMgO/ZnO system. There
has been some initial recent work on band alignment in CdS/ZnxMg1-xO interfaces
suggesting the valence band offset between ZnO and ZnMgO should be small [64], but
other data show conflicting results [98,171].
5.3.2 MgO/GaN Heterojunction Band Offset

Figure 5-5 shows the XPS Ga 3d narrow scan and valence band spectrum from the
0.04 µm MgO/MOCVD GaN/C-plane sapphire and GaN/sapphire template samples using
a pass energy of 17.9 eV and step size of 0.05 eV. The valence band value (EV) was
determined by linearly fitting the leading edge of the valence band and linearly fitting the
flat energy distribution and finding the intersection of these two lines, as shown in the
insets of the Figure 5-5. Core level survey spectra of MgO, 5nm layer of MgO on
GaN/sapphire, and the GaN/sapphire templates using a pass energy of 44.75 eV at takeoff angle of 45o are shown in Figure 5-6. Table 5-2 shows a summary of the band offset
results. These values were then inserted into the following equations to calculate ∆Ev,
namely ∆Ev = (EGa-3d-EV)GaN-( EMg-2p-EV)thick MgO- (EGa-3d-EMg-2p)MgO/GaN. The resulting
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∆Ev was 1.06+/-0.15 eV for the MgO/GaN (0001) heterojunction. This is an excellent
value for high temperature device applications in which strong carrier confinement is
needed. For example, a simple calculation suggests that at least 0.8 eV band
discontinuity is desirable for device operation at temperatures up to 500°C.
Figure 5-7 shows a schematic of the energy band lineup in the MgO/GaN
heterostructure, with all of the energy scales included. The bandgap of the GaN used
here is 3.44 eV at room temperature, as determined by photoluminescence measurements.
The bandgap difference of ~4.36 eV between the MgO and GaN has an almost 3:1 ratio
between ∆EC and ∆EV. Similar work is needed for other promising oxide dielectrics for
GaN, including Sc2O3 and MgCaO [154,172]. MgCaO can be produced that is lattice
matched to the GaN. Recently we have found that HEMTs passivated with Mg0.5Ca0.5O
and Mg0.25Ca0.75O showed higher passivation effectiveness (90% of dc current) than the
MgO passivated HEMTs (83% dc current). This is due to the closer lattice matching of
these calcium containing oxides and the reduction in interface traps associated with
lattice mismatch [172].
5.3.3 Sc2O3/GaN Heterojunction Band Offset

Figure 5-8 shows the XPS Ga 3d narrow scan and valence band spectrum from the
0.04 µm Sc2O3/MOCVD GaN/C-plane sapphire and GaN/sapphire template samples
using a pass energy of 17.9 eV and step size of 0.05 eV. The valence band value (EV)
was determined by linearly fitting the leading edge of the valence band and linearly
fitting the flat energy distribution and finding the intersection of these two lines, as shown
in the insets of the Figure 5-8. Table 5-3 shows a summary of the band offset results.
These values were then inserted into the following equations to calculate ∆Ev, namely
∆Ev = (EGa-3d-EV)GaN-( ESc-3p-EV)thick Sc2O3- (EGa-3d-ESc-3p) Sc2O3/GaN. The resulting ∆Ev was
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0.42+/-0.07 eV for the Sc2O3/GaN (0001) heterojunction. Based on the experimental
value of 6 eV for the bandgap of our Sc2O3 films, this translates to a conduction band
offset ∆EC of 2.14 eV for the Sc2O3/GaN heterojunction or an almost 5:1 ratio for ∆EC/
∆EV. For comparison, the valence band offset for the Sc2O3/GaN system is 1.06 eV and
the conduction band offset was 3.30eV [167], which may make the latter a better choice
for very high temperature device applications.
Figure 5-9 shows a schematic of the energy band lineup in the Sc2O3/GaN
heterostructure, with all of the energy scales included. The bandgap of the GaN used was
3.44 eV at room temperature, as determined by photoluminescence measurements on our
films.
5.4 Summary

In summary, XPS determination of the valence band offset of Zn0.95Cd0.05O /
ZnO(0001) heterojunctions shows a value of 0.17 eV. Given the bandgap difference of
0.47 eV between the two materials, this translates to a nested interface band alignment
with a conduction band offset of 0.30 eV. This shows that reasonable valence and
conduction band offsets can be obtained in this materials system at Cd concentrations low
enough to avoid phase separation. Future work should include similar measurements on
the ZnMgO/ZnO and ZnMgO/ZnCdO systems that are promising for visible and UV
LEDs and especially focus on the influence of Mg and Cd composition on the band
offsets.
Regarding the MgO/GaN band offset study, XPS determination of the valence band
offset of MgO /GaN heterojunctions shows a value of 1.06 eV. Given the bandgap
difference of ~4.36 eV between the two materials, this translates to a nested interface
band alignment with a conduction band offset of ~3.30 eV. This shows that good valence
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and conduction band offsets can be obtained in this materials system and is well-suited to
high temperature applications. Future work should include similar measurements on the
MgCaO/GaN and Sc2O3/GaN systems that are also promising for power HEMT gate
dielectrics and surface passivation and especially focus on the effect of Ca composition
on the band offsets in the former system.
Finally, the valence band offset of Sc2O3 /GaN heterojunctions determined by XPS
is found to be 0.42 eV. Given the bandgap difference of ~2.56 eV between the two
materials, this translates to a nested interface band alignment with a conduction band
offset of ~2.14 eV. This shows that good valence and conduction band offsets can be
obtained in this materials system and is well-suited to high temperature applications.
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Table 5-1.
ZnCdO
VBM
(Bulk
ZnCdO)
1.18

Values of ZnCdO/ZnO band offsets determined in these experiments.
Valence
ZnO
Zn 2p3
Zn 2p3
Zn 2p3 Zn 2p3 - Zn 2p3-Zn
band
VBM
(Bulk
ZnCdO
(Bulk
ZnO
2p35
offset
(Bulk
ZnCdO) VBM
ZnO)
VBM
(ZnCdO/ZnO)
△Ev
ZnO)
1020.85

1019.67

1.33

1020.83

1019.50

0.00

-0.17

Table 5-2. Values of MgO/GaN band offsets determined in these experiments.
GaN

VBM

Ga 3d

(Bulk
GaN)

(Bulk
GaN)

1.78

19.47

Ga3dGaNVBM

17.69

MgO

VBM

Mg 2p

(Bulk
MgO)

(Bulk
MgO)

2.13

49.07

Mg 2p MgOVBM

Ga 3d-Mg
2p

Valence
band
offset

(MgO/GaN) △Ev
46.94

-30.31

1.06

Eg of MgO: 7.8eV, Eg of GaN: 3.44eV, and conduction band offset: 3.30eV.
Table 5-3. Values of Sc2O3/GaN band offsets determined in these experiments.
Valence
band
Ga
3dSc
3pGa
3d
-Sc
Sc2O3VBM Sc 3p
GaNVBM Ga 3d
VBM
VBM
offset
GaN
Sc2O3
3p
△Ev
(Bulk
(Bulk
(Bulk
(Bulk
(Sc2O3/GaN)
GaN)
GaN)
Sc2O3) Sc2O3)
1.91
19.53 17.62
2.34
30.99 28.65
-11.45
0.42
Eg of Sc2O3: 6 eV, Eg of GaN: 3.44eV, and conduction band offset: 2.14eV.
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Figure 5-1. Core level survey spectra of Sc2O3, 3 nm layer of Sc2O3 on GaN/sapphire,
and a GaN/sapphire template using a pass energy of 89.45 eV at take-off angle
of 45o.

104

Figure 5-2. XPS Zn 2p3 narrow scan and valence band spectrum of 0.1 µmZnCdO/0.1
µmZnO/MOCVD GaN/C-plane sapphire and ZnO substrate.
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Figure 5-3. Core level survey spectra of ZnCdO, 1nm layer of ZnCdO on ZnO, and a
ZnO substrate using a pass energy of 187.85eV at take-off angle of 65o.
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Figure 5-4. Energy band diagram of thin ZnCdO/ZnO heterojunction interface. ∆EB is
the corresponding core level separation measured across the interface.
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Figure 5-5. XPS Ga 3d narrow scan and valence band spectrum of 40 nm MgO/MOCVD
GaN/C-plane sapphire and GaN/sapphire template.
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Figure 5-6. Core level survey spectra of MgO, 5 nm layer of MgO on GaN/sapphire, and
a GaN/sapphire template using a pass energy of 44.75 eV at take-off angle of
45o.
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CHAPTER 6
ZINC OXIDE-BASED LIGHT-EMITTING DIODES SIMULATION
6.1 Introduction

Light-emitting diodes have a smaller size, longer lifetime, and higher efficiency
than the traditional light sources [173]. LED development is focused on achieving
increasing output power and efficiency as well as a wider range of color. The ultraviolet
(UV) light sources are of high interest for white light generation. A number of recent
papers have reported ZnO-based light emitting structures [15,16,35,83,91-97]. However,
device performance was limited due to the high spreading resistance of the bottom ZnO
layer, suggesting the need for a conducting ZnO substrate. For all these ZnO LED
structures, the growth has not yet been optimized. Another important factor in the design
of ZnO-based LED is the realization of bandgap engineering to create barrier layers and
quantum wells using heterostructures. With respect to higher bandgaps, an increase up to
4.0 eV has been achieved by the incorporation of Mg into the ZnO layer while still
maintaining the wurtzite structure [98]. Ternary ZnCdO seems to be an appropriate
candidate for narrow bandgap applications because of the smaller bandgap of CdO (2.3
eV) [99]. Furthermore, when grown on c-plane sapphire, analogous to III-nitride, the
total polarization of ZnO is aligned along the (0001) growth direction. Thus,
polarization-induced fields may influence the electronic band structure and carrier
concentration profiles of ZnO-base LEDs. Although many factors need to be considered
in designing a ZnO-based LED, no comprehensive investigation on optimized device
structures and their expected performance is currently available. Therefore, there is a
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clear need for providing some design parameters for the LED structures in terms of layer
structure, doping and composition and how they affect light emission intensity and
current-voltage (I–V) characteristics. In this chapter, we present physical-based onedimensional (1D) simulation using SiLENSe simulation software. Simulation has been
used to characterize the properties of ZnMgO/ZnCdO/ZnMgO/ZnO substrate LEDs. A
physical model is used to optimize material parameters to maximize the light intensity
from the device. Section 6.2 describes the theoretical models and the material parameters
used. The simulation results are presented in section 6.3.
6.2 Models and Parameters

The simulation program used in this study was SiLENSe™ [174]. This is a 1D
simulator which can model a band diagram, carrier injection and recombination, and light
emission profiles in wide bandgap LED heterostructures. SiLENSe 2.1 is capable of
simulating heterostructures made not only of group-III nitrides, but also of other wurtzite
semiconductors (for example, ZnMgO alloys) including hybrid structures. The LED
operation of the heterostructure is considered within the framework of the 1D drift
diffusion model of carrier transport that accounts for specific features of the nitride
semiconductors including a strong piezoeffect, the existence of spontaneous electric
polarization, low efficiency of acceptor activation, and high threading dislocation density
(normally, ~107–109 cm−2). Along with bimolecular radiative electron and hole
recombination, an original model of nonradiative carrier recombination at threading
dislocation cores is also considered. The latter allows an analysis of the interaction
between the radiative and nonradiative recombination channels and predicts the internal
emission efficiency of the LED structure as a function of threading dislocation density.
The spectrum of light emission from a single- or multiple-quantum-well active region can
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be calculated to account for the complex valence band structure of wurtzite
semiconductor by using the 8x8 Kane Hamiltonian. Energies and wave functions of
localized carrier states are found from a numerical solution of the Schrödinger equation
within the effective-mass approximation. Generation of the grid for each quantum well is
totally automated.
The model implemented into the code incorporates the following: (i) Localized
and distributed polarization charges in the LED structure induced by both spontaneous
and piezopolarization in nitride semiconductors; (ii) Fermi statistics for electrons and
holes for both degenerate and nondegenerate semiconductors; (iii) partial ionization of
donors and acceptors depends on the respective quasi-Fermi level positions;(iv) strain
calculations in the LED structure assume coherent growth of all epilayers on an
underlying buffer layer; (v) bimolecular radiative electron and hole recombination
neglects quantum-confined effects on the recombination rate; and (vi) nonradiative
carrier recombination in the principal channel and on threading dislocation cores.
The LED I–V characteristics are calculated by the software at a given serial
resistance that is assumed to account for both the lateral current spreading in the LED
chip and Ohmic contact resistances. Moreover, the light emission spectra are determined
with a post-processing module that uses the calculated band profiles of the LED structure
and takes into account the complex structure of the valence band of nitride materials and
the contribution of the confined electronic states. In our simulations we used the
available ZnMgCdO material parameters [175,176], but not all the required parameters
are available. For example, the band offsets between ZnMgO/ZnO and ZnCdO/ZnO are
not known. Whenever the required parameter was unavailable we used preliminary
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values obtained from x-ray photoelectron spectroscopy for samples grown by MBE on cplane sapphire. Given the preliminary nature of the available data, the simulated results
should be used as a guide for identifying important parameters in the LED design rather
than obtaining device parameter values. The following describes the details of the
theoretical models and the material parameters used.
6.2.1 Strain and Piezoeffect

CdyMgxZn1-x-yO is typically grown along the c axis of the wurtzite crystal, which
is parallel to the z axis in our coordinate system. The substrate or buffer layer with an inplane lattice constant is shown in Figure 6-1 [174]. The in-plane lattice constant aE that
follows the Vegard law, and varies with the material composition is expressed by
Equation 6-1.
a E = aCdO ⋅ y + a MgO ⋅ x + aZnO ⋅ (1 − x − y )

(6-1)

where aCdO,aMgO, and aZnO are the lattice constant for the respective binary compound, x
and y are the molar fractions of MgO and CdO in the CdyMgxZn1-x-yO alloy. The lattice
mismatch η between the epilayer and the substrate is defined in Equation 6-2.

η( Z ) = [a E ( z ) − as ] / a E ( Z )

(6-2)

The thickness of the substrate here is assumed much larger than the total thickness of the
LED heterostructure. The strain of the epilayer is considered to be uniform due to the
negligible bending of the structure. The Z electronic polarization is given by Equation 63. Only the Z component was considered in these calculations because CdyMgxZn1-x-yO
is typically grown along the c axis of the wurtzite crystal. The electric polarization,
which is only considered z-component used here, is given by
Pz0 = Pzs − 2 η(e31 − e33C13 / C33 )

(6-3)

116
where Pzs is the spontaneous polarization vector, eij is the components of the piezoelectric
tensor, and Cij is the elastic stiffness tensor given in the Voight notation.

6.2.2 Carrier Concentration
The electrons and holes in a degenerate semiconductor or electrons in a metal
follow the Fermi-Dirac distribution function [12,174]. The Fermi-Dirac distribution
function is used to determine the electron densities in a metal or in a heavily doped
semiconductor. The carrier concentration, either n or p-type, is given by
n = N c ⋅ F1/ 2 (

E − Fp − qϕ
Fn − Ec + qϕ
), p = N v ⋅ F1/ 2 ( v
)
kT
kT

(6-4)

where F1/2 is the Fermi-Dirac integral, q is the electron charge, k is Boltzmann’s constant,
T is the absolute temperature, Nc is the effective density stats in the conduction band, Nv
is the effective density states in the valence band and φ is the electric potential. The
density of states indicates the number of states that can be occupied by electrons. The
effective density of states is expressed in Equation 6-5.
mav
mnav kT 3/ 2
p kT 3/ 2
N c = 2(
)
,
N
=
2
(
)
v
2 πh 2
2 πh 2

(6-5)

where ħ is the Plank constant, mnav and mpav are the averaged electron and hole effective
masses. When the impurity atoms are introduced, the Fermi level should adjust itself to
preserve charge neutrality [33]. The number of ionized donors and acceptors is given by
N D+ =

NA
ND
, N A− =
F − Ec + E D + qϕ
E + E A − Fp − qϕ
1 + g D exp( n
)
1 + g A exp( v
)
kT
kT

(6-6)

where gD=2 and gA =4 are the degeneracy factors, and ED and EA are the activation
energies of electrons and holes. gD equals 2 because a donor level can accept one electron
with either spin or can have no electron. gA equals 4 because each acceptor impurity level
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can accept one hole of either spin and the impurity level is doubly degenerate as a result
of the two degenerate valence bands [33].

6.2.3 Radiative and Non-radiative Recombination
In light-emitting diodes, the electrons and holes in the semiconductor recombine
either radiatively or non-radiatively [1]. Radiative recombination is preferred, and
produces photon emission. Electrons and holes should exist at the same location and at
the same time. To improve the LEDs, it is important to maximize the radiative processes
and reduce the non-radiative recombination.
The most common non-radiative recombination comes from the defects in the
material crystals. Any semiconductor material always has some native defects. Even the
purest semiconductor has the impurities of ~1012 cm-3. Other sources of non-radiative
recombination includes Schockley-Read, Auger, and surface recombination. The total
recombination rate is shown in Equation 6-7.
R=Rdis+Rrad

(6-7)

where Rdis is the non-radiative recombination rate, and Rrad is the radiative recombination
rate. The recombination rate is strongly dependent of the material properties that is
described more detail below. In double heterostrucutres, the defects will occur at the
interface of the two semiconductors if differences are found in the lattice constant and
crystal structures between the two materials. Since the high threading dislocation density
is the primary cause for the non-radiative recombination for nitride epitaxial structures,
the non-radiateive recombination rate used in SiLENSe is based on the Shockley-Read
approach, which is given by equation 6-8.

R dis =

Fp − Ed
np − nd pd
E − Fn
, nd = n ⋅ exp( d
), pd = p ⋅ exp(
)
τ p (n + nd ) + τ n ( p + pd )
kT
kT

(6-8)
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where n is the total electron concentration, p is the total hole concentration, Fn is the
electron quasi-Fermi level, Fp is the hole quasi-Fermi level, and Ed is the energy level
associated with dislocation traps. The lifetime of electrons and holes are expressed in
Equation 6-9 [174].
τn, p =

1
4 πDn , p N d

⎧⎪
1
3 2 Dn , p ⎫⎪
⎨ln( 2 ) − +
⎬
2 aVn , p S ⎪⎭
⎪⎩ πa N d

(6-9)

where Dn,p is the diffusion coefficient of electrons and holes, Nd is the dislocation density
in the material, a is the in-plane lattice constant (radius of a dislocation core), and S is the
fraction of the electrically active sites on the surface of a dislocation core.
Using the bimolecular equation, the recombination rate is given by
⎡
⎛ Fn − Fp ⎞ ⎤
R rad = B ⋅ np ⋅ ⎢1 − exp⎜ −
⎟⎥
kT ⎠ ⎦
⎝
⎣

(6-10)

where B is the temperature-dependent recombination constant, n is the total electron
concentration, p is the total hole concentration, Fn is the electron quasi-Fermi level, and
Fp is the hole quasi-Fermi level.

6.2.4 Light Emission Efficiency
Ideally, LEDs should have a quantum efficiency of unity if the active region of
LEDs emits one photon for every electron injected. In LEDs, the internal emission
efficiency is defined by
ξ = jrad / j

(6-11)

where j is the toal current and jrad corresponds to the current density totally converted into
the emitted light. The carrier injection efficiency may decrease due to the non-radiative
recombination.
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6.3 Results and Discussion
Figure 6-2 shows a schematic of the ZnMgO/ZnCdO/ZnMgO structure on a ZnO
substrate and a corresponding band diagram, as generated by the simulation. The bias
condition in the band diagram was 0 V. The range of the various parameters for the
simulations is summarized in Table 6-1. The triangular wells arising from the
polarization contribution at the interfaces were observed. The magnitudes are much
smaller than those for the hybrid ZnO/GaN structure. Our preliminary results have
yielded small band offsets in the ZnMgO/ZnO system (~0.14 eV in the conduction band
and 0.02 eV in the valence band at ~5 at.% Mg). Thus, it is expected that the use of Cd
to reduce the bandgap should increase these offsets.
Simulated emission spectra were obtained from MgZnO/ZnCdO/ MgZnO as a
function of active layer parameters are shown in Figure 6-3. Light output intensity
increased with both active layer thickness and Cd composition, as well as the expected
red shift of the wavelength with increasing Cd content, over the range studied.
Alternatively, the dependence of doping concentration on emission intensity was not as
significant when compared to layer thickness. The series resistances of the active layer
had no observable effect on the I–V characteristics. This indicates that the LED optical
properties are very sensitive to the physical parameters of the active region, and the
optimization of the active layer is more critical to the emission properties. The simulated
emission wavelength was dependent on the active layer composition and the choice of
bowing parameters, as expected. Figure 6-4 shows both experimental data for the
emission wavelength of ZnCdO as a function of composition, as determined by
Rutherford backscattering measurements. The peak emission was obtained from the
simulated spectral data for double heterostructures, while varying the concentration of
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Cd. Since there is no phase separation in the ZnCdO films, as confirmed by CL emission
mapping, this fit is a practical calibration for adjustment of bowing parameters for
ZnCdO bandgap dependence. In our case we use a bowing parameter of around 6 for a
Cd composition of 5%.
When considering ZnMgO as the cladding layer, as the thickness increased the I–
V characteristics showed a greater series resistance, but had a low influence on the
emission intensity. The most important variable influencing the IV characteristics was
the Mg concentration, see Figure 6-5 (a), because of the increased series resistance at
high Mg content which also affected the emission intensity as shown in Figure 6-5 (b).
The higher the Mg composition, the lower the emission intensity. The doping of the
cladding layer also affected the I–V characteristics [Figure 6-5 (c)], but had only a minor
impact on emission intensity.

6.4 Summary
Our work identified several key aspects of ZnO-based LEDs design, focusing on
ZnMgO/ZnCdO heterojunctions grown on ZnO substrates. It is still necessary to obtain
accurate measurements of the band offsets as a function of Mg and Cd composition.
Active layer thickness and doping densities are important factors effecting emission
intensity in these structures. The emission intensity increases as the active layer and
thickness increase.
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Table 6-1. Simulated parameters conducted in ZnMgO/ZnCdO/ZnMgO. Bolded
conditions in the table correspond to the referenced values in Figure 6-2.
Parameters
Conditions
Active layer thickness
30, 50, 75, 100, 150, 200 (nm)
Active layer doping
Undoped, 1015, 1016, 1017, 1018, 1019 (cm-3)
Active layer composition Cd composition: 0.03, 0.05, 0.07
Cladding layer thickness 300, 400, 500 (nm)
Cladding layer doping
1016, 1017, 1018, 1019 (cm-3)
Cladding layer composition Mg composition: 0.05, 0.1, 0.15, 0.2, 0.3
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Figure 6-1. Epitaxial film on a substrate.
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p-Zn0.9Mg0.1O (400nm)
Zn0.95Cd0.05O (100nm)
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Figure 6-2. Schematic 2D view of ZnO-based LED structure (top) and its band diagram
(bottom).
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Figure 6-3. Simulated emission spectra from ZnMgO/ZnCdO/ZnMgO structure as a
function of both active layer thickness (top) and Cd composition (bottom).
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Figure 6-4. Experimentally observed change of room-temperature cathodoluminescence
emission energy (solid circle) and simulated bowing parameters (dashed line)
as a function of Cd mole fraction.
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Figure 6-5. Simulation of LED behavior for ZnMgO/ZnCdO/ZnMgO structures. (a) I-V
characteristics as a function of clad layer composition. (b) Emission spectrum
as a function of clad layer composition. (c) I-V characteristics as a function of
clad layer doping.

CHAPTER 7
CONCLUSIONS AND FUTURE WORK
To design and fabricate a ZnO-based light-emitting diode (LED), detailed
information is needed regarding wet etching, metal semiconductor contacts, and valence
and conduction band offsets. These results are presented here.
Wet etching was used because it has a high degree of selectivity, is more cost
effective, and causes less surface damage than other techniques. In this study, HCl and
H3PO4 were used to etch ZnCdO and ZnMgO. In order to control the etching rate on the
order of 10 to 100 nm/min, the solutions were diluted to 10-2 M. First, the etching
mechanism was found to be diffusion limited. The selectivity of HCl solution on both
ZnCdO/ZnO and ZnMgO/ZnO was higher than that of H3PO4. HCl has a selectivity of
30 to 50 for ZnCdO/ZnO, while the maximum selectivity of H3PO4 is near 18. For the
ZnMgO/ZnO system, the selectivity of HCl is in the range of 300 to 400, whereas the
selectivity of H3PO4 is around 50. The activation energy for ZnCdO and ZnMgO was
0.37 and 3.29 kcal/mol, respectively, when etched with HCl. When H3PO4 was used, the
activation energies for ZnCdO and ZnMgO were 0.38 and 2.07 kcal/mol, respectively.
The etching rate was improved significantly when the fluid agitation during the etching
process was increased. Under these conditions, the etching rate for ZnO was found to be
reaction limited and the effects of the etching solution were independent of agitation.
The activation energy for ZnO dissolution was 5.59 kcal/mol for HCl and 5.88 kcal/mol
for H3PO4.
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Metal contacts were deposited on ZnCdO using e-beam evaporation. The contact
resistivity and thermal stability of Ti/Au (200Å /800Å) and Ti/Al/Pt/Au (200Å /800Å
/400Å /800Å) films were studied as a function of annealing temperature, using the
transmission-line method (TLM) to assess the quality of the contacts. The lowest specific
contact resistivity obtained for Ti/Al/Pt/Au was 2.3×10-4 Ω-cm2 after annealing to 500°C
and that for Ti/Au was 1.6×10-4 Ω-cm2 after annealing to 450°C. The sheet resistivity
decreased with increasing annealing temperature due to the formation of oxygen
vacancies, as the O atoms migrate from the ZnCdO layer and bond to the metal. Sheet
resistance can be achieved on the order of 103 Ω/ after annealing at 600°C. The lowest
transfer resistance for Ti/Au was 6.77 Ω-mm after annealing at 450°C and that for
Ti/Al/Pt/Au was 7.23 Ω-mm after annealing at 500°C. Furthermore, Ti/Au shows
superior thermal stability to Ti/Al/Pt/Au with temperatures as high as 600°C.
The film roughness of Ti/Al/Pt/Au increased after annealing to 350°C, due to the
outdiffusion of Al. This is undesirable because the surface roughening may affect the
edge dimensions of small device features. The dominant mechanism for current transport
is field emission because the oxygen in the ZnCdO reacts with Ti in the metal scheme to
form a thin TiOx layer with increasing annealing temperature. As TiOx is formed,
oxygen vacancies occur in ZnCdO, which increases the carrier concentration. This
enhances the tunneling probability.
The specific contact resistivity depends on the barrier height and doping
concentration. Therefore, another practical way to improve the contact resistivity is to
increase the concentration of dopant within the semiconductor. This allows the carriers
to tunnel through the barrier. Using pulse laser deposition, highly conductive aluminum-
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doped ZnO samples were generated with a doping density on the order of ~1019 cm-3.
The as-deposited contact had a low specific contact resistivity of 2.4×10-7 Ω-cm2. The
lowest contact resistivity found was using Ti/Au on aluminum-doped ZnO, which had a
value of 6.0×10-8 Ω-cm2 after annealing to 300°C. The sheet resistance of aluminumdoped ZnO is from 90 to 100 Ω/. As the anneal progresses to 450°C, oxygen is
transferred from the aluminum-doped ZnO to the Ti/Au. This transfer is accompanied by
surface roughening. The carrier transport mechanism for these contacts was dominated
by the tunneling of an electron or a hole from the metal to the semiconductor.
Indium-tin-oxide (ITO) has a refractive index between that of ZnO and air, which
reduces light reflection at the ZnO/air interface. ITO/Ti/Au (500Å /200Å /800Å)
contacts were deposited on highly conducive aluminum-doped ZnO, and the circular
transmission line method (c-TLM) was used to assess the quality of these contacts. The
sheet resistance was on the order of 100Ω/. The contact resistivity of this metal stack
ranges from 10-5 to 10-6 Ω-cm2, with the morphology remaining thermally stable up to
350°C. Above 350°C, the oxygen is removed from the aluminum-doped ZnO, which
leads to the decomposition of the aluminum-doped ZnO. This metal contact scheme
appears to be a promising transparent conducting current spreading layer for ZnO-based
LEDs.
To understand carrier transport in heterostructures, it is important to have a
detailed understanding of the conduction and valence band offset. ZnCdO is an excellent
material for the narrow bandgap active region. These results provided an energy diagram
that will contribute to developing a ZnO-based LED. The valence band offset of
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Zn0.95Cd0.05O/ZnO (0001) was 0.17 eV, whereas the conduction band offset of this
system was ~0.30 eV for a ZnCdO/ZnO heterostructure.
The band offsets of MgO/GaN and Sc2O3/GaN heterostructures were also studied,
as MgO and Sc2O3 are promising gate dielectrics and surface passivation films for GaN
transistors. MgO/GaN has a valence band offset of 1.06 eV and a conduction band offset
of 3.30 eV. These offsets show that the MgO/GaN system is well suited for high
temperature applications. The valence band offset of the Sc2O3/GaN heterostructure has
a value of 0.42eV, and a conduction band offset of 2.56eV was obtained. These are also
excellent values for high-temperature device applications, which need strong carrier
confinement. Using SiLENSe software, p-ZnMgO/ZnCdO/n-ZnMgO
(400nm/100nm/400nm) LED structures were simulated. Device parameters, such as the
doping concentration and semiconductor thickness, as well as the material properties
were calculated in the simulation. The thickness and doping concentration of ZnCdO
were optimized. The findings show that the light intensity increases with increasing
thickness and doping concentration of the ZnCdO active layer. In the parameter space
explored, the optimum active layer thickness was found to be 200 nm.
To demonstrate a LED made from ZnO-based materials, both p- and n-type ZnO
needs to be realized. Ohmic contacts must be developed on p-type ZnO-based material.
This will include possible contact alloy formation using various metals, at optimal
annealing temperatures. Another way to make an ohmic contact is to make a tunnel
contact by increasing the doping concentration to 1019cm-3.
ZnMgO/ZnO and ZnMgO/ZnCdO heterostructure LEDs should be studied in the
future. The band offset of these heterostructures can help us to design ZnO-based LEDs.
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In addition, the measurements should focus on how the band offset changes on varying
the concentrations of Mg and Cd within the lattice match condition for these
heterostructures. This will allow the development of quantum well ZnO-based LED
technology.

APPENDIX A
PYSICAL PROPERTIES OF METALS
Metal
Ti
Al
Pt
Au
Electrical Resistivity (Ω-m)
3.90E-07 2.73E-08 1.08E-06 2.27E-08
Melting Point (oC)
1668
660.32 1768.4 1064.18
Work Function (eV)
4.33
4.2
5.64
5.47
Thermal Conductivity (W/cm K) 0.219
2.37
0.716
3.17
4.51
2.7
21.5
19.3
Density (g/cm3)
Reference: [37].
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APPENDIX B
PHYSICAL PROPERTIES OF ZINC OXIDE
Property
Crystal structure
Gap: direct (D)/indirect (I)

ZnO
Wurtzite
D
a0=3.250
c0=5.204
Lattice constant (a0: Å)
Bandgap energy (Eg: eV)
3.37
Intrinsic carrier concentration (ni: cm-3) <106
200
Electron mobility (µn: cm2/Vs)
2
~10
Hole mobility (µp: cm /Vs)
Electron affinity (χ: eV)
4.35 and 2.088
0.24me
Electron effective mass (me*)
0.59me
Heavy hole effective mass (mhh*)
Refractive index (η)
2.008, 2.029
Exciton binding energy (meV)
60
1975
Melting point (oC)
3
5.7
Density (g/cm )
o
0.125
Specific Heat (cal/g C)
Mohs Hardness
4
Thermal Expansion Coefficient (/K) 2.90x10-6
Thermal conductivity (cal/cm/k)
0.06
-2
Dislocation density (cm )
<100
Flat orientation
<0001>
Linear expansion coefficient (/°C)
a0: 6.5 x 10-6
-6

Ref
[19]
[19]
[177]
[178]
[19]
[19]
[175]
[35,37]
[19]
[19]
[19]
[19]
[179]
[179]
[179]
[179]
[179]
[179]
[179]
[179]
[19]

Linear expansion coefficient (/°C)
Static dielectric constant
Debye Temperature (°C)
Molecular Weight (g/mol)
Crystal-field splitting (meV)
Spin-orbit splitting (meV)

c0: 3.5 x 10
8.656
143
81.39
42
-5

[19]
[19]
[180]
[180]
[181]
[181]

g-factors gn,║c=gn,┴c

-1.95

[181]

g-factors gp

0.8

[181]
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