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SUMMARY

The electrical properties of ZnO and contacts to ZnO have been investigated using different
techniques. Temperature dependent Hall (TDH) effect measurements have been used to
characterize the as-received melt grown ZnO samples in the 20 — 330 K temperature range.
The effect of argon annealing on hydrogen peroxide treated ZnO samples has been
investigated in the 200 — 800°C temperature range by the TDH effect measurement technique.
The experimental data has been analysed by fitting a theoretical model written in Matlab to
the data. Donor concentrations and acceptor concentrations together with the associated
energy levels have been extracted by fitting the models to the experimentally obtained carrier
concentration data by assuming a multi-donor and single charged acceptor in solving the
charge balance equation. TDH measurements have revealed the dominance of surface
conduction in melt grown ZnO in the 20 — 40 K temperature range. Surface conduction
effects have proved to increase with the increase in annealing temperature. Surface donor
volume concentrations have been determined in the 200 — 800°C by use of theory developed

by D. C. Look.

Good rectifying Schottky contacts have been fabricated on ZnO after treating the samples

with boiling hydrogen peroxide. Electrical properties of these Schottky contacts have been
i
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investigated using current-voltage (/V) and capacitance-voltage (CV) measurements in the
60 — 300 K temperature range. The Schottky contacts have revealed the dominance of
predominantly thermionic emission at room temperature and the existence of other current

transport mechanisms at temperatures below room temperature.

Polarity effects on the Schottky contacts deposited on the O-polar and Zn-polar faces of ZnO
have been demonstrated by the /V technique on the Pd and Au Schottky contacts at room
temperature. Results obtained indicate a strong dependence of the Schottky contact quality on
the polarity of the samples at room temperature. The quality of the Schottky contacts have
also indicated their dependence on the type of metal used with the Pd producing contacts with

the better quality as compared to the Au.

Schottky barrier heights determined using temperature dependent /V measurements have been
observed to increase with increasing temperature and this has been explained as an effect of
barrier inhomogeneities, while the ones obtained from CV measurements have proved to
follow the negative temperature coefficient of the Il — VI semiconductor material, i.e. a
decrease in barrier height with increasing temperature. However, the values have proved to
be larger than the energy gap of ZnO, an effect that has been explained as caused by an

inversion layer.
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Introduction

Zinc Oxide (ZnO) has become the second most widely studied material after Si. It is
presently used in many diverse products, such as phosphors, paints, piezoelectric transducers,
varistors and transparent conducting layers for the photovoltaic industry. Due to its superior
electronic properties that include its high exciton binding energy of 60 meV, its wide, direct
bandgap of 3.37 eV and excellent radiation hardness, it has attracted the attention of many
researchers as it can be used considerably in electronic and optoelectronic devices that can
operate in the blue and ultraviolet (UV) spectrum, though not very efficient as yet [1]. Other
advantages of ZnO lie in the availability of fairly high quality bulk single crystals [2] and
amenability to conventional wet chemistry etching, compatible with Si technology. The ease
of etching ZnO with all acids and alkalis provides an opportunity for the fabrication of small-

size devices [2].

Knowledge of the electrical properties of semiconductor material is of vital importance in
device fabrication as it determines the use of the material in both electronic and
optoelectronic applications. To date, several studies to find information about the electrical
properties of ZnO have been performed using different techniques. Reports on the existence
of native and unintentionally introduced defects have been published from
photoluminescence (PL) measurements [2]. Hall Effect measurements have also been used to
study the shallow defects in ZnO [3,4,5], while deep level transient spectroscopy (DLTS) has
been widely used to study the deep level defects [6]. Temperature dependent Hall effect
measurements can also give valuable and important information pertaining to the current
transport mechanisms that are likely to occur in a material by analysing the values of carrier
concentration. The frequency response together with the conductivity of a semiconductor
material can also be deduced from the Hall Effect measurements by considering the mobility

of the carriers in a material.

In the study of deep level defects using DLTS, a simple p-n junction or a metal-
semiconductor (MS) contact can be used. A Schottky contact good enough for DLTS

measurements must ideally have low leakage currents, and low series resistance that does not

1
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affect capacitance determination. The quality of a Schottky contact in terms of stability at
different temperatures is also crucial as DLTS is a temperature dependent technique. High
quality Schottky contacts are also important in device fabrication. The first Schottky contacts
to ZnO were reported by Mead in 1965 [7]. Since then, an increasing amount of research has
been carried out using different metals as Schottky contacts. In the majority of the reported
work, the contacts have produced high leakage currents and in most cases have proved to be
ohmic. Reported barrier heights on MS contacts to ZnO are in the range 0.6-0.84 eV [2].
Reports from the research carried out on these MS contacts have indicated the dependence of
the Schottky contact quality on the type of metals used, with high work function metals
producing better quality Schottky contacts to undoped ZnO samples [2] and sample cleaning
procedures prior to metal deposition, with the latter considered as a major effect. Fabrication
of stable Schottky contacts to ZnO remains a challenge despite numerous investigations. In
the earlier research, organic solvents have been used, and of late the contact quality has
reportedly been improved by the use of oxidising treatment where etching using acids has
been employed. Significant improvement in the current voltage characteristics of as-
deposited gold Schottky contacts after plasma cleaning was reported by Koppa et al [8].

Polarity of the ZnO samples is also another factor that can adversely affect Schottky contact
quality to bulk ZnO. Since ZnO has a high iconicity and a wurtzite structure with a lack of
inversion symmetry along the c-axis, it produces a large spontaneous polarization with bound
sheet charges of opposite sign occurring at the Zn-polar and O-polar faces [9]. It is expected
that the O-polar face and the Zn-polar face of bulk grown ZnO produce contacts of different
qualities and properties. This is because of the termination of the different faces. During the
process of termination, electronic configurations different from the bulk material and from
each other are formed, creating incomplete covalent bonds, rendering differences in the
properties the two faces. The behaviour of a Schottky contact under an applied voltage is also
important in electronic device technology. A lot of work has been carried out in determining
the electrical properties of the semiconductor devices using current voltage and capacitance
voltage techniques at room temperature. Little has been reported about the temperature
dependence of the current voltage and capacitance voltage characteristics on metal ZnO

contacts.

This study presents the results obtained from the electrical characterization of bulk ZnO using
temperature dependent hall (TDH) effect, current-voltage (1) and capacitance-voltage (CV)
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techniques. An overview of the properties of ZnO as a semiconductor material is given in
chapter 2, with particular reference to its, crystal structure, band structure and its mobility and

carrier transport phenomena.

Chapter 3 provides the theory of the electrical characterization techniques and a background
of the existing information on the findings from the work that has been carried out on ZnQO. In
chapter 3.2, theory on the Hall effect technique as a tool for semiconductor characterization is
discussed explaining how the Hall coefficient, Hall voltage, carrier concentration, and
mobility can be determined. In chapter 3.3, the current voltage measurements theory is
outlined with particular reference to the general structure of the Schottky diode. An overview
on the formation of the ohmic contacts and the Schottky contacts is given based on the
existing literature and results, while chapter 3.4 provides some information on the
temperature dependence of the Schottky contacts with the main focus being on the current
transport mechanisms and determination of the barrier height and ideality factors. In chapter
3.5, the capacitance voltage technique is discussed as a method for barrier height

determination in Schottky diodes.

Chapter 4 gives details of the experimental setups and techniques that were employed in
order to obtain the results in this study. Chapter 4.1 focuses on the Hall effect technique,
while chapter 4.2 deals with the current voltage and capacitance voltage measurements,

chapter 4.3 addressing the temperature dependence of the IV and CV measurements.

In chapter 5, the results obtained from experiments are discussed, comparing and contrasting
with what was obtained in some other research work carried out on ZnO. Chapter 5.1 gives
an analysis of the Hall effect measurements, while chapter 5.2 discusses about the findings
from the current voltage measurements performed at room temperature. The results from the
temperature dependence of the IV measurements are discussed in chapter 5.3. Temperature

dependent CV measurement results are discussed in chapter 5.4.

Chapter 6 gives a summary of all the results obtained and discussed in this study.
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CHAPTER 2: ZnO as a semiconductor

2.1: Introduction

ZnO is a group I1-VI compound semiconductor with a wide and direct bandgap (3.37eV at
room temperature). It contains some superior electronic parameters such as high breakdown
voltage, high electron saturation velocity [1], high thermal conductivity [2] and high radiation
tolerance [3], which are better than those of the classical semiconductors, such as Si and
GaAs, and is also compatible with the wide band gap semiconductors, like SiC and GaN [4].
Since it has a high saturation velocity, ZnO can be used to fabricate devices, which can
operate at very high speeds and hence improved efficiency. Due to its large exciton binding
energy of about 60meV and high melting point (2250K) [5], ZnO is highly efficient in
excitonic emission devices, since it enables stability at high device operating temperatures
and this makes it a better material than GaN. This material also allows for band gap
engineering by alloying it with MgO and CdO to increase and decrease its energy bandgap,
respectively [6] thereby modifying its optoelectronic properties. From the abovementioned
properties, ZnO has attracted much attention from researchers and also in commercial
applications as it can be used in the manufacture of UV photodetectors, acoustic wave

devices, light emitting diodes, laser diodes and high frequency electronic devices [5].

2.2: Crystal structure.

This defines the structure formed when a basis of atoms (Zn and O) is attached identically to
every lattice point. For ZnO, three lattice structures can be formed. These are the rock salt,
zinc blende and the wurtzite structure. Of the three structures, the wurtzite structure is the
thermodynamically stable one at ambient conditions [7] i.e. for bulk ZnO. This structure can
be considered as two interpenetrating hexagonal-close-packed lattices, characterized by two
interconnecting sublattices of Zn?* and O® such that each Zn ion is surrounded by a
tetrahedral of O ions and vice versa [6]. The tetrahedral coordination gives rise to the polar
symmetry along the hexagonal axis. This polarity gives rise to a number of properties of

Zn0O. There are four common face terminations for the wurtzite ZnO namely; the polar Zn
terminated (0001) and the O terminated (0001 ) faces (c-axis oriented) and the non-polar
(1120) (a-axis) and (1010) faces which both contain an equal number of Zn and O atoms.

The wurzite structure for ZnO is shown in Fig. 2.1. The polar faces possess different

5
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chemical and physical properties with the O face having a different electronic structure from
the other three [6]. The rock salt structure is stable at very high pressures while the zinc

blende structure can be achieved through growth on cubic substrates.

Figure 2.1. The hexagonal wurtzite structure of ZnO. O atoms are shown as large light

spheres, Zn atoms as small spheres.

2.3: Band structure

This is the most important property in semiconductors since it is responsible for the wide
range of electrical properties observed in various materials [8] and determines the potential
application of the material [7]. In any semiconductor material, this structure is such that the
filled valence band is separated from an empty conduction band by a band gap containing no
allowed energy states at OK [8]. A number of theoretical approaches using different degrees
of complexity and also several experiments have been carried out to calculate the band
structure and electronic states of the wurtzite structure of ZnO, respectively [7]. The
experimental techniques, which can be used to determine the band structure for ZnO, include
conventional x-ray and ultraviolet (UV) induced photoemission spectroscopy, as well as
angular photoelectron spectroscopy. Experimental observations and theoretical calculations
using pseudo potential methods on the band structure of ZnO only have a qualitative
agreement [7] but the most important fact is ZnO has a direct bandgap semiconductor (i.e. the
minimum of the conduction band occurs at the same momentum (k)-value as the maximum

of the valence band in the energy-momentum (E, k) diagram shown in Fig. 2.2.
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Figure 2.2. The local density approximation (LDA) band structure of bulk wurtzite ZnO
calculated using dominant atomic self-interaction-corrected pseudo potentials (SIC-PP).

2.4: Carrier transport phenomena
2.4.1: Introduction

Current flow in a semiconductor material is an important statistical aspect. The ease with
which the charge carriers move under an applied electric and/or magnetic field must be
looked at more considerably as this is one of the important factors that contribute to the
amount of current per unit area (current density). It is also imperative to know the values of
the electrons and holes to account for the collisions that take place between the charge
carriers and the lattice atoms as well as the impurities as this helps in determining the ease
with which these carriers can drift (mobility) through the crystal [8]. Knowledge of the
scattering mechanisms that take place at different temperature regimes within a material is
required as it determines the thermal motion of the lattice atoms and the carrier velocities. In
this subsection, | am going to give a brief outline of how carriers drift through the material
and also how the atoms in the lattice as well as the impurities within the material affect this

movement.
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2.4.2: Mobility.

Introduction

Carrier mobility influences device behavior through its frequency response or time response
in two ways. Firstly, carrier velocity is proportional to the mobility for low electric fields. So
a material with a higher mobility is likely to have a higher frequency response, since carriers
take less time to travel through the device. Secondly, the device current depends on the
material and hence, the larger the mobility, the higher the current. These higher currents in
turn affect the rate at which capacitors charge up. Higher currents charge capacitors more
rapidly, resulting in higher frequency responses. This means there is need to determine the
mobility of the semiconductor material in order to determine its use in device fabrication. In
this section, a brief outline on how to obtain conductivity mobility is given.

Consider an n-type semiconductor with a uniform donor concentration in the absence of an
applied electric field. At room temperature, electrons will undergo a continual random motion
interrupted by collisions as shown in Fig 2.3 [8]. Since there is no preferred direction of

motion of these electrons, there is no net current flow.

N

Fig 2.3. Thermal motion of an electron in a semiconductor

If an external electric field is applied, each electron will experience a net force given by
—qE, , insufficient to change the random motion of each individual electron significantly.
However, when the effect is averaged over all the electrons, it becomes the net motion of the
electrons drifting in the direction opposite that of the applied field with drift velocity, <vd >

Now taking the total momentum of these electrons to be p, the force of the field on the n

electrons/cm? is given by,
-ngE, = 2—? (2.4.1)

Assuming that the collisions are truly random [8], there is always a constant probability of

collision at any time, t for each electron. Suppose at time, t = 0 we have Ny electrons and at
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any time t, there are N(t) electrons which would have not undergone collisions. The rate at
which N(t) decreases with time is proportional to the number left un-scattered at t, i.e.

CdN() 1
= ENO (2.4.2)

which has a solution N(t) = N,exp t/t

where t is the mean free time. Each electron has a probability of colliding with another one
in the time interval dt, given by dt/ t . The differential change in momentum due to collisions
is thus given by:

dp = _p% (2.4.3)

The force, i.e. the rate of change of momentum due to decelerating effect of collision is

dp _ —tﬁ (2.4.4)

For a steady state condition, the sum of the decelerating and accelerating effects must be zero

[8] such that the average momentum, (p)is given by,
(p)=—qtE (2.4.5)

Thus the average velocity (v, ) is also given by,

<vd>=@=—£E (2.4.6)

* *

m m,

n

m. is the conductivity effective mass for electrons.

The current density for n electrons moving with drift speed, <vd > is now given by,

.
3 =—gn(y,)= ”gqf E (2.4.7)

n

From J = oE [9], it follows that the conductivity, o is,

e
o=t (2.4.8)
mn
which can also be written as o = qu,n, where
t
=3 (2.4.9)

m

n
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4, in equation (2.4.9) is called the electron or conductivity mobility, m’ is the conductivity

effective mass for electrons. Equation (2.4.9) illustrates that the longer the time between

collisions and the smaller the conductivity effective mass, the higher the mobility.
2.4.3: Scattering mechanisms

Carrier scattering is one of the most important factors affecting the ease with which
electrons/holes drift through the crystal (mobility). Measurements have shown that in a
semiconductor, mobility varies with temperature and impurity concentration [10]. In order to
understand the variations in carrier movement through crystals, knowledge of the scattering
mechanisms involved at different temperature conditions is necessary. A general overview of
the scattering mechanisms that take place in semiconductor material, with particular reference

to ZnO will be covered in this section.

During crystal growth in semiconductors, impurities are introduced into the lattice causing
these crystals to be imperfect or non-ideal. Intentional doping also contributes to the
imperfections within the crystal lattice. Discontinuities such as screw or edge dislocations
formed during crystal growth also act as centers for charge accumulation. The perturbing
potential which is created causes carrier scattering. Basically, the number of defects in
properly grown crystals is low enough that this type of scattering can be overshadowed by
other mechanisms and therefore can be neglected [11]. There are four main scattering
mechanisms that affect the movement of mobile carriers in a semiconductor. These are:
Lattice scattering, ionized impurity scattering, neutral impurity scattering and carrier-carrier
scattering [12]. This thesis is going to give detailed information pertaining to each of these

mechanisms. The following is a summary of each of these mechanisms.
Lattice Scattering.

This type of scattering is usually dominant under high temperature conditions. Compressions
and dilations that occur within a crystal cause some lattice atoms to be squeezed up in some
regions and pulled out in others. The dielectric constant is also made to change with these
variations in disturbances and this in turn alters the periodic potential in the vicinity of these
compressions and dilations [10]. An increase in temperature causes an increase in the
amplitude of the lattice vibrations that excite normal modes of higher energies and this causes
a corresponding rise in scattering since thermal agitation of the lattice becomes greater [8].

This behavior of the lattice with temperature produces a relaxation time that is dependent on
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temperature, i.e. it decreases with increasing temperature [8, 10]. The resulting scattering

mobility is given by [10].

u =BT (2.4.10)

T is the temperature in Kelvin.

According to [9],

_ \/87zqh4C11 -~ m A

B, = «
" 3E,m7k

(2.4.11)

where C,, is the average longitudinal elastic constant of the semiconductor, Egis the

displacement of the edge of the band per unit dilation of the lattice, m"is the conductivity

effective mass, k is the Boltzmann constant.

From equation (2.4.10) and (2.4.11), the mobility is given by [9],

-5 _
uo=m 2T (2.4.12)
Equation (2.4.12) shows that mobility decreases with temperature and with the effective

mass.
lonized impurity scattering

This can also be referred to as Coulomb scattering [10]. This type of scattering occurs at low
temperatures, but high enough to cause the ionization of impurity atoms, leaving some
charged scattering centers behind. The charged scattering centers associated with the ion
impurity cause a change in the lattice potential near its location and thus produce an electric
field that deflect the moving carriers. If a carrier enters the radius that is influenced by this
electric field, it will be scattered by the charged ion. Instead of it following a straight path, the
electron path will be bent and since at low temperatures, the thermal speed of the electron is
low, it spends more time in the neighborhood of the impurity atom thereby increasing the
effectiveness of the scattering. Slow moving carriers are scattered by an interaction with a
charged ion that has a greater momentum. This type of scattering is thus dominant at low
temperatures. As the temperature is increased, scattering decreases and thus the relaxation

time increases with temperature and so the ionized impurity mobility is given by [10],
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4 =BT (2.4.13)

This can also be expressed as [9]

-1

Jre? 2T - 2

64xTe? 2KT 2

1 = T, inl1s 127e KT (2.4.14)
N, g2 q°N;?
g~ AN (2.4.15)

where N, is the ionized impurity density and &, is the semiconductor permittivity. Equation

(2.4.15) illustrates that the mobility decreases with effective mass but increases with

temperature.

Neutral impurity scattering

The main factor behind this type of scattering is the difference in sizes of the impurity atom
and its host lattice atoms. The presence of the impurity atom will affect the lattice orientation
by forcing it to strain in order to accommodate for the impurity atom. By so doing, the
potential of the lattice is also affected as a bump [10] is going to be produced in the lattice,
near the impurity atom. The electric field associated with this bump will in turn scatter
carriers as they come closer to the impurity atom and this will affect the mobility of the

carriers.
Carrier-carrier scattering

In a semiconductor, carriers interact and they deflect each other during their movement
through the crystal. Electrons and holes move in opposite directions under the influence of an
external electric field and so a collision would lead to complete annihilation and effectively
cause a decrease in mobility. Though carriers of the same charge can interact with each other
through Coulombic forces, there is no pronounced effect on the mobility since they will be
moving in the same direction. These interactions, however serve to randomize the motion and
have an indirect effect through the dominant scattering mechanisms. This type of mechanism

becomes important when the carrier density of a material exceeds 10*cm™ [13].
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CHAPTER 3: Electrical characterization techniques.

3.1: Introduction

With increasing interest in researchers using ZnO as a better material for electronic and
optoelectronic devices compared to other wide bandgap materials, the issues of its electron
mobility, Schottky contact quality, Schottky barrier height, forward and reverse leakage
current, and material defects need to be addressed more quantatively. Different techniques
have been used to electrically characterize ZnO. These include the Hall effect, current-
voltage, (I-V) and capacitance-voltage, (C-V) measurements, deep level transient
spectroscopy (DLTS), photoluminescence spectroscopy, and admittance spectroscopy. In this
particular section, an outline of some of the afore-mentioned techniques, which can be used
to characterize each of the above-mentioned parameters, with particular reference to the use

of ZnO in electronic devices, is given.
3.2: The Hall effect technique
3.2.1: Introduction

The Hall Effect technique has found wide applications in semiconductor material
characterization because it gives the resistivity, the carrier density, and the mobility [1]. If a
magnetic field is applied to a current carrying semiconductor, an electric field will be
produced which is perpendicular to the magnetic field. The motion of the carriers in the
presence of these fields (magnetic and electric) is important and gives rise to a number of
galvanometric effects [2]. This section is going to give an outline of how carriers move under
the effect of magnetic and electric fields leading to the determination of the Hall coefficient
and mobility.

3.2.2: The Hall Effect theory

Consider a rectangular wafer of n-type semiconductor material of length, I, width, w and
thickness d. In a magnetic field, and applied electric field a current is established causing
carriers to drift, opposing and following the direction of the applied field for electrons and
holes respectively at a speed, v. This current flow is an important effect in as much as the

drift of carriers in a material is concerned. Given that these carriers are charged particles, in
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an applied magnetic field, they experience a Lorentz force that makes them move in a

direction perpendicular to the magnetic field, given by [3]

F.=q vxB (3.2.1)
where q is the charge of the carriers, v is the drift velocity and B is the applied magnetic field.
Taking the carriers to be negatively charged, the Lorentz force will deflect these particles in
the -y-direction and a charge imbalance will be produced, which will in turn induce an

electric field, - E, as shown in Fig. 3.1 below.

z
P b fomrmm 2
Ee—
O |E
; y +E
* =-= -l
I
I —/
i

Figure 3.1: Determination of the Hall voltage on a semiconductor wafer using the Hall effect
technique.

Under steady state conditions, the Lorentz force F. must balance the downward force, Fg due
to the electric force on the electrons such that there is no net acceleration of these carriers in

the y-direction, i.e.,

F =-F (3.2.2)
and thus
q vxB =-gE, (3.2.3)
which can be simplified to,
E, =v,B, (3.2.4)
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upon evaluation of the cross product of v and B, bearing in mind that v,,B,and E, point in
the x, z and y directions respectively. This establishment of the electric field E, is called the
Hall effect [4]. The resulting voltage is called the Hall voltage, Vy. The velocity, vy can be

expressed in terms of the current density, Jx and carrier concentration, n as:

J

v, =——=% (3.2.5)
nq
Substituting equation (3.2.5) into (3.2.4) yields
E, = _d , (3.2.6)
nq
From [2],
E, =R, J,B, (3.2.7)
Comparing (3.2.6) and (3.2.7), gives
R, = S (3.2.8)
nq

Equation (3.2.8) represents what is known as the Hall constant. The same analysis can be

done in the case of holes, but for holes, this quantity is positive.

It is imperative to note that in deriving equation (3.2.8), we assumed that no scattering takes
place and also all charge carriers move with the same velocity. However in real
semiconductor materials, scattering effects randomize the velocity of carriers leading to
equation (3.2.8) being an approximate relationship. The accuracy of this relationship is
determined by the scattering mechanisms, carrier type, band structure of the material and
temperature. The exact relationship between carrier concentration and the Hall constant is
given by [ 5, 6].
R, = (3.2.9)
nq

where r is the scattering factor whose value lies between 1 and 2, depending on the scattering
mechanism in the semiconductor [1]. Usually, r is assumed to be unity, an assumption
generally introducing an error of less than 30% [7]. This scattering factor is also a function of
the magnetic field and temperature. For very high magnetic fields, the limit for the scattering
factor tends to 1 [1]. The determination of the Hall constant leads to the knowledge of carrier

concentration as well as type.
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3.2.3: Hall coefficient determination.

The Hall coefficient can be determined experimentally by the van der Pauw method. VVan der
Pauw in 1958 proved that for any flat, isotropic, homogeneous sample of uniform thickness,
and singly connected domain, the Hall coefficient is independent of the length and thickness
(irrespective of shape), when he solved the potential for a thin layer of arbitrary shape with

four point-like contacts along the periphery [8].

Now consider a sample of length, |, breadth w and uniform thickness, t placed in a magnetic
field, B. If a current, | is allowed to pass through the sample, perpendicular to a surface of

cross-sectional area, A=wt, then the current density passing through the sample is given by,

J = (3.2.10)

The electric field for this sample in terms of the measured Hall voltage and the thickness in
the y-direction can also be written as

E =-H (3.2.11)

E, =-Hx (3.2.12)

Substituting equation (3.2.7) into (3.2.12) gives

tv,,

R, =
" BZIX

(3.2.13)

The correct sign of Ry can be obtained by taking I as positive if an electron current is
flowing from left to right. Similarly, Vy is positive when a positive potential is measured at
the bottom of the sample. As viewed in Fig. 3.1, the Hall voltage, will be measured directly
from the experiment.

Practically, point-like contacts are critical though very difficult to realize. A good rule of
thumb to adhere to is not to let the contact size exceed 10% of the smallest sample dimension
[5,1].
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(@) (b)

Figure.3.2. Contact configuration for (a) Hall coefficient determination and (b) resistivity

measurement.

Fig. 3.2(a) shows how the sample Hall coefficient can be experimentally obtained while,
Fig. 3.2(b) shows how the resistivity can be determined. Since the quantities t and B; in

equation (3.2.13) are constants, it indicates that Ry is proportional to V,, /1, , which has units
of resistance. Defining resistances R, ,, =V,,/1,, , With V23 =V3 — V3, the potential difference

between contact 2 and 3 and I14 being the current flowing between contact 1 and 4, the Hall

coefficient is given by [5, 9].

+R
R, = L[ Ruz*Ran (3.2.14)
B 2

In this type of measurement, averaging over the two Hall configurations eliminates errors
caused by misalignment of the four contacts. However, there are a number of
thermomagnetic effects that could falsify measurements if not taken into consideration. These
include the Ettingshausen effect, the Righi-Leduc and the Nernst effect [9], which produce a
thermoelectric voltage caused by temperature gradients in the sample. In the Nernst effect,
the temperature gradient is caused by magnetic field independent factors such as uneven
sample heating (cooling) or the Peltier effect. In the other two effects, the temperature
gradient is set up by the different Lorentz deflection of carriers that have different velocities.
Suppose a hall resistance denoted by Rijj ™" is measured in a magnetic field in the +Z direction
and a corresponding hall resistance denoted by Rjj«" is measured in a magnetic field pointing
in the —Z direction. It can be shown that the Righi-Leduc and the Nernst effects can be

eliminated by the following average over current and magnetic field directions [10].
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RH = (Ej[RlZ,M - R21,34 + R23_4l - R32,41 + R43'21 - R34’21 + R14'32 - R41'32:| (3215)

Once the Hall coefficient has been determined, the carrier concentration n can be calculated
using equation (3.2.9). The value of r is determined by identifying the dominant scattering

mechanism.

3.2.4: Resistivity determination.

The resistivity p, can be defined as the constant of proportionality relating the current density,
J in a conductor to the electric field, E, such that, E = pJ . The inverse of the resistivity is
called the conductivity, o. According to van der Pauw’s analysis [1], the resistivity of any
arbitrary shape is given by,

p= mt (R12,34 + R23,41)
In(2) 2

F (3.2.16)

where Riz34 =V,,/1,,and F is a correction factor. The current enters the sample through
contact 1 and leaves through contact 2, and V,, =V, -V, is the voltage between contact 4 and
contact 3 with reference to Fig. 3.2(b). Also R,;,, =V,,/1,, in which the current enters the
sample through contact 2 and leaves through contact 4 and V,, =V, -V,is the voltage

between contacts 1 and 4. Current enters the sample through two adjacent terminals and the
voltage is measured across the other two adjacent terminals. F is a correction factor, which is

a geometric correction factor, which depends on the ratio R, =R, /R,;,, only satisfying

the relation,

R-1_ F {w} (3.2.17)
R +1 In(2) 2

For symmetric samples (circles or squares) F = 1 [1]. Since F is a correction factor, it does
not cause any resistivity anisotropies in the sample. If such anisotropies occur, the resistivity

becomes a tensor rather than a scalar.

As in the Hall coefficient determination, thermoelectric effects can be reduced by averaging
over all the different contact permutations and current directions [5]:

19



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

<

p= 7t (R1+2,34 B R;1,34 + R2+3.41 B RC:Z,41)FA n (R473,21 B R374,21 + R1:1,32 B R;1,32)FB (3.2.18)
In(2) 8 8

In this case, Faand Fg are determined from R and Rg respectively, where,

-R
R, = Jem " Ruw (3.2.19)
R23,41 - R32,41
and
_ R43,21 - R34,21 (3 2 20)

g =
R14,32 - R41,32

3.2.5: Factors affecting the measured Hall voltage.

In determining the Hall voltage, certain associated effects give rise to potentials, which must
be corrected in order to avoid errors in the measured value. These effects together with the

correction measures are discussed below.
3.2.5.1: The IR effect

During the process of determining the Hall voltage, electrical contacts are established by
using Indium Gallium eutectic or by depositing metals as ohmic contacts on the edges of the
sample. These contacts (1,2,3,4) as in Fig. 3.2 are the ones used to pass the current into and
out of the semiconductor as well as for tapping the Hall voltage across the sample. A
situation arises that contacts used for measuring the Hall voltage are not aligned at the same
equipotential line. If this occurs, a potential will be detected between the probes used in the
measuring. This potential can be of the order of the Hall voltage itself [10]. Also, thin high
resistance surface layers under the current contacts cause an abnormally low Hall voltage
since most of the applied voltage would be lost in the IR drop across the barrier [11].

3.2.5.2: Galvanomagnetic effects

Three possible thermomagnetic and galvanomagnetic effects can influence the Hall voltage
measurements. These are the Ettingshausen, the Nernst, Righi-Leduc effects and have been
summarized by Goodman [10]. These effects were discovered after the Hall Effect discovery
as a result of intensive research on electrical conduction [12]. A brief summary of how these

effects affect the movement of electrons and the measured Hall voltage is given.
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3.2.5.2.1: The Ettingshausen effect
Since electrons in a semiconductor material travel at different velocities, without an external

transverse temperature gradient, the sample can set up its own. Resulting from the difference

in the carrier velocities, the eV x B force shunts the slow (cool) and fast (hot) carriers to the
sides in different numbers and this causes an internally generated Seebeck effect. More
energy will be deflected to one side of the sample than the other resulting in a transverse
temperature gradient. Unlike in the Seebeck effect, the Ettingshausen voltage generated is
proportional to both the current and the magnetic field. This leads to a modification of the
Hall coefficient. However, this modification is normally less than the experimental error in
the Hall coefficient [10].

3.2.5.2.2: The Nernst effect

If a longitudinal temperature gradient is established across the sample, electrons tend to
diffuse from the hot end of a sample to the colder end. The diffusion current set up by these
moving electrons is affected by the magnetic field, setting up a Hall voltage, Vy [5]. This

voltage is proportional to the magnetic field and is not affected by the external current.

3.2.5.2.3: The Righi-Leduc effect

This effect is brought about by the differences in the carrier velocities, as does the
Ettingshausen effect. From the Nernst effect, as electrons diffuse from the hot end to the
colder end, they set up diffusion current. A transverse Seebeck voltage, also known as a

Righi-Leduc voltage Vg, which is proportional to the magnetic field, is thus set up [12].

3.2.6: Correction of IR effects and Galvanomagnetic effects

Since all the above mentioned effects are observed at the contacts where the Hall voltage
used in the calculation of the Hall coefficient is measured, there is a need to eliminate them or
reduce them for a more accurate value of the Hall coefficient. Experiments have shown that
the Ettingshausen effects are directly related to the magnetic field and the current flowing
through the sample, whilst the Nernst and Righi-Leduc effects produce a voltage related to
the magnetic field and not the current [5, 10, 12]. The IR drop is only related to the applied
current and the contact quality but is independent of the magnetic field. Thus the voltage
measured by using the probes considering all the effects on a semiconductor is given by,
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E=V, +V. +V +V, +V, (3.2.21)
where Vy is the voltage associated with the Hall voltage, Ve is the voltage associated with the
Ettingshausen effect, Vg is the voltage associated with the potential drop, Vg is associated
with the Righi-Leduc effect and Vy is the voltage associated with the Nernst effect. Taking a
series of 8 readings, by reversing the magnetic field, allowing current to pass through all the
possible contact combinations, can eliminate all the other effects except the Ettingshausen
effect and the Hall effect voltage [12,13].

We need to consider a square sample, with the four contacts positioned at the four corners as

shown in Fig. 3.3 below.

Fig. 3.3. Square sample with four contacts used to determine the Hall voltage.

If Vjj is the voltage drop across contacts i and j, upon application of a current Iy through

contacts k and I, then the following 8 combinations would be measured:
With a forward magnetic field, +B,

li3; Vou =V, +V +V g +V, +V =V,

l31; Voa= -V, =V =Vg +Vg +V, =V,

los; Vi =V, +Ve +V g +V +V =V,

lag; Vg = -V, =Ve —Vig +Ve +V,, =V,

Reversing the magnetic field, -B,

li3; V,, =V, =V =V =V =V, =V,

l31; V24 :VH +VE _VIR _VRL _VN :Ve
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l24; Vig =V =V +Vg =V =V =V,
la2; V13 =VH +VE _VIR _VRL _VN =V8

By regrouping the measured potentials in terms of the same contact configurations but with

opposite magnetic fields, we obtain
E =V, -V, =2V, +2V + 2V, +2V,
E, =V, -V, =2V, +2V, -V, -2V,
E,=V,-V, =2V, +2V. + 2V, + 2V,
E, =V, -V, =2V, + 2V, — 2V, — 2V,

Adding up the set of equations above yields,
E +E,+E,+E, =8V, +8V,

Such that

V, +Ve = E +E,+E,+E, /8 (3.2.22)

The combination of the set of equations to produce equation (3.2.22) eliminates the potential
errors caused by the IR effect, the Nernst effect and the Righi-Leduc effects in the Hall
voltage measurements. Since the Ettingshausen effect is brought about by the existence of a
temperature gradient due to the charge carriers’ different velocities, it will still affect the
measured Hall voltage but to a lesser extent if a series of readings is taken over a short period
of time, and keeping the sample in good thermal contact with its surroundings [14]. This
means that under close to perfectly controlled conditions, the Ettingshausen voltage is small
and can be neglected.

3.2.7: Effect of contact size, position, and geometry.

Ohmic contacts deposited on the sample prior to Hall measurements can be of different sizes
due to the deposition technique used. Also, because of the vibrations of the cryostat during
measurements, some contacts can be knocked off from the periphery of the specimens
(samples). This difference in contact size and the displacement of the probes can cause a

difference in the resistance values of those particular contacts on the same sample. Due to this
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difference, some errors in the determination of the sample resistivity can occur. Van der
Pauw [15] studied the errors caused by finite electrodes and the displacement of the contact
electrodes from the periphery of circular specimens. Weider [16] indicated that finite contacts
cause errors such as short-circuiting the Hall field, thereby reducing the measured Hall
voltage compared to the one obtained by point electrodes and as well as short-circuiting the
current streamlines near and around the Hall electrodes, causing non-linearities of the
magnetic field dependence of the Hall voltage. According to van der Pauw [17]’s evaluation,
choosing an appropriate specimen contour such as the “clover leaf” shape can minimize such
errors. However, such a geometrical structure requires some complex preparation procedures,
to such an extent that it modifies the surface of the sample if some photolithographic
processes are applied to films or epitaxial layers [16]. In this study, square specimens were
preferred to the “clover-leaf” because of the latter reasons. Triangular contacts were used on
the periphery of the specimens instead of circular contacts used by van Daal [18]. The
correction factors for finite electrodes, relating the effective to the measured Hall voltage and
resistivity are much larger for circular contacts than those for the square contacts. Triangular
contacts have the least correction factors.

Consider a specimen given in Fig. 3.4.

indium
electrodes

substrate

Figure 3.4. Bulk ZnO wafer of edge length | and thickness d with indium solder electrodes of
length o along the edge of a sample of length 1.

For triangular electrodes, the resistivity correction appears to increase monotonically with the
ratio &/l and also the Hall voltage correction factor is smaller since &/I<<1 than the resistivity
factor, and is roughly proportional to (8/I)%. Making | 5 or 10 times greater than & reduces the

errors introduced by contact size [16]. The voltage measured between the peripheral potential
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contacts should be independent of the commutation of the current contacts [10]. If this is true,
it is expected that the resistances Ri, 34 and Ry 41 are equal, where

R1234= V1oll34
and Ra23,41 = Vsl las.
However, because of different contact sizes, R12341s not equal Rz, 4;.
Due to this effect, the resistance ceases to be a scalar quantity but becomes a tensor.
Alternatively, the sample specimen might become inhomogeneous, containing one or more
impurity concentration gradients or a random dispersion of two materials or phases [16]. If,

for a material, the ratio R, ,, /R, ,, = R,is greater than unity, the average resistivity can be

determined by [16],

p=

zd I:‘)12,34 + R23,41
In2 2

] f(R,) (3.2.23)

Van der Pauw[17] calculated the functional dependence of f(R,) on R, and presented it
graphically. He revealed that it is partly accurate with a maximum error of about 2%. A more
accurate procedure is to use Newton’s iterative technique. Taking p, as the initial solution,

then the successive approximations are obtained by [10,16],

pa(l+a+p)
7d(aRy s + PRy 41)

where o =-7dRy,,, /p,, B =-7dR, . /p, and p, = p, — T(p, )/ f'(p,), T'(p,) denoting a

pn+1 = pn - (3'2'24)

derivate with respect to po.

3.2.8. Impurity concentration determination

The carrier concentration can be obtained by considering a material with multiple s-like
donors with concentrations Np; and energy levels Ep; below the conduction band and an
acceptor impurity. Assuming a temperature independence of all the energy level positions
and a degeneracy factor equal to 2, the Fermi energy level (Eg) position in the band gap with
respect to the valence band can be estimated by solving the charge neutrality condition:

N+N,= > Ny+p (3.2.25)

i=1,2,3
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where n is the concentration of electrons in the conduction band, N, is the ionized acceptor

concentration, p is the concentration of holes and Np; is the ionized donor concentration of

donors of type D;.

Np = Np, £ Tl E _E (3.2.26)
1+2€Xp _ C( )_ Di F( )
KgT
and

x 3 (Ec(T)-Er(T)

Lok, T ) )
n =— e B 3.2.27
(™) 4( e ] ( )

where kg is the Boltzmann constant, T the absolute temperature of the sample, 7z the reduced

Plank’s constant, m~ the electron effective mass for ZnO. Ec(T) is the band gap energy
relative to the valence band edge. Once Eg(T) is known, the conduction band carrier

concentration deduced from (3.2.27) can be compared to the measured ny(T).

3.2.9. Surface conduction.

The determination of the carrier concentration from Hall measurements is slightly difficult
especially at low temperatures. Bulk single crystal and thin film materials usually contain a
strongly conductive layer near the surface [19]. This conductive region affects carrier
concentration determination especially at low temperatures. This is because at low enough
temperatures, the bulk electrons will be frozen out to their donor atoms and thus a difficulty
arises in obtaining the surface donor concentration and shallow donor energy levels. At high
temperatures, conduction is dominated by the bulk electrons and the carrier concentration is
dependent on temperature. As the temperature is lowered, conduction becomes mixed, i.e.
due to surface and bulk electrons within a certain temperature range. The carrier
concentration, n is a minimum within this temperature range. At low enough temperatures,
the sample indicates some degeneracy where the measured carrier concentration becomes
independent of temperature. The carrier concentration measured at these low temperatures is
no longer a volume concentration but a sheet concentration as was indicated by [19]. To
determine a volume concentration, an electrical thickness of the sample must be assigned,
dpuik for the bulk electrons and dg for the surface electrons, such that the sample thickness, d

can be expressed as,
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d =d,,, +d (3.2.28)

surf

At high temperatures, dpyx >> dg¢ and so d,, ~d and thus n_.. =n,, . For the near

meas

surface electrons, the true volume concentration can be obtained from,

=n dbulk
surf — " 'meas” d
surf

(3.2.29)

However, the mobility is not constant at low temperatures. This makes it possible to
determine the surface thickness at very low temperatures and calculate the volume

concentration at these temperatures.

3.3: 1-V measurements on Schottky Barrier Diodes (SBDs).

3.3.1: Introduction.

The performance of a Schottky diode is governed by the quality of the metal and the
semiconductor contact. Contact quality gives information on how good the diode is as a
rectifier. A good rectifying contact is one which should have typically low reverse leakage
current, low series resistance and high barrier height. The information contained in each of
the above mentioned parameters is obtained from the current-voltage measurements through

the analysis of the I-V characteristics of the diode.

3.3.2: Metal semiconductor contacts.

3.3.2.1: Introduction.

Metal semiconductor contacts are a critical component of microelectronics. They are very
important in direct current and microwave applications and also as tools in the analysis of
other fundamental physical parameters [20]. The history of metal-semiconductor contacts
dates back to 1874, when Braun carried out a systematic investigation of rectifying contacts.
He observed the dependence of the total resistance on the polarity of the applied voltage and
the detailed surface conditions. The performance of a metal-semiconductor contact is also
determined by the matching between the Fermi energy levels of the metal and the
semiconductor. A large mismatch in the Fermi-energies of the metal and semiconductor will
result in a high resistance rectifying contact [21]. Metal-semiconductor contacts can be

classified as ohmic and rectifying contacts depending on their response to an applied voltage.
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3.3.2.2: Band bending.
Considering the fact that Schottky contacts are formed from a metal and semiconductor
contacts, with different electronic configurations and band structures, there usually exists a
phenomena known as band bending. This can be explained by using the concept of the
Fermi-levels of the metal and the semiconductor (either n or p-type) involved, being located
at different energies within the energy gap. When a metal is brought into intimate contact
with a semiconductor, at thermal equilibrium, the Fermi levels of the materials must be
coincident (align). If a metal is brought into thermal equilibrium with an n-type
semiconductor, because of the large value of the metal work function compared to the
semiconductor work function, electrons tend to flow from the semiconductor conduction
band into the metal thereby lowering their energies [22]. In so doing, an excess negative
charge builds up in the metal that will repel further flow of electrons from the conduction
band of the semiconductor into the metal. The Fermi level of the semiconductor also falls in
this region, aligning with that of the metal as higher energy electrons in the region adjacent to

the metal would have moved into the metal.
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Fig. 3.5. Energy-band diagram of a metal n-type semiconductor contact with an interfacial

layer of the order of atomic distance.
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The generated electric potential causes the deformation of the energy bands in the
semiconductor near the metal-semiconductor interface, yielding a structure shown in Fig. 3.5.
As electrons move from the semiconductor into the metal, a region depleted of negative
charge carriers and an excess of positive charge in the semiconductor will be created. With a
p-type semiconductor, where &g > ®y, electrons will flow from the conduction band of the
metal to fill the empty valence band of the p-type semiconductor (i.e. acceptor states) created
by p-type doping. This results in a curvature of the bands upwards as the semiconductor
Fermi-level moves up to establish thermal equilibrium with the metal Fermi level. A region,
which is depleted of holes and a potential barrier for holes to reach the interface with the

metal, is established at equilibrium.
3.3.2.3: Ohmic contacts.

An ohmic contact is a metal-semiconductor contact that should ideally have a linear current-
voltage relationship in both biasing directions, i.e. in the forward and reverse bias, minimal,
voltage independent resistance and no tendency to rectify signals (zero or negative Schottky
barrier height [21]) [4]. This contact should be such that no potential exists between the metal
and the semiconductor. Ideal metal-semiconductor contacts are ohmic when the majority

charge carriers provide the charge induced in the semiconductor in aligning the Fermi levels.

vacuum level

__{ e — _T_ﬂ___
92, .
E g |
F
‘ Yy £
g
E,
metal n-type semiconductor
(a) (b)

Figure 3.6. Ohmic contacts to n-type semiconductor. (a) before contact, ®,, <®; (b)

equilibrium band diagram for the contact.

For an n-type semiconductor, the metal work function, @, must be less than that of the

semiconductor, & as in Fig. 3.6a. At equilibrium, electrons are transferred from the metal to
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the semiconductor thereby aligning the Fermi levels. This raises the semiconductor electron
energies (lowers the electrostatic potential) relative to the metal as in Fig. 3.6b, reducing the
barrier to electron flow between the metal and semiconductor, easily overcome by a small
voltage. For p-type semiconductors, the metal work function should be greater than the
electron affinity of the semiconductor such that at equilibrium, charge carriers are transferred
from the semiconductor to the metal. The quality of the ohmic contacts is also affected by
surface roughness of the semiconductor and the electronegativity of the metal [23]. Studies
on M/ZnO contacts carried out by Reddy et al. [23] revealed the dependence of the contacts
on electronegativity. Aluminium acts as a source of electrons as it has a tendency of easily
releasing them because of loose bonds that exist between them due to its low
electronegativity. This causes the current flowing through the junction to follow a thermionic
emission mechanism (Schottky). They also observed good ohmic contacts on metals with
high electronegativities (Sn and Ag). Ohmic contacts can be classified into tunnel, and
annealed and alloyed contacts. Tunnel contacts are the most practical ones with a positive
barrier at the metal-semiconductor interface, but also have enough doping in the
semiconductor such that there is only a thin barrier separating the metal from the
semiconductor. For easy tunnelling of carriers, the width of the depletion region must be of
the order of 3 nm or less and the doping density should be 10* cm™ or higher [21]. Non-
alloyed ohmic contacts with low specific contact resistance are essential for shallow junction
and low voltage devices [24]. Annealed and alloyed contacts are achieved by treating the
contacts at high temperature environments so that the deposited metals can alloy with the
semiconductor. The selection of a metal with the right work function cannot result in the
expected ohmic contact due to the pinning of the Fermi level at the interface caused by
surface states. This will in turn result in a tunnel contact as a viable low resistance contact. To
further reduce the resistivity and the unintentional barrier of this contact, annealing at suitably
high temperatures in a forming gas is required for the metal to diffuse into the semiconductor,
forming a thin highly doped region as desired for a tunnel contact [21]. The contact resistance
is defined at zero bias as [20],

0
1l

"
] (Wl_o (3.3.1)
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3.3.2.4: Schottky contacts.

A Schottky contact is a metal-semiconductor contact which has a tendency to rectify signals
in the forward biased mode and allows negligible or no current to flow in the reverse bias. An
ideal Schottky contact is formed when a difference in potential, ignoring the effects of
surface and interface states, exists between the Fermi energy of the metal and the band edge

where majority charge carriers reside, as shown in the flat band diagram of Fig. 3.7.

vacuum metal semiconductor

e

metal n-type contact
semiconductor

Figure. 3.7. Flatband diagram of a metal/n-type semiconductor contact at equilibrium.

This potential difference constitutes the barrier height, @, of a metal-semiconductor contact,

given by [20]

q)Bn = q)m —Xs (332)
for an n-type semiconductor, where @, is the metal work function, y is the electron affinity

of the semiconductor. For a p-type semiconductor, the barrier height can also be written as,

Dy, =—+ 5 — P (3.3.3)
q
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where Eq is the energy gap of the semiconductor, q is the electronic charge, positive for holes.

Barrier heights obtained from this method are said to be ideal, as in real contacts, chemical
reactions, interfacial layers and surface states affect the size of the barrier height. The latter
mentioned effects alter the barrier height, making it difficult to obtain good rectifying metal
semiconductor contacts on ZnO.

3.3.2.4.1: Forward biasing.

Applying a forward biased voltage, the Fermi level moves up, pushing the conduction band
of the semiconductor to a higher energy level thereby reducing the potential barrier. Electrons
now have higher energies and can now cross over the barrier with little ease as the potential
barrier and hence depletion width will be collapsed. A large current due to the majority

charge carriers flows through the device.

+ v -

\ %g%' " E,
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metal semiconductor

Figure 3.8 : metal-n-type semiconductor Schottky contact under forward bias.
3.3.2.4.2: Reverse biasing.

With an externally applied reverse bias voltage, the Fermi level in the semiconductor material
is lowered in energy relative to the one in the metal. This results in the lowering of the energy
levels of the valence and conduction bands. The potential barrier increases and charge
carriers now have difficulty in crossing the barrier at the interface between the metal and the
semiconductor as shown in Fig. 3.9. The depletion width also increases. Thus in the reverse

biased mode, very little or negligible current flows through the device.
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Figure 3.9 : metal-n-type semiconductor Schottky contact under reverse bias.
3.3.3.1: Surface cleanliness.

In the fabrication of metal-semiconductor contacts, the performance of the device is
determined by the Schottky barrier height (SBH) which is a measure of the mismatch of the
energy levels for majority carriers across the interface [25]. Since the SBH is of vital
importance as it controls the electronic transport across the metal semiconductor interface,
there is need to ensure that its magnitude is maximum i.e. a need to ensure that the mismatch
is minimum. Under ideal conditions, i.e. in a vacuum, the SBH is given as in equation (3.3.2)
and (3.3.3) [20] for a metal-n-type semiconductor contact and metal-p-type semiconductor
contact, respectively. This is only achievable if the semiconductor surface is free from
impurities, dangling bonds, surface states and interface states. The latter mentioned factors
modify the structure of the semiconductor surface as they either increase or decrease the size
of the SBH. Experiments have shown that the measured SBHs have a strong dependence on
the preparation of the metal-semiconductor interface [25]. Equations (3.3.2) and (3.3.3)
indicate the dependence of the SBH on the metal work function. Although it has been shown

that metals with high work functions have systematically larger SBHs than those with low
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work functions, the actual dependence observed is much weaker than that predicted by the
Schottky-Mott theory [25], i.e.

oDy .
<< (3.3.4)
o,

So =
where Sg is the interface behavior parameter or the S-parameter of the semiconductor. The
nature of the semiconductor surface is determined by the cleaning procedures used prior to
Schottky contacts deposition. These in turn affect the nature of the metal semiconductor
interface when a metal is deposited onto the semiconductor. The resulting interface structure
is controlled by the nature of the bonds (broken or formed) during etching of samples in acids
and the ones formed by depositing the metal. When a metal is deposited onto the
semiconductor, because of the difference in the electronic structure of the two materials, a
significant redistribution of charge is expected to take place due to the overlap of wave

functions from the two different materials [25].
3.3.3.2: Surface states.

Schottky barrier heights in practical metal semiconductor contacts are affected by the
processes that take place at the interface. As mentioned in the previous section, the charge
redistribution is also affected by the presence of surface states also known as Tamm-
Shockley states. These are electronic states often found on the surface of a semiconductor
formed due to a sharp termination of solid material that ends with a surface. This surface
termination introduces incomplete covalent bonds at the surface [21] leading to a change of
the electronic band structure from the bulk material to the vacuum. Electron energy levels
within the bandgap of the semiconductor are now created which can be either donor states or
acceptor states depending on whether or not they are neutral when occupied [21]. During
metal deposition, because of the incomplete covalent bonds, in trying to establish thermal
equilibrium between the metal and semiconductor, some electrons from the semiconductor
valence band will have to fill the vacant states in the semiconductor atoms and to maintain
charge neutrality at the semiconductor surface [20], leading to the pinning of the Fermi-level.
For a semiconductor with acceptor surface states whose density of states is given by D,
where Ds is constant over the energy range from q@, to the Fermi level, the surface state

charge density is given by [20],

st = _qu Eg _qcDO _qq)Bn _qu) (335)
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where A® is the Schottky barrier lowering, @, is the energy level at the surface, qd,, is the

barrier height of the metal-semiconductor contact as in Fig. 3.5.
3.3.3.3: Fermi level pinning.

This is determined by, and depends on the position and concentration of the surface states in
the band structure of the semiconductor. When a metal is brought into intimate contact with
the semiconductor, thermal equilibrium has to be established [20] resulting in band bending.
In the presence of surface states, electrons from the valence band of the semiconductor will
be trapped by these vacant states. This occurs until the Fermi-level coincides with the level to
which the surface states are filled [21, 25]. This is what is known as Fermi level pinning. A
natural surface depletion of the semiconductor occurs and at the same time, a potential across
the semiconductor is established resulting in a barrier height independent of the metal work
function. The resulting SBH and built-in potential, Vs can be obtained by using the Bardeen
model [26] as,

O =P, — Dy, +€V;,

q) —
V ——n X Ly (3.3.6),

S 1

e

(for a model that fills the semiconductor bandgap near the interface with a distribution of
electronic states with a density Ngs and charge neutrality position Pg), where @, is the metal
work function, &so and ys are the work function and the electron affinity of the
semiconductor, respectively and e is the absolute value of the electronic charge. V; is the

voltage drop (potential) due to the surface states.
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3.4: Temperature dependence of IV measurements on Schottky barrier

diodes.

3.4.1: Introduction.

In determining the Schottky barrier height, @, of metal/semiconductor contacts, general 1-V
and capacitance-voltage (C-V) measurements are usually employed at room temperature,
which use the assumption that only thermionic emission is responsible for the flow of
electrons across the potential barrier. At different temperatures, different current transport
mechanisms (e.g. generation recombination and tunneling) also contribute towards the
movement of electrons within the depletion region and across the barrier in Schottky contacts
[27]. There is a need to consider these effects when evaluating the SBH of metal-
semiconductor contacts at various temperatures. The equations usually used for the
determination of the barrier height according to Schroder [1], indicate the dependence of the
barrier height on the saturation current, I
o, - kT o AATT?
g I

where A is the diode area and A™ is the effective Richardson constant.

(3.4.1)

This method of computing the barrier height assumes pure thermionic emission over the

I =1 {exp(%j—l} (3.4.2)

This approximation factors out the effect of the series resistance, Rs and the ideality factor, n.

barrier, such that,

The value of the barrier height determined using this method is for zero bias [1]. According
to Schroder [1], there usually exists an uncertainty brought about by the use of an incorrect
value of A”". The Richardson constant has a tendency of varying with temperature, and so
there is also need to know the actual value of the constant in a range of temperatures in which
the barrier height is being evaluated. Different values of the Richardson constant have been
obtained by different researchers [28,29,30,31,32] using different temperature ranges. From
equation (3.4.1), since A” appears in the ‘Iz’ term, an error of two would mean the value of

@y, will be affected by a factor of 0.7kT/q [1]. If we can include other current transport
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mechanisms, to make the diode non-ideal, i.e. n > 1, the series resistance and the ideality

factor need to be factored into equation (3.4.2) [33]:

I =1, exp{%}{lexpw} (3.4.3)

KT

where

I, = AAT? exp(%} (3.4.4)

Equation (3.4.3) is commonly used in computing the values of I and @&, providing n < 1.1.
As soon as the thermionic emission is no longer the only dominant mechanism or the series
resistance is too large, the ideality factor n increases. By extrapolating the semi-logarithmic
plot of the general I-V relationship, the saturation current is obtained as the intercept on the
vertical axis acceptable when the pure thermionic emission vanishes and therefore no
physical interpretation in calculating @, from (3.4.4) is justified [33]. In this section, an
outline on the effects of temperature on current transport mechanisms and the calculation of
the barrier height and the Richardson constant on metal-semiconductor contacts are

presented.

3.4.2: Current transport processes.

In metal-semiconductor contacts, unlike in p-n junctions, current flow is due to majority
carriers that can be either electrons or holes passing through the potential barrier [20]. There
are four main mechanisms by which carrier transport can occur in Schottky barriers in the
forward biased direction [20, 34]. These are thermionic emission over the potential barrier,
carrier tunneling through the potential barrier, carrier recombination and/or generation in the
depletion region and carrier recombination in the neutral region, of the semiconductor, which

is equivalent to minority-carrier injection.

3.4.2.1: Thermionic emission current.

This type of current flows through the metal-semiconductor device operated at moderate
temperatures, e.g. room temperature [20] and is based on the theory derived by Bethe using

the assumptions that the barrier height q@y is much larger than kT, thermal equilibrium is
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established at the plane that determines emission, and the existence of a net current does not
disturb thermal equilibrium so that one can superimpose two current fluxes. This theory
assumes that when a forward potential, V is applied, electrons with energy larger than the top
of the barrier will cross the barrier provided they move towards the barrier [21]. The actual
shape of the barrier profile is immaterial [20] and therefore can be ignored so that current

flow solely depends on barrier height. The current density can now be expressed as:

Jom= [ avdn (3.4.5)

Er +qdg
where Eg + q@, is the minimum energy required for thermionic emission into the metal, and
vy IS the carrier velocity in the direction of transport. In an incremental energy range, the

electron density is given by,
dn=N(E)F(E)dE

47z (2m*)”
T

where N(E) and F(E) are the density of states and the distribution function, respectively, m” is

JE—E, exp[-(E—E, +qV,)/KT]dE (3.4.6)

the effective mass of the semiconductor, and qV, is (Ec - Ef). E is the energy of the electrons.
Postulating that all the energy associated with the charge carriers in the conduction band is

Kinetic energy, then

E-E. = Ly
2
dE = m°vdv

JE-E. =w/m' /2 (3.4.7)

Equation (3.4.6) can be written as

% 3 E
dn=2| ™ exp| — av, exp| — MY\ 47vidy (3.4.8)
h KT 2KT

This equation gives the number of electrons per unit volume that have speeds between v and

v + dv distributed over all directions [20]. Resolving the speed into components with the x-

axis parallel to the direction of transport, we have
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Vi SV VD VS (3.4.9)
Using the transformation 4m/°dv = dvydvydv,, we obtain from equations(3.4.5), (3.4.8) and
(3.4.9)

4zqmk? A m'vZ2,
NI :(”qTJTZexp(— ?(T jexp{— T j (3.4.10)

The velocity vy is the minimum velocity required in the x-direction to surmount the barrier

and is given by

%m*VEX —qV, -V (3.4.11)

where Vy,; is the built in potential at zero bias. Substituting (3.4.11) into (3.4.10) yields

4qm’k? q Vv, +V, Vv
el 5 ()

. y (3.4.12)
=AT? exp(—q—B)exp(q—)
KT KT

where @, is the barrier height which is equal to the sum of V, and Vi and A" is the effective

Richardson constant for thermionic emission, neglecting the effects of optical phonon

scattering and quantum mechanical reflection, and is given by

Arqm’k®
= h—3

Since the barrier height for electrons moving from the metal into the semiconductor remains

A’ (3.4.13)

the same, the current flowing into the semiconductor is thus unaffected by the applied voltage
[20]. It must therefore be equal to the current flowing from the semiconductor into the metal
when thermal equilibrium prevails (i.e. when V =0). The corresponding current density is
thus,

qPg

Jys =—AT? exp[—Fj (3.4.14)

The total current density is given by,
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‘]n = ‘Js—>|v| +‘]M—>S

| a2 P, Qv )
:Jn_{AT exp( T ﬂ{exp(—kTJ 1} (3.4.15)
_ v
J, =J¢g {exp( T J 1} (3.4.16)

where Jst is the saturation current density of thermionic emission given by,

Jo = AT? exp(—%} (3.4.17)

Equation (3.4.16) gives the current density of an ideal diode. To make the diode non-ideal,
the series resistance, Ry and the ideality factor, n need to be factored into equation(3.4.16).

The resulting expression becomes,

3= expl YR e AV IR (3.4.18)
n T O T P KT o

The ideality factor is calculated as the gradient of the slope of the linear region of the semi
logarithmic I-V plot and is given by [20, 29],

q[ av ] (3.4.19)

n=—
kT{d Inl

The series resistance is obtained from the deviation of the semi logarithmic I-V plot from

linearity at high currents [1] as,

R =2V (3.4.20)

3.4.2.2: Generation recombination current.

This current is due to the generation and recombination of carriers within the space charge
region, mainly at low temperatures [35]. Recombination in the space charge region normally
takes place via localized states [35]. The most effective centres are those with energies lying
near the centre of the forbidden gap. Recombination occurs in two main processes, i.e. direct
and indirect recombination [4]. In direct recombination processes, an electron can fall from

the conduction band and recombines directly with a hole in the valence band. This can also
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be referred to as band to band recombination. This process is usually common as radiative
transitions in direct bandgap semiconductors. Energy conservation for this process is ensured
by the fact that electrons and holes recombining are located close to the band edges of the
semiconductor. In indirect recombination, an electron can fall into a trap where it can
recombine with a hole afterwards. This is also known as trap-assisted recombination [21].
Since generation/recombination processes require the conservation of energy and momentum,
the event requires a third partner which allows the conservation of momentum [36]. This
third partner is a lattice defect, most commonly an impurity atom with an energy state deep in
the bandgap i.e. not close to the band edges. As electrons are undergoing transitions from the
conduction band to the valence band, they fall into the trap until the trap gets filled up such
that it does not accept electrons any more. Once this occurs, the electron occupying the trap
can in a second step fall into the valence band, thereby completing the recombination process.
Recombination is now determined by the deep states and is no longer an intrinsic or doping
dependent property. The theory of the current due to this type of recombination in Schottky

diodes is similar to that of an ordinary p-n junction [35], and the current density at low

qV qV
J =1J — |{1- - 3.4.21
tuon{ 2 o) pazs

whereJ,, =qn.w/2z, n; is the intrinsic electron concentration, proportional to

forward bias is given by,

exp —QgE, /2kT , w is the depletion width and 7, is the lifetime within the depletion width.

Equation (3.4.21) is derived by assuming that the energy levels of the trap centres coincide
with the intrinsic level, E;, the capture cross sections for electrons and holes are equal and

that the centres are distributed in a spatially uniform manner [35].

3.4.2.3: Quantum mechanical tunneling.

Basically, in heavily doped semiconductors, and low temperature operation, tunneling current
is usually the dominant transport mechanism [20]. At low temperatures, the Fermi level of the
semiconductor moves up thereby reducing the barrier height. Considering the wave nature of
electrons, the barrier becomes very thin and compatible with the wavelength of these
electrons, i.e. their energies will be large enough to allow tunneling from the semiconductor

into the metal as their energies will be too low for them to cross over the barrier. Tunneling is

41



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

Ot

also promoted by the existence of interface states on the metal/semiconductor contacts [37].
These interface states lead to the existence of a Gaussian distribution of barrier heights, i.e.
low and high barriers embedded on a uniform barrier [27]. As the current flows through such
a contact, charge carriers will follow a path which is easier for them to cross the barrier, as a
result, they will tunnel through the low barrier areas resulting in a tunneling current.
According to Rhoderick [35], tunneling of carriers in heavily doped (degenerate)
semiconductors at low temperatures modifies the usual thermionic emission process into field
and thermionic field emission. If current flow in the forward bias is a result of electrons
having energies almost equal to the Fermi energy level tunneling through the barrier, the
process becomes field emission. Considering the high doping densities of the semiconductor,
the barrier is sufficiently narrow at or near the bottom of the conduction band for electrons to
tunnel directly [1]. Raising the temperature but not high enough to give electrons enough
energy to go over the barrier, excites carriers to higher energies, increasing the tunneling
probability very rapidly and charge carriers will ‘see’ a thinner and sufficiently narrow
reduced barrier for easier tunneling [1, 35]. However, the number of excited electrons
decreases very rapidly with increasing energy, and the contribution to the current by carriers
with energy above the bottom of the conduction becomes a maximum. This mechanism is
referred to as thermionic field emission. In the case where the tunneling current dominates

the current flow, the transmission coefficient is given by [20],

Tn ~6Xp[——q§ B”] (3.4.22)

00

where Eqo is the characteristic energy level given by [1],

h , N
Ee = qT - _nlz* (3.4.23)

The tunneling current density is given by [20],

3, = exp[—%] (3.4.24)

00
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3.4.3: The Richardson constant

The determination of the barrier height in metal semiconductor contacts, assuming pure
thermionic emission and no series resistance is basically dependent on the saturation current,
and the Richardson constant, A" as shown in equation (3.4.4). There usually exists uncertainty
due to the use of an incorrect value for A" [1]. From equation (3.4.13), the Richardson
constant depends on the electron effective mass. In turn, the electron effective mass is
dependent on temperature as it is influenced by the temperature variation of the energy gap
[38]. Thus the Richardson constant has a tendency of varying with temperature, and so there
is a need to know the actual value of the constant in a range of temperatures in which the
barrier height is being evaluated [27]. Different values of the Richardson constant have been

obtained by different researchers [28, 29, 32] using different temperature ranges.

The Richardson constant can be obtained experimentally from I-V measurements by

linearising equation (3.4.4). This linear relationship yields an equation of the form,

|n(%)=|n AA" —% (3.4.25)

where I is the saturation current, obtained as the intercept on the vertical axis of the semi-
logarithmic 1-V plot, T is the temperature in Kelvin, A is the cross-sectional area of the

Schottky contact, @ is the barrier height and A™ is the Richardson constant. The numerical

value of A" can be obtained from a linear plot of In I_/T? against 1000/T as the

intercept to the In 1_/T? axis, i.e.

A = ex'i(c) [ AK 2em2 (3.4.26)

where c is a constant (y-intercept). In the case that A” is not determined experimentally,
published values are used. However, this assumption is not good enough as A" depends on
contact quality [27], which involves the surface cleaning procedure during contact
preparation, and sample annealing temperature [1]. A even appears to depend on the metal
thickness and metal deposition method [39]. Rhoderick [35] also suggested the dependence
of A" on an insulator layer which can be an oxide layer formed between the metal and the
semiconductor during contact fabrication. The use of an incorrect value of A" can adversely
affect the value of the Schottky barrier height, @y. In the determination of the Richardson

constant, the latter mentioned effects influence the measured values of the saturation current
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as the barrier will be modified, leading to an incorrect value of A™ . The deviation of A" from
the correct value due to the mentioned effects can be said to be an effect of contact barrier

inhomogeneity [29].

3.4.3.1: Barrier Height inhomogeneities

The barrier height of a metal-semiconductor contact can be easily modified by the nature of
the contact. This modification leads to what is known as barrier inhomogeneities. This has
been explained by some researchers [42, 43] as a situation in which the contact consists of
low and high barrier areas at the interface mainly due to the formation of different insulative,
oxide layer thicknesses between the metal and the semiconductor [27]. As a result of these
potential fluctuations at the interface, the current flowing through the diode will flow
preferentially through the lower barriers in the potential distribution [40]. To obtain a
corrected value of the Richardson constant, barrier height inhomogeneities correction needs
to be effected as was suggested by [29, 40, 41]. Usually, the barrier height obtained from
equation (3.4.4) is called the apparent barrier height, which depends on the electric field
across the Schottky contact, and consequently on the applied bias [29]. However the barrier
height obtained under flat-band conditions is considered to be a real fundamental quantity. As
opposed to the case of the zero-bias barrier height, the electrical field in the semiconductor is
zero under the flat-band conditions. This eliminates the effect of image force lowering that
would affect the I-V characteristics and removes the influence of lateral inhomogeneity [29].
In addressing the observed abnormal deviation from classical thermionic emission theory, we
need to consider a system of discrete regions of low barrier imbedded in a higher background

uniform barrier [42,43]. These behaviours can be explained by assuming that the distribution
of the barrier heights is a Gaussian distribution of SBH with a mean value of ® and standard

deviation o, which can be given by [44, 45],

— 2

o, -
P® = L exp| — ° 2b
o.N2m 20,

(3.4.27)

where ]/ o, 27 is the normalization constant of the Gaussian barrier height distribution. The

total I (V) across a diode containing barrier inhomogeneities can be expressed as [29]
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+o0

(V) = _[I(cDb,V)P(CDb)dCDb (3.4.28)

—0

where I(®y,V) is the current at a bias V for a barrier height based on the ideal thermionic
emission-diffusion (TED) theory and P(@®y) is the normalized distribution function giving the
probability of accuracy for barrier height. Substituting equation (3.4.18) for I(®y,V) and
equation (3.4.27) for P(dyp) in equation (3.4.28), we obtain the current, 1(V) through the

Schottky barrier at a forward bias V but with a modified barrier as [29]

qVv qVv
1(V)=1I 1- B 3.4.29
V) sexp[nakaJX[ eXp( T ﬂ ( )
with
. qd
| = AA"T?exp| -—=2 3.4.30
s p[ T ] ( )

where na, and @5, are the apparent ideality factor and apparent barrier height at zero bias,
respectively, given by [46]

Iap = _mb T=0)" 2k_|_‘ (3.4.31)
and
1 4,
—1l=p. = 3.4.32
[nap J Pe 2KT ( )

We need to assume that the mean Schottky barrier height ®, and o5 are linearly bias-
dependent on Gaussian parameters, such that ®, =®,, +p,V and standard deviation

o, =0, +pV ,Where @, is the barrier height at temperature T = 0 K, p, and pj are voltage

coefficients which may depend on temperature, quantifying the voltage deformation of the
barrier height distribution [46]. The temperature dependence of o5 is small and therefore can
be neglected [47]. The decrease of zero-bias barrier height is caused by the existence of the
Gaussian distribution and the extent of its influence is determined by the standard deviation
itself [29, 40]. The existence of the barrier inhomogeneities affects the current transport of
electrons across the Schottky barrier. Since at low temperatures, charge carriers have very

low energies to surpass the energy barrier, tunneling of electrons is the dominant process.
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Due to the fact that the barrier is non homogeneous, further tunneling through the low barrier
areas leads to the deviation of the barrier height from the value that could be obtained for a
uniformly distributed barrier at the metal-semiconductor interface [27]. It is often noted that
the Gaussian distribution effect is very common at low temperatures [40] since tunnelling is
very common. A fit for the variation of the apparent ideality factor with temperature, which
obeys equation (3.4.32), must be linear and the voltage coefficients, p, and p3 can be obtained
as the intercept and gradient, respectively. The linear behavior of the plot indicates the
voltage deformation of the Gaussian distribution of the SBD [29]. Fitting of experimental
data using equations (3.4.4) or (3.4.30) gives the value of the apparent barrier height, which
should obey equation (3.4.31). The extent of the barrier inhomogeneities can be measured by
the magnitude of oy, as from the standard deviation, os. The lower the value of oy, the more
homogeneous the barrier height is and the better the diode rectifying performance.

3.4.3.2: The modified Richardson constant

After performing the barrier inhomogeneities correction, the Richardson constant will be
modified to get a more corrected value, A”. A modified plot is obtained by modifying
equation (3.4.25). This is achieved by combining equations (3.4.30) and (3.4.31) such that,

- ch> q20'2
| = AA"T?exp| -——2 + S0 3.4.33
s p[ KT — 2k’T? ( )
and
I qZUZ ok q&)a
In| = |- © 1=ln AAT ——2 3.4.34
[sz (Zszz] kT ( )

where A” is the modified Richardson constant. A plot of the modified

In 1./T? — q°c2/2k®T? wversus 1000/T yields a straight line with the slope giving the

mean barrier height and the intercept giving the modified Richardson constant.
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3.5: CV measurements on SBD.

3.5.1: Introduction.

The barrier height of a metal-semiconductor contact can be determined by the capacitance
measurement [20]. The capacitance voltage technique relies on the fact that the width of a
reverse biased space charge region of a semiconductor junction device depends on the
applied voltage [1]. If a small ac voltage is superimposed upon a dc bias, charges of one sign
are induced on the metal and charges of the opposite sign in the semiconductor. This creates a
region, which is depleted of charge carriers called the depletion region. Since we have charge
carriers on either side of the depletion region, the junction forms a parallel plate capacitor
with the depletion region acting as a dielectric. A small signal capacitance is generated under

reverse biasing conditions.

3.5.2: The depletion width approximation.

The knowledge of impurity distribution in a semiconductor is essential for designing
semiconductor devices, especially for obtaining fundamental relations between different
device parameters that dictate device characteristics [48]. This is also important in improving
semiconductor device operation. There is need for a technique that can be used to determine
the correct profile. The most commonly used is the C-V profiling technique that makes use of
the differential capacitance. The analysis of the technigue is usually done using the depletion
approximation, in which the semiconductor is assumed to be divided into two distinct
regions, a layer that is entirely depleted of carriers (directly below the metal) and an interior
region of perfect charge neutrality, and in which no electric field exists. The charge density
p(x) in the depletion region where there are no electrons in the conduction band is given by
gNp. If the depletion width is w, the charge density in the semiconductor can be written as [4,
20],

N, if x<w
P X ={q P (3.5.1)

0 if x>w

where Np is the donor concentration.

3.5.3: The built-in potential.
The presence of an electric field across the depletion region results in a potential difference
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across the metal-semiconductor junction. The shape of the band edge profiles can be
calculated by solving Poisson’s equation under certain boundary conditions. The first
condition being obtained from the barrier height while the second is that there is no electric
field in the bulk of the semiconductor. Choosing x = 0 at the interface, the boundary
conditions can be written as V(0) = Vg4 and E(e0) = 0 for the solution of Poisson’s equation in

the semiconductor, which can be written in the one dimensional case as

dv 1
dX2 :g_p X (352)

5
where p(x) is the total charge density in the semiconductor at a depth x and & is the
permittivity of the semiconductor. Generally, contributions from the wvalence band,
conduction band, ionized donors and acceptors and deep levels in the semiconductor should
be taken into account. This, however, leads to a more complicated equation that can only be
solved numerically. Simplification of the equation can be made by use of the depletion
approximation discussed in the previous section. Integrating equation (3.5.2) twice and

applying the boundary conditions yields the depletion region width as [4],

w= /2‘9—\/*’ (3.5.3)
aNp

while the electric field and built-in potential in the depletion region are given by

(3.5.4)

and

V(X) =—qZI\ITD(W—x)2 (3.5.5)

3.5.4: The depletion capacitance.
Consider a metal/n-type Schottky barrier diode. The semiconductor is n-type doped with
doping density Np. If a dc bias produces a space charge region of width, w, then the

differential or small signal capacitance is given by,

_dQ, _ dQ, (3.5.6)
VALY,

where Qn and Qs are the metal and semiconductor charges, respectively. The negative sign
accounts for the negative charge in the semiconductor space-charge region (ionized
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acceptors) for positive voltage on the metal for reverse bias. A small-amplitude ac voltage of
frequency typically 10 kHz to 1 MHz [1] is superimposed onto the dc voltage to determine
the capacitance. Suppose an ac voltage is increased from zero to small positive voltage
amplitude adding a charge increment dQ, to the metal contact. For overall charge neutrality,
the charge increment dQ,, must be balanced by an equal semiconductor charge increment dQs.

The semiconductor charge is given by,

Q, :qu(p—n+Ng—N;)dXz—quNDdx (3.5.7)
0 0

where the approximation gives Na = 0 and p~n=0 in the depletion approximation [1],

assuming all donors are ionized. A is the electrically active Schottky contact area, p is the

hole concentration and n is the electron concentration.

It is important to note that for acceptors and donors with energy levels deep within the

bandgap, the true doping density profile may not be measured.

The charge increment is as a result of the slight increase in the space-charge region width.
Combining equation (3.5.6) and (3.5.7) gives the depletion capacitance as
dQ,

d dw
C=——==0gA— |N,dx=0gAN, (W)— 3.5.8
dquVOjD 9AN, (W) (35.8)

This expression has been obtained by assuming a constant donor concentration, i.e. no
variation in Np over the distance dw. The capacitance of a reverse biased junction, if
considered as a parallel plate capacitor is given by

_ K &y A
W

C (3.5.9)

where «; is the semiconductor dielectric constant.

Differentiating equation (3.5.9) with respect to V and substituting for dw/dV in equation
(3.5.8) yields,

C? 2
qi,g,A°dC/dV  qi,e,A*d(1/C?)/dV

N, (W) =— (3.5.10)
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using the identity d(1/C?)/dV =—(2/C*)dC/dV . Equations (3.5.9) and (3.5.10) are key for
doping profiling [1]. A plot of 1/C? versusV yields a straight line where the doping density

can be calculated from the gradient. The intercept on the V-axis gives the built-in potential.
The depth at which the doping is evaluated is obtained from equation (3.5.9). The ambiguity
of the space charge region width for a Schottky barrier diode is eliminated by the fact that it

spreads into the substrate. In the metal, space-charge region spreading is totally negligible

[1].

3.5.5: The image charge and the image force

From the Schottky effect, i.e., under an applied electric field, an image-force induced
lowering of the potential energy for charge carrier emission will be created. We need to
consider a metal-vacuum system. We define the minimum energy required to remove an
electron from the Fermi-level into vacuum as the work function of the metal, g@y, whose
value is generally sensitive to surface contamination [20]. Suppose an electron is at a distance
x from the metal surface, a positive charge will be induced on the metal surface. There exists
a force of attraction between the induced positive charge on the surface of the semiconductor
and the negative charge in the metal which is equivalent to the force that would exist between
an electron at x and a positive charge at —x. The induced positive charge is called the image

charge and the attractive force is called the image force, given by,

-q’ -q’
" e, (2x)F 167g,X°

(3.5.11)

where g, is the permittivity of free space. The work done by an electron by transferring it

from infinity to a point X is given by,

2

PE(x) = [Fdx =1

3.5.12
167g,X ( )

This energy in equation(3.5.12) corresponds to the potential energy of an electron at a

distance x from the metal surface.

Under an applied external electric field, the total potential energy as a function of distance

measured from the surface of the metal is given by,
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<

2
PE(X) = 160' -+ agx (3.5.13)

&y

where & is the electric field strength. The image force lowering also called the Schottky

barrier lowering, A¢ and the location of the lowering X, are given by the condition

x = |9 (3.5.14)
\ 167z,

ds

4rs,

dPE(x)/dx =0 or

Ap = = 26X (3.5.15)

The maximum potential energy occurs at a position x, where the resultant electric field
vanishes; where the field due to the image force is equal and opposite to the field in the
depletion region. Applying the Schottky effect to metal-semiconductor contacts and
performing the same analysis, assuming that there is no interfacial layer between the metal
and the semiconductor, it follows that the induced or image charge will be located at a
distance xn in the semiconductor. Replacing the electric field by the maximum field at the
interface, and the permittivity of free space by the appropriate permittivity characterizing the

semiconductor medium, ¢, , the Schottky barrier lowering is given by,

A= | = (3.5.16)

The value ¢, may be different from the semiconductor static permittivity, i.e. if during the

emission process, the electron transit time from the metal semiconductor interface to the
barrier maximum, Xy, is shorter than the dielectric relaxation time, the semiconductor medium
does not have enough time to be polarized and smaller permittivity than the static value is
expected [20, 35]. Since the barrier lowering is dependent on the applied electric field,
different values are expected under different biasing conditions of the metal-semiconductor
contacts. The effect of the barrier lowering on the band diagram of metal-n-type
semiconductor material is shown in Fig. 3.10. Though the barrier lowerings shown in Fig.
3.10 are small, they have profound effect on the current transport processes in metal-

semiconductor systems [20].
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E(V>0)

E (V=0

E (V=0)

metal semiconductor

Fig. 3.10: Energy band diagram for a metal-semiconductor contact incorporating the

Schottky effect under different biasing conditions. The intrinsic barrier height isqd,,. The
barrier height at thermal equilibrium isq®,,. The barrier lowerings under forward and

reverse bias are A®.and A®,, respectively.

3.5.6: Barrier height determination.

The Schottky barrier height of a metal-semiconductor contact can be conveniently
determined by the capacitance-voltage measurement technique. This technique uses the
concept of the induced or image charge in the metal and semiconductor [20]. In adopting this
type of method for barrier height determination, one should assume the diode to be nearly
ideal such that the doping concentration remains uniform in the semiconductor [35]. This

method cannot be applied in a situation where the semiconductor is degenerate, doping is not
constant, such as during ion implantation and component diffusion as the1/C? versusV plot

deviates from linearity. The built in voltage, Vy; is obtained directly as the intercept on the

voltage axis.

The barrier height can now be calculated as,
®,, =V, +V, + KT _ AD (3.5.17)
q
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where V; is the voltage intercept interpreted as the built in voltage, V, is the depth of the
Fermi level below the conduction band which can be computed if the doping concentration is
known. From the slope, the doping concentration is obtained using equation (3.5.10). A® is
the Schottky barrier lowering. The depth of the Fermi level below the conduction band is

given by,
E.—-E N
vV =——F :k—TIn (—Cj (3.5.18)
q q Np
where Nc is the density of states in the conduction band and is given by [4],
T V72
2z7m KT
N, = 2[ 2 J (3.5.19)

where m’ is the electron effective mass, k is the Boltzmann constant, T is the Kelvin
temperature and h is the Plank’s constant.

3.5.7: Frequency dependence of the Schottky barrier height.

As mentioned in the previous section of this chapter, barrier height determination in metal-
semiconductor contacts can be influenced by the barrier capacitance. In metal-semiconductor
systems with traps (and indeed donors and acceptors), the capacitance voltage relationship is
altered as the capacitance becomes frequency dependent. In this scenario, it takes a lot of
time for traps to capture or release charge. Given a situation where the frequency of the
applied ripple voltage is too high, traps cannot charge and discharge in response [49]. This
results in a decrease in the capacitance. The higher the frequency, the lower the average

charge density. Keeping all the other parameters constant in equation(3.5.10), the slope of

1/C? versusV plot becomes greater. Since the barrier capacitance used in plotting the

1/C?versusV plot is dependent on frequency, the barrier height becomes dependent on the

frequency of the applied ripple voltage.
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CHAPTER 4: Experimental Techniques.

4.1: Temperature dependent Hall measurements

Undoped n-type ZnO square samples of orientation 0001 were degreased first in acetone and
then methanol in the ultrasonic bath for five minutes. The samples were then blown dry using
nitrogen. Triangular indium ohmic contacts were then soldered onto the four corners of the
samples as shown in Fig. 4.1 at low soldering temperatures to avoid annealing of the samples

before the measurements were performed,

indium
electrodes

substrate

Fig. 4. 1. ZnO sample used in the TDH measurements with triangular ohmic contacts.

After the soldering of the contacts, the samples were finally mounted onto the sample holder
which allows for the electrical contact with various devices. This holder was then attached to
the shaft of a cryostat powered by a He cycle compressor to achieve the low temperatures
used in the temperature dependent Hall (TDH) measurements. A Gold/ Chrome (0.07%)
thermocouple was fitted to the tip of the cryostat shaft and was in turn connected to a
Lakeshore 332 temperature controller to monitor the temperature. A silicon diode was then
clipped onto the sample holder as it provides a more accurate temperature sensing near the
sample compared to the thermocouple, and this was also connected to the Lakeshore 332
temperature controller. Temperature stabilization at any setpoint was necessitated by means
of a heating element that was connected at the tip of the shaft which was powered by the
temperature controller. The sample holder was isolated from the moisture produced in the

cryostat by covering it with an inner shroud. The outer shroud was also used to isolate the
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cryostat from the atmosphere. The measurements were performed under vacuum provided by
the Varian forepump. A Leybold-Heraeus Thermovac TM 230 was then connected to the
outer shroud to monitor the vacuum during the measuring process. Two magnet poles were
then placed on either side of the sample to provide a probing magnetic field strength of 0.6 T.
An HP 6030A system power supply was used as a current source to the magnet, supplying a
current of approximately 7.29 A, as the voltage was controlled at about 70 V. An inverting
switch was also incorporated into the system so as to invert the magnetic field as the current
source could only supply a positive voltage. An HP 3245A universal current source was also
used to supply the current to the sample. Contact configuration together with voltage
measurement across the sample was achieved by making use of the Agilent 34970A data
acquisition unit. Control of all the other instruments except the magnet switch was done via
GPIB interfacing. TDH measurements in the temperature range 30-330 K were then
performed through the GPIB using an automated program written in LabView ™ [1]. Fig 4.1

gives a schematic diagram of the Hall measurement set up system.

sample holder current
magnets \ ,Jinverter switch
N Current source]
11|11 vacuun[l HP6030A
Varian HP3245A
Forepump| |
current
cryostat
Agilent 34970A] |
voltage GPIB
signal from sensor control
i Lakeshore 332
- 1 Temperature | | Computer
e cycle
com}?}ressor TM 230 |  peafer current LeQutroller

Fig. 4. 2. Temperature Dependent Hall measurement set up system.

Annealing of the samples was done in an oven with a flowing Argon atmosphere ambient at
temperatures ranging from 200 C- 800 C for 30 minutes at any given temperature. After every
anneal TDH measurements were carried out in the 30-330 K temperature range. The Hall
coefficient was obtained directly from experiment by making use of equation (3.2.13). The

carrier concentration and mobility were then calculated from this value. From the mobility-
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temperature plots, the scattering mechanisms can be deduced. The data was then analysed by

fitting a model written in Matlab to the experimental data.

4.2: 1V, CV measurements

4.2.1. Sample preparation

Undoped n-type ZnO from Cermet Inc, U.S were used. The samples were degreased first in
acetone, methanol and treated in peroxide (Chemically Pure, 30% concentrated) at 100°C for
three minutes, prior to Schottky contact deposition. After treatment with H,O,, the samples

were then blown dry with N, gas, immediately followed by contact fabrication.

4.2.2. Contact fabrication
Ohmic contacts of composition Ti/Al/Pt/Au with thicknesses 20/80/40/80 nm were electron
beam deposited on the backside of the samples under a vacuum with a pressure below

1x10°Torr.

polar face (Zn or O)

———T itanium (T1)
Aluminium (Al)
——— Platinum (Pt)
Gold (Au)

Fig. 4. 3. Ohmic contact with composition Ti/Al/Pt/Au and thicknesses 20/80/40/80 nm.

The samples were then annealed in an Argon flowing atmosphere ambient at a temperature of
200°C to obtain an annealed and alloyed contact with low resistance.

Pd Schottky contacts having a diameter of 0.6 mm and a thickness of 1000 A were resistively
deposited under a vacuum of approximately 8x10® Torr on the polar faces of the samples.
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Palladium Schottky
contacts (diameter 0.6 mm)

Bulk ZnO

Fig. 4. 4. Palladium Schottky contacts of thickness 100 nm fabricated using the resistive
evaporation method.

Electrical characterization through 1-V and C-V measurements was conducted at room
temperature in the dark by making use of an automated program written in Labview™. Fig
45 shows a schematic diagram of the 1-V, C-V station used during the electrical

characterization of the samples.

computer

probes
il
i
4140B O 4192 LF impedance
picoameter/DC analyzer
voltage source gold coated table.

Fig. 4. 5. 1-V, C-V station for determining the diode characteristics.

4.3: Temperature dependent IV measurements

The samples used were prepared in a similar way described in section 4.2.2. Bonding of thin
gold wires was carried out on the Pd Schottky contacts using silver paint. The silver paint
was also used on the O-polar face to provide for the ohmic contacts, and the samples were
attached to gold plated ceramic plates. Temperature dependent I-V measurements were

carried out in a He cryostat in the 20 K-300 K range by making use of an automated program
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written in Labview™. From the linear plot of the current versus voltage, the values of the
ideality factor, series resistance, reverse saturation current, generation recombination current
and barrier height were extracted. The current transport mechanisms were also deduced from

the nature of the curves.

4.4: Temperature dependent CV measurements

Sample preparation was done as outlined in section 4.2. Capacitance voltage measurements
were then performed at a frequency of 1 MHz in the reverse bias mode in the -1 — 0 V voltage
range. These measurements were also performed at varying temperatures. The samples were
loaded in the He cryostat. Measurements were then carried out by using an automated
program written in LabView™ in the temperature range 20 —300 K. The barrier height
values were obtained from the linear plot of the1/C? versus V . The carrier concentration was

also obtained from the depth profiling plot of carrier concentration versus depth (microns)
from the surface of the sample.
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Chapter 5: Results and Discussions

5.1: Hall effect measurements on ZnO

5.1.1: Temperature dependent Hall (TDH) measurements on ZnO.

TDH measurements are essential to semiconductor electrical characterization. They give

information about the donor concentrations and energy levels they occupy within the energy

gap of a semiconductor. Information about acceptor concentrations can also be obtained from

these particular measurements. Carrier mobility together with the scattering mechanisms

occurring within the material can also be obtained from TDH measurements. This section

gives a discussion of the results obtained on the melt grown ZnO samples.

5.1.1.1: Carrier concentration-temperature analysis.

Fig. 5.1.1 shows the variation in carrier concentration with temperature for the as-received

melt grown samples obtained from Cermet as determined from TDH measurements between

20 - 330 K.
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Fig. 5.1. 1: Semilogarithmic carrier concentration versus reciprocal temperature for the as-

received ZnO sample in the 20 — 330 K temperature range. Insert shows the variation of bulk

resistivity with temperature.
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It can be clearly observed that the variation in carrier concentration with temperature can be
subdivided into three distinct regions, a, b and c. The region marked a is the high temperature
region which shows a strong dependence of carrier concentration on temperature, b is the
intermediate temperature region which also indicates the dependence of carrier concentration
on temperature, while c gives the low temperature region, in which the carrier concentration
is less dependent on temperature change (degenerate region). The dependence of carrier
concentration on temperature in the three distinct regions can be attributed to the type of
carriers, i.e. either bulk or surface, that contribute to current flow within each particular
region. The problem of the existence of more than one conducting region in semiconductors
has been reported by some researchers [1,2]. In a case where two conducting layers exist in a
semiconductor wafer, the total thickness of the semiconductor material will be given by the
surface thickness, ds,+ and bulk thickness dpuk , d = dpyik + dsurr, With the measured carrier

concentrations denoted by ngyrs and Npyk.

At high temperatures, it is expected that all the donors will be ionized and current flow is due
to bulk electrons, nuu, Which is a volume concentration in cm™. However, there is a
limitation in precisely obtaining the bulk thickness as Hall effect measurements are sensitive
to surface concentrations and not volume concentrations [1]. We can assume that the surface
thickness, dsyrf is very small compared to the bulk thickness as was observed and modelled by
Look et al [3], i.e. dsurf << dpuik and dpuik Will be approximately equal to the sample thickness,
d. In this case, the bulk donor, Np pux and the acceptor Napuik Volume concentrations can be
obtained accurately. Also the donor energy levels Ep puik can be accurately determined.

In region b, conduction is mixed, i.e. both the surface and bulk electrons contribute to current
flow. In region c, conduction is dominated by the surface electrons. This is due to the fact that
at low temperatures, the bulk electrons will be frozen out to their donor atoms since
ionization will be less. This is also evidenced by an increase in bulk resistivity at low
temperatures as in the insert of Fig. 5.1.1. The concentration obtained in this case is a sheet
concentration in
cm™? as the thickness of the surface, ds, is not known. This makes it difficult to obtain the

surface donor and acceptor volume concentrations and the associated energy levels [3].

In this particular analysis, the experimental data was modelled for the carrier concentration
obtained in regions (a) and (b) using a Matlab coded program. The modelling was performed

by assuming that we have two s-like donors whose energy levels are temperature independent
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and one fully ionized acceptor, the position of the Fermi level relative to the valence band can

be estimated by solving the charge balance equation,

k
n+N,=> Nj+p (5.1.1)

i=1

with
N
N/ = o (5.1.2)
OpinT & exp AEy, +1
N KT

where N. is the effective density of states in the conduction band for ZnO, n, is the
concentration of electrons in the conduction band, p is the concentration of holes which is
very negligible compared to that of electrons for n-type material and can be considered to be
approximately equal to zero, AEp; is the energy level of the donor within the energy gap or
position of the donor relative to the conduction band edge (also called the activation energy
of the donor), gpi is the degeneracy factor equal to 2, kg is the Boltzmann constant and T is

the absolute temperature in Kelvin. It follows that,

k
n+N, =Y & No (5.1.3)
i= ) 2 )
! gD| nT eXp AED| +1
N KT
where n is the number of electrons in the conduction band, given by,
. A B
n(ry =1 2M*el |7 oy | EeD=Ee (D) (5.1.4)
4\ rh KgT

where Eg(T) is the band gap energy relative to the top of the valence band. Its temperature
variation has been obtained from Jagadish et al. [5], m” is the electron effective mass of ZnO
which is considered to be isotropic and is corrected for the polar coupling with the lattice.
Once the value of Eg(T) is known the conduction band carrier concentration deduced from
equation 5.1.4 can be compared to the measured carrier concentration, ny and the neutral
donor and ionized donor concentrations can be deduced [4]. Fig. 5.1.2 shows the variation of
carrier concentration with temperature for the modelled data. By assuming two s-like donors

and one acceptor, the model fits perfectly well to the experimental data. VValues of the donor
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and acceptor concentrations deduced from the fit to the data in Fig. 5.1.2 are shown in Table

5.1.1.
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Fig. 5.1.2: Carrier concentration versus reciprocal temperature. Triangles show the
measured carrier concentration, ny meas With the bold line showing the fit to the experimental

data.

Table 5.1.1: Values of the donor concentrations, activation energies and acceptor
concentration for the as-received melt grown ZnO samples. Carrier concentrations are given

in 10'%m™ and energy levels in meV.

Np1(10°cm™)  Epi(meV) Np2(10°cm™)  Epy(meV) Na (10™°cm™)

48+0.3 37.8+0.3 5.7%+03 545+0.9 0.013 +0.001

The two shallow donor energy levels in Table 5.1.1 are not far off from the reported levels in
the 33-35 and 49 — 53 meV ranges [5,6] which have been attributed to native defects in
ZnO, possibly Zn; complexes and H-related complexes. Comparing Ep; to these values, Ep;
can be said to be H-related. The value of Ep; is also in close agreement to a level 60 —
63 meV that was also observed by Look et al. [6] from photoluminescence measurements.

We can also assign Ep, to an aluminium (Al) related defect. The acceptor concentration is
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very low compared to the total donor concentration, (Np; + Np) and so the sample is not

fully compensated.

5.1.1.2: Mobility-temperature analysis.

Fig 5.1.3 shows the variation in the mobility with temperature within the 20 — 330 K.
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Fig. 5.1.3: Mobility-temperature variation for the as-received melt grown ZnO samples.

Measurements performed in the 20 — 330 K temperature range.

The mobility shows temperature dependence within the 20 — 330 K temperature range. A
peak mobility of about 1200 cm?/V/s was observed at about 50 K. Below this temperature, the
ionized and neutral impurities scatter the carriers causing a decrease in carrier mobility.
Above 50 K, the mobility decreases due to the effects of lattice scattering. A mobility of close
to 200 cm?/Vs was measured at room temperature.

The mobility can be modelled by making use of the Brooks-Herring ionized impurity
scattering as was suggested by [3,7]. In the relaxation time approximation (RTA) calculation
of u(T) the current is assumed to flow orthogonal to the ¢ axis according to the experimental
geometry where the neutral and ionized impurities, dislocations, acoustic deformation,
piezoelectric and polar optical potentials are considered as possible scattering centers. The
RTA approach [5] is based on the assumption that each scattering process (j) affecting the
carrier mobility is uncorrelated and can be described by a relaxation time (E) that may

depend on the carrier energy, E. Therefore, in this approximation, the total relaxation time for
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-1
a carrier with energy E (zit(E)) is equal to (Z,— %j (E)) (Matthiesen’s rule). Once tiot(E) IS
known, the Hall scattering factor, ry can be evaluated since:[5]

E
0 3/ v T
<> .E z’ét(E)Eée T dE (5.1.5)

tot
2

[Ewrmt(E)E%e_kBTdE]

b=
<T

tot >

For the neutral impurity scattering, the relaxation time z, is evaluated according to,
m’e’

W= 3 0
807h’gse, | Np

(5.1.6)

where e is the electron charge and ¢ and ¢, are the free space static permittivity and the

relative permittivity for ZnO orthogonal to the c axis, respectively. For the ionized impurity

scattering, tion IS given by,

. 2%

r (E)= 167r\/m—(gogu) E (5.1.7)

(N5+NA)e4[In 1+n +77}

l+n

with
2m'E
77: , . % (518)
#[z Ny -N, |

The Table below shows the constants used in the TDH measurements analysis.

Table 5.1.2: ZnO constants used in the modelling of the TDH measurements data.

Polaron effective mass, m* /m 0.318 | Polar phonon Debye 837

temperature, Tyo(K)

Effective mass energy gap, Eq4(eV) 3.43 Longitudinal elastic constant ¢, | 20.47
(10"°Nm?)

Low-frequency dielectric constant 8.12 Deformation potential E; (eV) 3.8

g0/

High-frequency dielectric constant 3.72 | Piezoelectric coupling constant | 0.21/0.36
€0/€ PL/P]
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By taking into account the scattering due to deformation potential and piezoelectric acoustic
phonons, polar optic phonons, and ionized impurities in ZnO and using Na as a fitting

parameter, the mobility was fitted as in Fig. 5.1.4.
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Fig. 5.1.4: Mobility versus temperature of as-received ZnO samples. Triangles show the

measured carrier mobility, pny meas With the bold line showing the fit to the experimental data.

As depicted in Fig. 5.1.4, the model does not fit perfectly well to the experimental data. More
work has to be done to modify the fit so that it agrees with the experiment. The deformation
potential was also used as a fitting parameter but it didn’t improve the fit to the data. Fitting
of the melt grown ZnO data proves to be difficult as similar problems seem to have been

encountered by other researchers [11].
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5.1.1.3: Annealing studies of ZnO.

5.1.1.3.1: Introduction.

Annealing of ZnO grown by different techniques have been studied by several researchers [1,
8, 9]. Look et al. [1,9] studied the effects of annealing hydrothermally grown ZnO samples in
forming gas and nitrogen, while Kassier et al. [8] also studied the effects of annealing
hydrothermal samples in argon ambient. Kassier et al. [10] also studied the effects of
annealing hydrogen implanted melt grown samples in an argon environment. The motivation
is mainly to study the effects of high temperature annealing on surface conduction in ZnO as
it helps get valuable and important information in device fabrication. We have also performed
annealing studies on as-received melt grown ZnO samples after treating them with hydrogen

peroxide. This chapter gives an overview of our findings.
5.1.1.3.2: Carrier concentration-temperature analysis.

Fig. 5.1.5 shows the variation in carrier concentration with temperature for the samples

annealed in the 200°C to 800°C range in an argon atmosphere with no contacts.
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Fig. 5.1.5 : Carrier concentration versus the reciprocal temperature for the as received melt

grown ZnO sample annealed in an Ar ambient at different temperatures.
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The data as in Fig 5.1.5 can be divided into three distinct regions where conduction can either
be due bulk electrons (a), a combination of bulk and surface electrons (b) and conduction due
to surface electrons (c). Results obtained from the annealing studies of the hydrogen peroxide
treated ZnO samples from Cermet indicate an increase in surface conduction with increasing
temperature since the carrier concentration increases with decreasing temperature. Fig. 5.1.5
shows the results obtained with the bold connecting lines showing the theoretical fits to the
experimental data. It should be noted that the data has been fitted to two donors and a single

acceptor for all the annealing temperatures.

Table 5.1.3 Values of the bulk donor and bulk acceptor volume concentrations for the H,O,

treated annealed melt grown samples.

Annealing Np1 Ep1 Np2 Ep> Na
Temperature(°’C) (x 10cm™®) (meV) (x10%cm®) (meV) (x 10%cm)
Ref(No anneal) 5.3+0.3 39.4+0.3 3.7x0.3 65.8+0.9 1.2+0.1
200°C 6.5+0.3 199+£0.3 74+0.3 50.6 £0.9 39+0.1
400°C 52+0.3 17.8+0.3 8.6 +£0.3 476 +0.9 39+£0.1
600°C 8.7+0.3 50.4 +0.3 21+0.3 33.5+0.9 09+0.1
800°C 9.7+£0.3 47.7+0.3 6.5+0.3 31.8+0.9 20x0.1

From Table 5.1.3, Ep; becomes shallower after annealing the samples at 400°C. The
17.8 meV observed after annealing at 200 °C and 19.9 meV observed after annealing at
400 °C could possibly be a Group | related element. This is in comparison with the 21 meV
donor that was observed by Kassier et al. [8] in hydrothermally grown ZnO after annealing
the samples at 930°C. Since in melt grown samples there are low concentrations of Li, the
two levels could possibly be Na or K related, occupying the Zn sites. After annealing at
600°C the observed donor with energy level, 31 — 33 meV can be said to be Zn; related. The
temperature dependent Hall-effect data for the annealed samples in Fig. 5.1.5 indicate the
dominance of surface conduction in the 20 — 40 K temperature range (region c). At low
temperatures, region c, the shallow donors, Npsuf, and acceptors, Nasuf can be deduced by
first determining the value of the surface thickness, ds,+. An analysis in obtaining the surface
donor and acceptor concentrations has been suggested and performed by Look et al. [1] on
hydrothermally grown ZnO samples. The surface donor and acceptor concentrations can be

approximately determined from the following equations [1]:
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17 %
N, = 1 7.647x10T in oy (5.19)
B P In[1+ y(d )]—y(ds””) o
H,meas surf 1+ y(dsurf )
17 %
Nasurt = : roArd0T — N Oy (5.1.10)
R P In[1+ y(d )]—y(ds”") o
H ,meas surf 1+ y(dsu,f )
where
d %
y(d,,)=1.392x10"° [nmeas d“’“"' J (5.1.11)
surf

where Py meas and Nmeas are the TDH measured values of mobility and carrier concentration,
respectively and dia IS the total layer thickness given by ditar = dpuik + dsurr . Taking the
value of dia to be approximately equal to 540 um [3] for melt grown samples, the minimum
possible value of the surface thickness can be obtained by setting Nasurs =0 and using the
measured values of the carrier concentration and mobility at the lowest temperature. The
surface thicknesses and surface donor concentrations obtained from this method are shown in
Table 5.1.4 for the annealing temperatures 200 — 800°C.

Table 5.1.4: Values of the surface donor volume concentrations for the H,O, treated and

annealed melt grown samples.

Annealing Temperature (°C)  Surface thickness dgyf (nm) Np.surf ( % 10™° cm™)
200 32 0.63
400 48 1.15
600 45 2.67
800 72 4.37

As revealed by Table 5.1.4, the minimum surface donor concentration obtained from

equation (5.1.9) increases with an increase in annealing temperature.
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5.1.1.3.3: Electron mobility-temperature analysis.

The variation of mobility with annealing temperature for the melt grown ZnO samples is

shown in Fig. 5.1.6.
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Fig. 5.1.6 : Mobility as a function of temperature for the melt grown ZnO samples annealed

in an Ar ambient at different temperatures after H,O, treatment.

The peak mobility decreases with an increase in annealing temperature. With no anneal, but
after H,0, treatment, a peak mobility of approximately 1400 cm?/\/s was observed. After
annealing at 800°C, the peak mobility dropped to about 1100 cm?Vs. This trend can be
explained by the fact that the Hall effect technique is sensitive to what happens on the
surface. As the material is annealed, some of the impurities become electrically active and
contribute to the electrical conductivity of the material. This will increase the effects of
neutral impurity scattering at low temperatures which in turn causes the decrease in the peak
mobility at high annealing temperatures as shown in Fig. 5.1.6. It was also suggested by
Kassier et al. [11] that annealing ZnO at high temperatures causes the aluminium dopants to
migrate towards the grain boundaries, decreasing the crystal quality and hence lowering the

mobility.
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5.1.2: Conclusions.
Temperature dependent Hall effect measurements performed on the as-received ZnO material
have revealed the existence of two shallow defects. Fitting the experimental data to a model
in Matlab by assuming two s-like donors has yielded donors with energy levels
(37.8£0.3)meV and (545x09)meV  and associated concentrations  of
(4.8 +0.3) x 10*°cm™ and (5. 7 + 0.3) x 10*°cm®, respectively. The (37.8 + 0.3) meV shallow
donor has been explained as Zn; related and possibly H-complex related, while the
(54.5 £ 0.9) meV has been explained as an Al-related donor. The two shallow donor levels
(19.9 meV and 17.8 meV) introduced after annealing the samples have been ascribed as being
related to Group | elements occupying the Zn sites, Xz,. An acceptor with concentration
(1.3 £0.1) 10"cm™ has also been obtained from the fitting for the as received sample. The
peak mobility for the as-received sample has been measured as 1250 cm?/\/s. After treatment
with H,0,, the mobility increased to a peak of approximately 1400 cm?/Vs. The peak
mobility of the samples decreases with increasing annealing temperature. This has been
attributed to an increase in the number of the electrically active neutral donors, possibly
Group | element related, that increase the probability of carrier scattering. Annealing studies
performed on the hydrogen peroxide treated ZnO samples indicate an increase in surface
conduction with increasing annealing temperature. Calculated surface donor volume
concentrations for the annealed samples increases with an increase in annealing temperature.
TDH results on the hydrothermally grown samples are discussed in the publication at the end

of this particular section.
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Temperature dependent Hall (TDH) effect measurements have been performed on three virgin and
hydrothermally grown ZnO samples with resistivities between ~5 and ~200 ) cm at room
temperature. The electrical conduction observed experimentally in the temperature range of 330-70
K can be accurately described by three donor levels with positions 41-48, 60—66, and ~300 meV
below the conduction band edge (E) and an acceptor level in the lower part of the energy band gap
(Eg). Correlation of the TDH data with results from secondary ion mass spectrometry and
admittance spectroscopy on the same samples suggests a rather firm association of the intermediate
doner level with complexes involving Al impurities, while the shallowest one is tentatively ascribed
to H-related centers. A large fraction of the deep donor remains nonionized in the temperature range
studied and contributes substantially to the neutral-impurity-scattering of the conducting electrons.
A detailed analysis of the TDH data, using the relaxation time approximation, reveals, however, that
ionized-impurity-scattering and optical phonon scattering are the main mechanisms limiting the
electron mobility which exhibits a maximum value of ~125 ¢m?/V s at ~200 K. The major
reason for this modest value is the high concentration of compensating acceptors in the lower part
of E reaching values of ~3 X 10" ¢m™ and where Li plays an important role. However, the Li
content is not sufficient to account for all the acceptors and additional impurities, excluding group
I elements, and/or intrinsic defects have to be considered. © 2009 American Institute of Physics.
[DOT: 10.1063/1.31684388]

l. INTRODUCTION 12,13

parameter instead of using the experimental value!* of
3.8 eV. Moreover, the necessity of assuming a concentration
of electrically neutral impurities as high as ~1.8
X 10% cm™ in hydrothermally grown samples and =2
% 10" em3 for samples grown by chemical vapor transport
or from melt has recently been pointed out."” In these cases
an effective polar optical phonon temperature of 750 K is
assumed and no identification of the neutral impurities in-
volved is provided.

In this work temperature dependent Hall effect (TDH)
measurements have been performed using hydrothermally

Zinc oxide (ZnO) is a promising semiconductor for the
realization of solid state ultraviolet emitters in high effi-
ciency lighting devices for general illumination and in high
density optical information storage systems because of its
wide direct band gap of ~3.4 eV at 300 K and its large
exciton binding energy of ~60 meV.' In addition, ZnO
has some substantial advantages with respect to GaN, its
major competitor in the above mentioned applications: the
possibility of low temperature epitaxial growth4 and the

availability of large-area single crystals.sf7 ZnO bulk single
crystals, to be used both as device material and as substrates
for subsequent epitaxial growth, are mainly grown by chemi-
cal vapor transport, from melt or under hydrothermal
conditions.® In the hydrothermal case the use of a mineral-
izer solution containing alkali metals is prone to the inclu-
sion of impurities, especially Li, into the material.'® On the
other hand, the technique is particularly interesting from a
technological point of view since the quality of the substrates
is highnand the method is scalable.”

Charge carrier mobility is a vital issue for the ZnO tech-
nology, but there is no widespread consensus on the analysis
of experimental data: for obtaining a good fit of the mobility
data versus temperature it has become common practice to
set the acoustic mode deformation potential as a fitting

“Electronic mail: ramon. schifano @smn.viono.

0021-8979/2009/106(4)/043706/7/$25.00

106, 043706-1

grown samples. The results are analyzed in the relaxation
time approximation (RTA) to reveal if the neutral impurity
scattering can be attributed to the deep donor level com-
monly reported in bulk ZnO (Refs. 12 and 16-18) and lo-
cated ~0.3 eV below the conduction band edge (E;). In
addition, the concentrations of the ionized compensating
centers and the shallow donors, estimated by a combined
analysis of the mobility data and the carrier concentration
versus temperature data, are correlated with the chemical Li,
Na, K, Al, Ga, and In concentrations determined by second-
ary mass spectrometry (SIMS).

II. EXPERIMENTAL DETAILS

Three nominally undoped hydrothermally grown n-type
ZnO square samples A, B, and C were cut from three differ-
ent 500 um thick wafers originating from the same batch

© 2009 American Institute of Physics

Downloaded 12 Oct 2009 to 137.215.6.53. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

75



P

<

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

043706-2 Schifano ef al.

and purchased from SPC Goodwill. A resisitivity of
5.1%£0.6, 152, and 220+ 20 () cm was evaluated by four
point probe measurements, for samples A, B, and C, respec-
tively. Then the samples were cleaned in an ultrasonic bath
with acetone and ethanol, rinsed in de-ionized water and
blown dry with N,. Using a van der Pauw configuration for
the TDH measurements, Ti/A/Pt/Au multilayers {each 200 A
thick) triangular Ohmic contacts were subsequently depos-

ited at the corners of the samples on the O-face (0001) fol-
lowed by an annealing at 200 °C for 1 h in air. Finally, an In
drop was soldered on top of the metallization as protection.

The TDH measurements were performed in the tempera-
ture range of 70-330 K with a probing magnetic field
strength of 0.6 T. All the measurements were undertaken
with the samples in vacuum and no exposure to light.

SIMS measurements using a Cameca IMS 7f microana-
lyzer were performed on A’, B', and C” samples cut out from
the same ZnO wafers as the samples A, B, and C, respec-
tively, and similarly annealed at 200 °C for 1 h prior to the
SIMS analysis. The Li, Na, and Al concentration profiles
were determined using ion implanted reference samples,
while relative sensitivity factors were employed for K, Ga,
and In. A constant erosion rate was assumed for depth cali-
bration and the crater depths were measured using a Dektak
8 stylus profilometer.

lll. HALL EFFECT THEORY

TDH measurements of an extrinsic semiconductor can
be used to determine both the Hall carrier concentration ()
and the Hall mobility (uy) in the examined sample; these
estimates are related to the actual carrier concentration 7 and
the drift mobility w in the material by the expressions n
=ngry and p=puy/ry with ry being the Hall scattering
factor.™ Moreover, the temperature dependence of these
quantities are related to the concentration of the main shal-
low impurities and their corresponding energy positions as
well as to the concentration of compensating centers. Hence,
a comparison of the measured values with the ones obtained
by using a suitable model can be used to elucidate the char-
acteristics of the main impurities.

In the present study, the measured ng(T) temperature
dependence is modeled assuming the presence of a fully ion-
ized single charged acceptor (4) and three s-like donors (D,
i=1,2,3) with energy levels Ep, below E.. These encrgics
are extracted independently (see Ref. 20) by thermal admit-
tance spectroscopy (TAS) measurements on samples A, B,
and C. A degeneracy factor equal to 2 and no temperature
dependence of the energy level positions are assumed for all
the three donors. With these assumptions the Fermi level
energy position (Ez) in the band gap with respect to the
valence band edge can be estimated by solving the charge
neutrality condition

n+Ny= > Np+p,
=123

)

with?!

Downloaded 12 Oct 2009 to 137.215.6.53.
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and

* 3/2
n(T) = 1(2’” kBT) X ¢ BT -BR{T)igT) @)

T4\ mh?
where n is the concentration of electrons in the conduction
band, p is the total hole concentration in the valence band,
N, is the ionized acceptor concentration that is providing the
compensation, Np; and N}, are the total and ionized concen-
tration of donors of type Di, respectively, kg, T, #, and m*
are, respectively, the Boltzmann constant, the absolute tem-
perature of the sample, the reduced Planck constant and the
electron effective mass in ZnO. The latter is considered to be
isotropic and is corrected for the polar coupling with the
lattice (polaron mass). E4(T) is the band gap energy relative
to the valence band edge and the variation of E; with T is
taken from Ref. 1. Once Eg(T) is known, the conduction
band carrier concentration, #(7), deduced from Eq. (2) can
be compared with the measured n,(7T). In addition, the con-
centrations of neutral donors N0D=23=17273N0D£ and of ionized
donors N;)zzi:l,Z,EN;); versus temperature are evaluated as
well.

In the RTA calculation of u(7T) the current is assumed to
flow orthogonal to the ¢ axis according to the experimental
geometry where the neutral and ionized impurities, disloca-
tions, acoustic deformation, piezolectric and polar optical po-
tentials are considered as possible scattering centers. The
RTA approac:hl’19 is based on the assumption that each scat-
tering process (f) affecting the carrier mobility is uncorre-
lated and can be described by a relaxation time 7,(E) that
may depend on the carrier energy E. Therefore, in this ap-
proximation, the total relaxation time for a carrier with en-
ergy E, fio{E), is deduced from ro(E)=(Z;1/ 7{E))™! (Mat-
thicsc;nl’gs rule). Once T, E) is known ry can be evaluated
since ™

1o
f 2 (E)E¥ Pl g
0

(T

Fp= = =
{Tiot)” * 32 ~EligT
Tl EVE™*e " 8 dE
0

5 3)

For the neutral impurity scattering the relaxation time
() is evaluated according to®

mq
n= @
" 80mhige, VY,
where ¢ is the electron charge and & and ¢, are the free
space and the ZnO static relative permittivity orthogonal to
the ¢ axis, respectively.

Because of the high compensation ratio expected, the
Falicov—Cuevas,®® instead of the more commonly used
Brooksfo:rring,22 equation is chosen for describing the ion-
ized impurity scattering (Tip)

Redistribution subject to AIP license or copyright; see htip://jap.aip.org/jap/copyright.jsp
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with
2m'E
n=

R mN - N

The derivation of a proper relaxation time for the dislo-
cation scattering 74,(E) is here described in some detail since
an expression for 7y(E) valid in the whole temperature
range studied is not readily found in the literature and, fur-
ther, the Podér high temperature limit a.pproximat_ion24 of
Ta(E) has been questioned.25 In general, for a scattering
process the following equality holds between the relaxation
time as a function of the wave vector k, 7(k), and as a func-
tion of energy, HE):*!

d
J ] faetl o
242 # T 2T +02
=— ;ﬂ f dﬁf d(pf E* sin® @ cos? @
# 0 0 0

of
x(ﬁ—E)T(E, 9. o)E, (6)

where the electric field appears in the x direction, v, is the
electron velocity component in the x direction, and df/ dE is
the derivative with respect to E of the electron probability
distribution f at thermal equilibrium, i.e., the Fermi-Dirac
distribution. Then, once the integration over dd and ¢ in
Eq. (6) are performed an expression for 7{E) can be casily
obtained if 7(k) is known. Specifically, we assume that all
the dislocations are orthogonal to the current flow and em-
ploy the P6dor expression 74;,(k) as (k) in Eq. (6) (Ref. 24)

3 223/ 1 31
(€€1) ( +k2> ,

— 7
QP m \NNg; Va2t @

Td.is(k) =

where Ny, is the dislocations density, Q the charge of the
dislocation per unit length, k| the electron wave vector com-

ponent orthogonal to the dislocation direction, and X
=kzTey€,/ g*n the Debye length. Then the following equa-
tion for 74;(E) can be derived:

3('506u)2ﬁ3
49" "N Nags

T Sm*)\ZE 372
XJ (1 + o sin’ 6) sin® 848, (8)
0

des(E) =

that reduces to the Podér approximation® of 74 (E) in the
high temperature limit. A dislocation density equal to the
typical value’ {(10* cm™?) reported for hydrothermally grown
ZnO is used in our calculations (see Table I).

The acoustic deformation potential (7,,,) and the piezo-
electric scattering (7} are, respectively, given by™

whie,

TalB) =5 E ©)
acu \EmwzéckBT

J. Appl. Phys. 106, 043706 (2009)

TABLE 1. ZnO constants used in the TDH measurements analysis.

6" 7.77 €y 3.70
[ 0336 e, teV) 38
g P (Nm?2) 2.05% 10! K 0.21
T, " (K) 824 Ny © (cmr?) 104
@ (Cmh) 27 % 10710

*From Ref. 8.

From Ref. 9.

‘From Ref. 26.
“From Ref. 14.
°From Ref. 15.
From Ref. 27.

2% 2ee

EI/Z, 10
m YRR By T (10)

7-p1'ez E) =
where ¢; is the longitudinal elastic constant, €, is the defor-
mation potential, and K| is the piezolelectric coefficient or-
thogonal to the ¢ axis.

Finally, the interaction of the carriers with the optical
phonons is taken into account. In these collisions the energy
exchange can be larger than the thermal energy of the elec-
trons. Hence this process should be treated as inelastic, i.e., a
strict momentum relaxation time is not applicable. The ap-
proximate cxprf:ssion22

()= At
EEN BT, N,
+1 1+b[\1
ol )
a— 1-5&

is used in the following analysis, where T is the optical
phonon equivalent temperature, « is the polar constant, and
N, is the mean number of optical phonons at temperature 7.
That is

A ( 11 )
o= ———F—— ,
dmehy2kpTpo

Nq - (eTPO/T_ 1)—1’

€l &1

where a and b are given by
LT 12 kT |12
a=(1+L) b=Re|1-—=2-| |
E E

with €, being the ZnO high frequency permittivity orthogo-
nal to the ¢ axis and Re is the operator that takes the real part
of the quantity within square brackets. In ZnO longitudinal
optical phonon replicas occur with a separation in the 71-73
meV ra.ngf:,8 corresponding to an equivalent temperature of
~824 K, which is used in our evaluation, see Table 1.

Once 7, E) is determined ry can be calculated [see Eg.
(3)] and the measured ag(T) and wgy(T) can be corrected
accordingly. The contact size effect on the Hall mobility and
Hall carrier concentration is also taken into account by con-
sidering the correction factors for the resisitvity and Hall
voltage discussed in Ref. 28.

Using the ZnO constants given in Table I, which all are
taken from the literature and following an iterative procedure
three free parameters are fitted: Np; Npy and N,. Np, is

Downloaded 12 Oct 2009 to 137.215.6.53. Redistribution subject to AIP license or copyright; see hitp://jap.aip.org/jap/copyright.jsp
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TABLE I. Al, Ga, In, Li, Na, and K concentrations in 10!7 cm for samples A, B, and C, as determined by

SIMS.

Al In Li Na Ga, K
A 13=01 =0.001 16+0.3 =0.01 =0.005
B 1.5*01 =0.001 19*0.5 =0.01 =0.005
C 13=01 =0.001 09%0.1 =0.01 =0.005

taken as the Al concentration measured by SIMS, as will be
justified later. As mentioned previously, the donor energy
levels position Epy, Epy and Epz are determined indepen-
dently using TAS (sce Ref. 20). After assuming some starting
values the iteration is continued until consistent results are
obtained for both ~(T) and u(7T).

IV. RESULTS AND DISCUSSION

The Al, Ga, In, Li, Na, and K concentrations obtained by
SIMS are given in Table II. Al, Ga, and In are well known
shallow dopants in ZnO and according to Ref. 29, they are
all expected to be responsible for levels ~50 meV below
E.. This value agrees with that of Ejp, observed by TAS
(Ref. 20) (Table III). On the basis of their concentrations
determined by SIMS (Table 1), Al is the clearly dominating
element by more than two orders of magnitude. Hence, D, is
primarily ascribed to Al and Np, is put equal to the chemical
concentration of Al

In Fig. 1, the carrier concentration versus temperature
for the samples A, B, and C after correction for the Hall
scattering factor is shown. At temperatures below those
shown in Fig. 1 substantial scattering of the experimental
data occurs and this is attributed to an increase in the contact
resistance and/or to the fact that the samples are not fully
uniform with a high compensation ratio. Furthermore, no
apparent low temperature carrier concentration increase or
flattening is detected, i.e., there is no experimental evidence
for the presence of a highly conductive surface 1ayf:r.1’12
Therefore, the previously described analysis can be applied
directly without performing any two-layer correction. In ad-
dition, for each sample a second measurement was under-
taken at least 15 h after the first one without breaking the
vacuum or exposing the sample to light. No significant dif-
ference between the two measurements, due to, for example,
the presence of persistence surface conduction,™ was ob-
served.

In Fig. 2(a), the experimentally obtained mobility values,
corrected for the ry-factor, are depicted versus sample tem-
perature. A mobility of

maximum electron

~125 em? V-!s7! is reached at ~200 K. The set of param-
eter values used for describing the experimental data in Figs.
1 and 2(a) with a three donor charge balanced equation and
the RTA approach for w(T) are summarized in Table III. For
all the three samples, the same kind of donor and acceptor
centers are assumed, which appears reasonable since the
samples originate from the same batch. The values of Epy,
Ery, and Epy are taken from the results of TAS measure-
ments performed independently on the samples A, B, and C,
as exemplified in Fig. 3 and discussed thoroughly in Ref. 20.
For sample C the deduced total concentration of shallow
donors (N +Np,) from the TDH data is less than N, con-
sistent with that only D; is observed by TAS in this sample.
In principle, the TDH results for sample C can be described
by assuming one shallow donor only, but then with a con-
centration exceeding that of Al (Np,) implying the existence
of at least one shallower donor than Al. A similar conclusion
holds also for sample B where D, and D5 are detected by
TAS, but not D1; in this sample (Np; +Npy,) is slightly higher
than N and D, appears in Fig. 3, while D, is fully compen-
sated. Interestingly, for sample A D; appears in the TAS
spectrum despite that Np; is lower than &,. However, the
SIMS measurements unveil a lateral variation of the Li con-
centration in sample A, as well as samples B and C, as re-
flected by a relative uncertainty of =25% for the values
given in Table II, and since Li is major candidate as com-
pensating acceptor also a lateral variation of N, can be ex-
pected. Indeed, this is supported by TAS measurements using
contacts with different position on the surface of sample A,
as shown in Fig. 3 where position 2 does not display the
presence of D (and D) in contrast to that for position 1.
Hence, the values of Npy, Nps, and N, extracted from the
TDH analysis and given in Table IIT should be regarded as
average ones and local variations exist in the samples, espe-
cially for N,. Here it should also be emphasized that the
values of Ny, Nps, and N, represent the total (chemical)
concentration of the corresponding centers since not only the

TABLE III. Donor concentrations, activation energies, and N, for the samples A, B, and C. Concentrations are
in 10 ¢m* and activation energies in meV. In case of Nps for the samples A and B, the range of possible
values obtained by varying £p4 within the experimental uncertainty are given.

Ny, Ep * Npy " Ep® Nps Eps® N,
A 2004 30+10 13+01 50+ 10 3-7 30040 31+04
B 1504 30+ 10 1.5+x01 50+10 04-3 260 +30 20+04
C 0804 30+10 1.3+0.1 50+10 1.1+x03 20040 23+04

*From Ref. 20.
"Based on SIMS measurements.
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FIG. 1. (Color online) Carrier concentrations corrected for the contact size
and the rgfactor vs the reciprocal absolute temperature for samples A, B,
and C. The solid curves are fit to the experimental data.

effective carrier concentration versus temperature, n(7), is
accounted for the modeling but also the dependence of the
carrier mobility versus temperature, u(7).

For sample A, where the shallow donors are most domi-
nant, simulations performed with Np;=1.3X 107 ¢cm~* and
Npy=2.0%x10" cm™3, ie., the concentrations of D; and D,
are exchanged relative to those given in Table T, do not
reproduce the carrier concentration versus temperature tail at
low temperatures. Thus, not only the energy position of the
D, level, but also the absolute concentration favors strongly
an assignment of D, to Al. Here it should be pointed out that
when the energy position of D and D, are corrected for the

= Sample A (@)
1251, Sample B
‘ﬁ‘ + Sample C
2 100}
E
L
» 75
3
E 50
100 200 300
25| —slimulatlions tomporature (K) |
" —<— dis. scattering (b,
10F
P Sample B
2“ 10°F = exp.data
"E 5 —— simulations
Q 107
:‘E 10'f
-] :
Q ) 0 8
E 10" —— pioz. scattoring %ﬁ >
—o—jon. lﬂm‘lng SN
10%} {M

50 100 150 200 250 300 350
Temperature {K)

FIG. 2. (Color online) (a) The experimental data corrected for the contact
size and the ryfactor (squares) and the resulting simulations curves (solid
line) obtained by considering all the scattering processes. In the inset the
dependence of the ryfactor on the temperature is reported. (b) The indi-
vidual contributions from the different scattering processes to the mobility
assuming independent processes, for clarity results are shown for sample B
only, but similar results hold also for the samples A and C.

J. Appl. Phys. 106, 043706 (2009)

11
L ——e D,
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& 15[ -—-sample B 7y
= e gaMple C A
£ 10}
3 D
2 |
o 0.5f
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Temperature {K)

FIG. 3. (Color online) Conductance normalized by the probing angular fre-
quency (w) vs femperature obtained by TAS after depositing Schoitky con-
tacts on the samples A, B, and C. For sample A, results are included from
two different contacts 1 and 2 in order to illustrate the sample nonunifor-
mity. The measuwrements shown were taken with w/2m=60 KHz.

standard Coulomb screening effect,”’ ie., Ep{Np=0)=E;
+,8N11)/Z3 assuming B~2-3X107° meVcm for ZnO,
Epi(Np;=0) becomes in the 41-48 meV range and
Epy(Npp=0) in the 60-66 meV range. Shallow donors with
activation energies in the 33-35 meV, 49-53 meV ranges,
after the Coulomb screening effect correction, are commonly
rcportf:dl’32 and attributed to native defects, possibly Zn;
complexes, and H-related complexes. A comparison of these
values with Ep; indicates that a hydrogen-related complex is
a possible candidate for the origin of D;. In fact, recent re-
sults from Fourier transform infrared spectroscopy studies of
similar samples as used in this work yield a hydrogen con-
tent in the 107 c¢m™3 ramgf:z'3 fully consistent with the Np,
value of Table III. Further it can be noted that our estimate of
the D, donor level position is ~10 meV shallower than that
expected for the Al-related donor according to previous TDH
measurements.”*> On the other hand, photoluminescence
measurement supports a shallower energy po:sitionj'2 of
6063 meV for the Al-related donor in good agreement with
our assignment of D, to a center involving Al.

The position of the third donor level, Eyj;, is substan-
tially deeper than Ep,; and Ep,, but the rather high values of
Npa, in the 1018 to 1017 ¢m™2 range consistent with the TAS
results,” yields a relative contribution to the total carrier
concentration of =10% in the 270-280 K range (see Fig. 1).
The value of Epy is identical with the position of the so-
called Ej level, commonly reported in the literature 21618
and considered to be of donor-type. The E5 level has been
attributed to Fe or Ni j_mpuritif:s34 or to intrinsic defects such
as oxygen vacancies' (V) and zinc interstitials® (Zn,).
Moreover, there is experimental evidence™ of two closely
spaced levels Es/Ej; with a difference in energy of only
~3 meV but with clearly different capture cross sections. In
fact, the existence of two overlapping levels B3 and Ej is
consistent with the shift in temperature position and skewed
shape of the D, peak in sample A compared to that in
samples B and C, (Fig. 3). Here, it should also be pointed out
that the TAS measurements reveal one additional (fourth)
level, labeled as Dy in Fig. 3. However, no evidence is found
for Dy by TDH measurements, which is possibly due to a
negative-U/ character of Dy, as indicated by the TAS results
and discussed in detail in Ref. 20.
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FIG. 4. (Color online) Comparison of the Li content determined by SIM$S
measurements and the compensating center concentration (NV,) estimated by
modeling for the three different samples used.

As displayed in Fig. 2(a), the calculated mobility values
as a function of temperature are compared with the measured
ones, corrected for the rg-factor, for all the samples used. In
order to evaluate which scattering terms are limiting the mo-
bility each scattering mechanism was considered separately,
as illustrated in Fig. 2(b) for sample B. In all the three
samples, both the contributions from the acoustic deforma-
tion potential and the dislocation scattering are negligible. It
is also worth to peint out that the Debye length used for
evaluating 74,(E), as previously described, has not been cor-
rected for bound carriers® that contribute, as well, to the
effective screening. Hence, the mobility limited by disloca-
tions scattering in Fig. 2(b) is an underestimation. For all the
samples, significant contributions occur from both the intrin-
sic mechanisms of scattering due to polar optical and piezo-
electric fields and the extrinsic ones due to neutral and ion-
ized impurities. In particular, below ~200 K the ionized
impurities represent the main scattering contribution yielding
a gradual increase in the rp-factor at low temperatures, as
shown by the inset of Fig. 2(a). It has also to be emphasized
that the ry-factor equals ~1.3 at room temperature rather the
commeonly assumed value of unity. Moreover, in the tem-
perature range studied, the contribution from neutral impu-
rity scattering is comparable with that from the piezoelectric
field scattering term when the concentration of neutral cen-
ters is in the ~10'7 em™ range (the neutral impurity scatter-
ing contribution shown in Fig. 2(b) corresponds to a concen-
tration of 2.2 107 em™®). The neutral centers originate
mainly from to the high fraction of D5 that remains nonion-
ized in the temperature range of analysis. Finally, at suffi-
ciently high temperatures when the optical phonon scattering
becomes dominant, the simulated mobility starts to deviate
slightly from the measured one. This deviation is due to the
afore mentioned approximation of treating the optical pho-
non scattering in the relaxation time approach. More accurate
approaches such as numerical solution of the Boltzmann
transport equation, as implemented by Rode,™ are needed for
a more precise description of the mobility at and above room
temperature.

In Fig. 4, the N, values deduced from the simulations
and reported in Table III are compared with the Li content
measured by SIMS. It is well known that Li acts as a com-
pensating center in ZnO and a clear correlation between loss
of Li and a resistivity decrease®™ has been reported. How-

J. Appl. Phys. 106, 043706 (2009)

ever, even when considering the total Li content it accounts
only from 25% to 65% of N, extracted from the mobility
simulations. Moreover, as shown in Fig. 4, the Li concentra-
tion decreases by a factor of three from sample B’ to C’
despite the fact that the resistivity increases from ~15 to
~220 Q cm. Additional candidates to &N, are Na and K,
which are expected to introduce acceptor levels™” in the
lower part of the band gap. However, both the Na and K
content are at least two orders of magnitude lower than the
Li content (cf. Table II) and hence they give negligible con-
tribution to the compensation. Alternatively, intrinsic defects
may be considered. For instance, assuming n-type samples
grown under high zinc partial pressure calculations based on
density-functional theory in the local-density
approxi:ma‘r_ion39 suggest a formation energy (AE;) of ~
—0.2 ¢V for the Zn vacancy in the -2 state (Viﬁ) For the
neutral oxygen vacancy VOO a AE; value of ~0.02 eV is
expected. Hence, from theory a concentration ratio
N(Vzg)IN(VG) ~expl~(AE{(V7) - AEAVE))/KT] =7 s ob-
tained and V;, may play a crucial role in determining the
final resisitivity of hydrothermally grown ZnO.

V. CONCLUSIONS

Hydrothermally grown and nominally undoped single
crystal ZnO bulk samples of a-type have been characterized
by TDH employing TAS and SIMS as complementary tech-
niques. The experimental TDH data can be modeled within
the RTA approximation and an excellent agreement is dem-
onstrated in the temperature range studied (70-330 K) as-
suming three types of donors in the upper part of £ and one
acceptor in the lower part of E; The donor energy level
position used in the modeling are taken from independent
TAS measurements and are given by ~41—-48, ~60-60, and
~300 meV below E, respectively. Through correlation be-
tween TDH and SIMS data, the intermediate donor is as-
cribed to Al-related centers, while the shallowest one is ten-
tatively assigned to complexes involving hydrogen. The
electron mobility exhibits a maximum of ~125 em?/V s at
~200 K and a detailed analysis of the scattering mecha-
nisms reveals that this modest value is primarily limited by
substantial ionized-impurity-scattering due to the compensat-
ing acceptors with concentrations in the 107 em™ range.
Residual Li impurities are found to be one main contributor
to the acceptors, while other group I elements such as Na and
K, can be excluded. However, the Li content is not sufficient
to account for the total acceptor concentration and additional
contributions from, for example, intrinsic acceptorlike de-
fects have to be considered.

ACKNOWLEDGMENTS

We thank Dr. U. Grossner for the helpful discussions and
suggestions during the accomplishment of this work. Partial
financial support was kindly provided by the Norwegian Re-
search Council via the Nanomat-FOET/B2 program and
NFR/RCN South Africa-Norway program for Research Co-
operation.

Downloaded 12 Oct 2009 to 137.215.6.53. Redistribution subject to AIP license or copyright; see hitp://jap.aip.org/jap/copyright.jsp

80



<

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

043706-7 Schifano et al.

e} Jagadish and S. J. Pearton, Zinc Oxide Bulk, Thin Films and Nanostruc-
tures (Elsevier, New York, 2006).

’D. C. Look, B. Claflin, Y. 1. Alivov, and S. J. Park, Phys. Status Solidi A
201, 2203 (2004).

*R. F. Service, Science 276, 895 (1997).

g, Yamauchi, H. Handa, A. Nagayama, and T. Hariu, Thin Solid Films
345, 12 (1999).

*Please visit the web site http:/fwww.cermetine.com/.

SPlease visit the web site http:/fwww.tew.co.jple/.

"Please visit the web site http:/fwww.spegoodwill.com/.
8T, Ozgiir, Y. L. Alivov, C. Liu, A. Teke, M. A. Reshchikov, S. Dogan, V.
Avrutin, S.-J. Cho, and H. Morkog, J. Appl. Phys. 98, 041301 (2005).
°E. V. Kortunova, N. G. Nikolaeva, P. B. Chvanski, V. V. Maltsev, E. A.
Volkova, E. V. Koporulina, N. I. Leonyuk, and T. F. Kuvech, J. Mater. Sci.
43, 2336 (2008).

YL N Demianets, D. V. Kostomarov, I. P. Kuz'mina, and 8. V. Pushko,
Crystallogr. Rep. 47, §86 (2002).

Y Suscavage, M. Harris, D. Bliss, P. Yip, 8-Q. Wang, D. Schwall, L.
Bouthillette, J. Bailey, M. Callahan, D. C. Look, D. C. Reynolds, R. L.
Jones, and C. W. Litton, MRS Internet J. Nitride Semicond. Res. 451,
G3.40 (1999).

G, H. Kassier, M. Hayes, F. D. Auret, M. Mamor, and K. Bouziane, I.
Appl. Phys. 102, 014903 (2007).

Vp. Look, D. Reynolds, J. Sizelove, R. Jones, C. L. G. Cantwell, and W.
Harsch, Solid State Commun. 105, 399 (1998).

“p. L. Rode, Semiconductors and Semimetals 10 (Academic, London,
1675).

1’4 Yang, C. Xu, and N. C. Giles, Mater. Res. Soc. Symp. Proc. 1035,
1.04-07 (2008).

Lo Grossner, S. Gabrielsen, T. M. Berseth, I. Grillenberger, A. Y. Kuz-
netsov, and B. G. Svensson, Appl. Phys. Lett. 85, 2250 (2004).

1. C. Simpson and I. F. Cordaro, J. Appl. Phys. 63, 1781 (1988).

YE D. Auret, 8. A. Goodman, M. I. Legodi, W. E. Meyer, and D. C. Look,
Appl. Phys. Lett. 80, 1340 (2002).

°p Blood and J. W. Orton, The Electrical Characterization of Semicaonduc-
tors: Majority Carriers and Electron States (Academic, London, 1992).

2R, Schifano, E. V. Monakhov, B. G. Svensson, W. Mtangi, P. . Janse van

J. Appl. Phys. 106, 043706 (2009)

Rensburg, and F. D. Auret, Physica B (vnpublished).

g, Sapoval and C. Hermam, Physics of Semiconductor (Springer-Verlag,
Berlin, 1995).

2K, Seeger, Semiconductor Physics, Springer Series in Solid State Sciences
Vol. 40 (Springer, Berlin, 1997).

23L. M. Falicov and M. Cuevas, Phys. Rev. 164, 1025 (1967).

2B. Podir, Phys. Status Solidi 16, K167 (1966).

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

25y F. Petrenko and R. W. Whitworth, Philos. Mag. A 41, 631 (1980).

¥'N. Syrbu, 1 M. Tiginyanu, V. V. Zalmai, V. V. Ursaki, and E. V. Rusu,
Physica B 353, 111 (2004).

*R. Chwang, B. J. Smith, and C. R. Crowell, Solid-State Electron. 17, 1217
(1974).

g K. Meyer, H. Alves, D. M. Hofmamn, W. Kriegseis, D. Forster, F.
Bertram, J. Christen, A. Hoffmann, M. StraBburg, M. Dworzak, U. Habo-
eck, and A. V. Rodina, Phys. Status Solidi B 241, 231 (2004).

30Z.—Q. Fang, B. Claflin, and D. C. Look, J. Appl. Phys. 103, 073714 (2008).

’'D. C. Look, J. W. Hemsky, and J. R. Sizelove, Phys. Rev. Lett. 82, 2552
(1999).

I, c. Look, G. C. Farlow, P. Reunchan, S. Limpijumnong, 5. B. Zhang,
and K. Nordlund, Phys. Rev. Lett. 95, 225502 (2005).

*H. B. Normann, Thesis, University of Oslo, 2009.

*Y. Tiang, N. C. Giles, and L. E. Halliburton, J. Appl. Phys. 101, 093706
(2007).

G, Brauer, W. Anwand, W. Skorupa, J. Kuriplach, O. Melikhova, C. Mois-
son, H. von Wenckstern, H. Schmidt, M. Lorenz, and M. Grundmann,
Phys. Rev. B 74, 045208 (2006).

**H. von Wenckstern, H. Schmidt, M. Grundmann, M. W. Allen, P. Miller,
R. T. Reeves, and 8. M. Durbin, Appl. Phys. Lett. 91, 022913 (2007).

¥y, Graubner, C. Neumann, N. Volbers, B. K. Meyer, I. Blising, and A.
Krost, Appl. Phys. Lett. 90, 042103 (2007).

*B. G. Svensson, T. M. Bdrseth, K. M. Johansen, T. Maqsood, R. Schifano,
U. Grossner, J. 8. Christensen, L. Vines, P Klason, Q. X. Zhao, M. Wil-
lander, F. Tuomisto, W. Skorupa, E. V. Monakhov, and A. Yu. Kuznetsov,
Mater. Res. Soc. Symp. Proc. 1035, L04-01 (2008).

*A_E Kohan, G. Ceder, D. Morgan, and C. G. V. de Walle, Phys. Rev. B
61, 15019 (2000).

Downloaded 12 Oct 2009 to 137.215.6.53. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

81



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

O

5.2: IV measurements on ZnO Schottky Barrier Diodes.

Current-voltage measurements have been performed using the metal Schottky contacts
deposited on the Zn- and O-polar faces of bulk ZnO crystals. This section gives an outline of

the parameters extracted from the results obtained.

5.2.1: General 1V characteristics of M/ZnO Schottky diodes.
Fig. 5.2.1 and Fig. 5.2.2 show the general IV characteristics of the Pd and Au Schottky
contacts deposited on the Zn-polar face of ZnO.
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Fig. 5.2.1: General I-V characteristics of the as-deposited Pd/ZnO Schottky diode on the Zn-
polar face of bulk ZnO obtained at a temperature of 298 K. | representing the fit to the

thermionic model.

From Fig. 5.2.1 and Fig. 5.2.2, the I-V characteristics reveal mainly thermionic emission at
room temperature. This good rectification behaviour of the Schottky diodes has been
attributed to the cleaning procedure used prior to contact deposition, i.e. the boiling of the

samples in hydrogen peroxide. Surface treatment of the ZnO sample is important in
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improving the rectifying contact quality (increase barrier height, reduce the reverse leakage

current, and achieve an ideality factor approaching unity) [1]. However, there are not much

detailed reports to explain explicitly the effect of the H,O, on the surface and structure of the

ZnO samples. Several explanations such as good surface morphology, removal of C and OH

contamination, and reduction in surface conductivity have been proposed [2].
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Fig.5.2.2: General I-V characteristics of the as-deposited Au/ZnO Schottky diode on the Zn-

polar face of bulk ZnO. The characteristics have been obtained at a temperature of 298 K.

The mechanisms behind contact quality are still controversial and not well understood [1].
The effect of H,O, on the ZnO samples was speculated by Kim et al. [3] as a method of
reducing the deep level defects which could be some Zn interstitials and oxygen vacancies
which are known to serve as donors [4]. Chen et al. [5] suggested that boiling hydrogen
peroxide to temperatures as high as 100°C causes it to dissociate, forming some oxygen
radicals, which in turn react with the bulk ZnO, filling vacancies as well as forming some

other ZnO molecules and reducing the net carrier concentration. In this study, the effects of
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hydrogen peroxide treatment have been explained as completing the dangling bonds caused
by surface termination on the Zn-polar face leading to the completion of the lattice and
reducing the surface states. This in turn improves the quality of the metal-semiconductor
contact as Fermi level pinning is reduced leading to a large barrier height.
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Fig.5.2.3. I-V characteristics of the Pd/ZnO Schottky contacts deposited on the O-polar face.
Measurements performed at 298 K.

The -V characteristics of Fig.5.2.3 and Fig.5.24 reveal the existence of
generation/recombination current at room temperature at voltages < 0.5V as in the curve
marked lg. Thermionic emission starts to dominate at voltages above 0.5 V. This unusual
trend of generation/recombination at room temperature has been explained as the effect of the
existence of an insulative oxide layer on the surface of the ZnO sample due to H,O, treatment
[6]. Due to the presence of the oxide layer, at low voltages, carriers won’t be having enough
energy to go over the barrier, so in an attempt to tunnel through the barrier, they are trapped
by holes within the depletion region, leading to the formation of a generation /recombination
current. At voltages above 0.5V, carriers have enough energy to cross over the barrier, thus

contributing to thermionic emission current indicated as le.
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Fig. 5.2.4: 1-V characteristics of the Au/ZnO Schottky contacts deposited on the O-polar face.

Measurements performed at 298 K.

5.2.1.1: The ideality factor.

The values of the ideality factors, n were calculated from the slopes of Fig. 5.2.1, 5.2.2,5.2.3
and 5.2.4 by making use of equation (3.4.19), assuming pure thermionic emission, i.e. using
curves labelled Ii. Results obtained for the selected best diodes are given in Table 5.1.1.
Table. 5.1.1: Ideality factors obtained on the selected (low and almost constant leakage

currents and low series resistance) metal Schottky contacts deposited on the ZnO polar faces.

Material Face Ideality factor, n

Palladium (Pd) Zn-polar 1.26
O-polar 2.04

Gold (Au) Zn-polar 1.23
O-polar 1.69

The Pd Schottky contacts deposited on the Zn-polar face produced ideality factors ranging

from 1.03 — 1.55 with the contacts on the O-polar face giving values ranging from 1.51 —
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2.65, while the Au contacts on the Zn-polar gave ideality factors ranging from 1.25 — 2.13

and contacts on the O-polar face yielding values in the range 1.28 — 2.65.

5.2.1.2: Series resistance.

The deviation of the log (I)-V curve from linearity at high currents is given by AV = IR, [7],

where R; is the series resistance which can be obtained as,

sV

RS
|

(5.2.1)

From the four selected diodes, the series resistance values have been obtained as in Table
5.2.2.

Table 5.2.2: Series resistance values obtained on the selected best (low and almost constant
leakage currents and low series resistance) Schottky contacts.

Metal Face Series Resistance, Ry(Q2)

Palladium (Pd) Zn-polar 42
O-polar 210

Gold (Au) Zn-polar 44
O-polar 883

Since the series resistance depends on the bulk wafer resistivity and quality of contacts [7],
the high series resistance values obtained on the O-polar face is due to the existence on an
insulative oxide layer [6]. However, the large value of the resistance obtained on the Au
contact is due to the poor adhesion of the metal to the surface of the semiconductor. Since the
contacts were annealed after deposition, the Zn-polar face Schottky contacts yielded low
resistance due to the annealed ohmic contact on the O-polar face, ensuring a low contact
resistance. For the O-polar face Schottky contacts, the ohmic contacts were also annealed but
the Schottky contact quality might have increased the resistance because no annealing was
performed after Schottky contact deposition. Fig. 5.2.5 illustrates the effects of different
ohmic contacts on the series resistance of a Schottky diode. The Schottky contacts with the
indium gallium eutectic as an ohmic contact limits the forward current at 1V to
approximately 1x10° A, while the Schottky contact with an annealed metal composition
allows a current as large as 1x10% A to flow through the device at 1 V. The IV curve deviates
from linearity at low voltages, approximately 0.3 V for the contacts with InGa as the ohmic

contact while for the contact with annealed metals, the curve deviates from linearity at
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approximately 0.4 V. This is due to a large series resistance effect provided by the InGa

ohmic contact.

Current (A)
Current (A)

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V) Voltage (V)
Fig 5.2.5a: Pd/ZnO Schottky contact with Fig 5.2.5b: Pd/ZnO Schottky contact with
InGa eutectic as ohmic contact. an annealed Ti/Al/Pt/Au ohmic contact.

5.2.1.3: Saturation current

The saturation current, usually referred to as the reverse saturation current, defines the
maximum current that is expected to flow through the device at zero bias due to the thermal
agitation of charge carriers. This value is obtained as the intercept on the current axis when
V= 0. The saturation current values obtained are listed below.

Table 5.2.3: Saturation current values obtained from the selected (low and almost constant
leakage currents and low series resistance) Schottky contacts.

Metal Face Saturation Current, Is (A)
Palladium (Pd) Zn-polar 1.07 x 10”

O-polar 5.13 x 1070
Gold (Au) Zn-polar 9.01x 10°®

O-polar 1.05 x 10°°

The saturation current values obtained on the O-polar face are an order of magnitude smaller
than the ones obtained on the Zn-polar face for both the palladium and gold contacts. This

can be explained by the fact that carriers recombine with holes as they try to cross the barrier
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due to thermal agitation contributing to the generation/recombination current component

hence reducing the thermionic saturation current values.

5.2.1.4: Barrier height determination

The I-V barrier height can be determined from Fig. 5.2.1, 5.2.2, 5.2.3 and Fig. 5.2.4 by
assuming pure thermionic emission, i.e. carriers that have enough energy to go over the
barrier. In this case, the barrier height obtained is the zero bias barrier height where the
saturation current is used in equation (3.4.17). With A'=32 AK?m? and area,

A =2.83 x 10 %cm?, the zero bias barrier height values were obtained as in Table 5.3.

Table 5. 4: Zero bias barrier height values obtained from the I-V characteristics of the
selected best Schottky contacts.

Metal Face Barrier Height (eV)
Palladium (Pd) Zn-polar 0.80

O-polar 0.90
Gold (Au) Zn-polar 0.71

O-polar 0.84

After using the same H,O; treatment method, Gu et al. [2] observed barrier heights ranging
from 0.35 - 0.65 eV for Au/ZnO Schottky diodes. Kim et al. [3] reported an I-V barrier height
of 0.89 eV for the Pt Schottky contacts to ZnO also after H,O, treatment. A barrier height of
0.68 eV for Pd contacts to ZnO has been reported by Sze [8]. The barrier height obtained
using this method indicates a strong dependence on saturation current values. The
determination of barrier heights using this method gives a clear indication of carriers

contributing to the current flow, i.e. carriers with enough energy to surpass the barrier.

5.2.1.5: Reverse leakage current

A good Schottky (rectifying) contact must allow a very small or negligible current to flow in
the reverse bias. Reverse leakage current values obtained From Fig. 5.2.1 and 5.2.2 are shown
in Table 5.2.5. The values for the Zn-polar face Schottky contacts show some saturation (i.e.
it is independent of the applied voltage), i.e. it’s nearly ideal, while the leakage current on the

O-polar face is increasing with applied voltage (Fig. 5.2.3 and Fig. 5.2.4).
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Table 5.2.5: Reverse leakage current at V= -1V for the selected best (low and almost

constant leakage currents and low series resistance) contacts (Figs. 5.2.1 —5.2.4).

Metal Face Reverse leakage current,
I(A)
Palladium (Pd) Zn-polar 2.19 x 107
O-polar 1.42 x 10™°
Gold (Au) Zn-polar 9.02 x 10°
O-polar 1.02 x 10

The characteristic obtained on the Zn-polar face (Fig. 5.2.2.1 and Fig. 5.2.2), i.e. the
saturation of the reverse leakage current indicates that the effects of an interfacial layer are
less pronounced, while that on the O-polar face (Fig. 5.2.3 and Fig 5.2.4), as speculated can
be due to the presence of an interfacial layer whose effects are highly pronounced. Another
possibility could be due to the electric field dependence of the barrier height and the
tunnelling effect. These deviations of the reverse leakage current from saturation have been
explained by Rhoderick [9].

5.2.2: Conclusions.

The I-V characteristics obtained on the M/ZnO Schottky contacts reveal the presence of
generation recombination at room temperature for contacts deposited on the O-polar face
(Figs. 5.2.3 and 5.2.4), while for contacts deposited on the Zn-polar face (Figs. 5.2.1 and
5.2.2), the main transport mechanism is thermionic emission at room temperature. Pd has
proved to be the better material for Schottky contacts to ZnO as it yields high barrier heights
and low reverse leakage currents, which are voltage independent (Fig. 5.2.1). The ideality
factor values obtained from the Pd contacts on the Zn-polar face range from 1.03-1.55 at
room temperature. The measured barrier heights also range from 0.75-0.90 eV at room
temperature. For Pd contacts on the O-polar face, the ideality factors and barrier heights were
obtained in the ranges 1.51 - 2.65 and 0.68 - 0.90 eV at room temperature, respectively. Au
contacts to ZnO on the Zn polar face yielded ideality factors ranging from 1.25 - 2.13, and I-
V barrier heights ranging from 0.59 - 0.84 eV at room temperature. For the Au contacts
deposited on the O-polar face, the ideality factor ranges from 1.28 - 2.65 while the I-V barrier
heights range from 0.66 - 1.06 eV at room temperature. Samples with annealed and alloyed

ohmic contacts produce Schottky contacts with low series resistance while the ones with un-
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annealed contacts produce high series resistance contacts as shown in Fig 5.5. A detailed
analysis on the Schottky contacts deposited on the Zn-polar and O-polar faces of ZnO is
given in the publication at the end of this section.
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We report on the electrical behaviour of the palladium(Pd) and
gold (Au) Schottky contacts deposited on the Oxygen-polar (O-
polar) and Zinc-polar (Zn-polar) faces of the bulk grown single
crystal ZnO. Room temperatore [-V measurements carried out
have revealed the presence of generation/recombination on the
Schottky contacts deposited on the O-polar face and

1 Introduction With its high exciton binding energy
of 60 meV, its wide bandgap and excellent radiation
hardness, ZnO has attracted the attention of many
researchers as it can be used considerably in optoelectronic
applications. The first Schottky contacts to ZnO were
reported by Mead in 1965 [1]. Since then, an increasing
amount of research has been carried out using different
metals as Schottky contacts. In the majority of the reported
work, the contacts have produced high leakage currents
and in many cases, proved to be completely ohmic.
Reported barrier heights on these contacts are in the range
0.6-0.8 eV [2]. Majority of reports have indicated the
dependence of the contact quality on the cleaning
procedures other than on the metal work functions [3].
Fabrication of stable Schottky contacts to ZnO has been a
problem since in the early research [1] and still remains a
challenge [4 ] even in the current research despite
numerous investigations. Though cleaning procedures
where in the earlier research, organic solvents have been
used [4] , and of late the contact quality has reportedly
been improved by the use of oxidising treatment where
etching using acids has been employed [5]. Polarity of the
ZnO samples is also another factor that can affect Schottky
contact quality to ZnO. Since ZnO has a high iconicity and
a wurtzite structure with a lack of inversion symmetry
along the c-axis, it produces a large spontaneous
polarization with bound sheet charges of opposite sign
occurring at the Zn-polar and O-polar faces [6]. It is
expected that the O-polar face and the Zn-polar face of

predominantly thermionic emission on the Zn-polar face.
Schottky contacts deposited on the Zn-polar face have yielded
low ideality factors and low series resistances as compared to the
contacts on the O-polar face. A reverse leakage current
independent of the applied voltage has been observed on the Zn-
polar face contacts.

Copyright line will be provided by the publisher

bulk grown ZnO produce contacts of different qualities and
properties. This is because of the termination of the
different faces. During the process of termination,
electronic configurations different from the bulk material
and from each other are formed, creating incomplete
covalent bonds, rendering the two faces different
properties. Electronic band structure from the bulk to the
vacuum is also expected to vary with the polarity of the
faces. This in turn will affect the nature of the surface
during chemical treatment as the two faces etch differently,
and consequently the metal-surface chemical reactions are
bound to differ. Allen et al [7] reported a significant effect
of the polarity on the Pd and Pt Schottky contacts
deposited on bulk single crystal ZnO purchased from
Cermet Inc. Polarity effects were also observed in highly
rectifying planar silver oxide diodes where the contacts
deposited on the Zn-polar face yielded a barrier height
which is 130 meV larger than the ones deposited on the O-
polar face [6]. In this paper, we report on the polarity effect
observed on the palladium (Pd) and gold (Au) Schottky
contacts deposited on both the Zn-polar face and the O-
polar face of the bulk grown single crystal ZnO samples
using room temperature -V measurements.

2 Experiment Undoped n-type ZnO bulk crystals of
orientation (0001) and double side polished obtained from
Cermet Inc were used in this study. The samples were
degreased in acetone for Sminutes in the ultrasonic bath,
methanol for another 5 minutes in the ultrasonic bath and

Copyright line will be provided by the publisher
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finally boiled in hydrogen peroxide for 3 minutes. After
treatment with the peroxide, the samples were blown dry
with nitrogen gas. Ohmic contacts of composition
Ti/AVPtY/Au with thicknesses 20/80/40/80 nm were
electron-beam deposited on the O-polar face for two
samples and the Zn-polar face on the other two under
vacuum with a pressure below 1x10® Torr were then

deposited. The samples were then annealed in argon
ambient for 30 minutes at a temperature of 200°C.
Palladium and gold Schottky contacts with a diameter of
0.6 mm were finally resistively deposited on the samples
under a vacuum of below 1x107 Torr. Room temperature
I-V measurements were then performed.

Table 1. Electrical parameters extracted from the current-voltage characteristics of the metal Schottky contacts al room temperature.

Face Metal Ideality factor, Barrier Height Series Resistance, Current at
n (V) Rs () V=-1V({A)
Zn-polar Pd 1.26 0.80 42 2.19% 107
Au 1.23 0.71 44 9.02 x 10
O-polar Pd 2.04 0.90 210 142 x 107
Au 1.69 0.84 883 1.02 x 107
3 Results and discussions but only differ in the deviation from linearity at high
voltages which is due to the effects of series resistance.
o E I The curves indicate the dominance of
10F o coneiiy 7z generation/recombination at low voltages [8], i.e. below
s b T 7 0.5 V. The experimental data for both Fig. 1 and Fig. 2 can
3 be fitted to two distinct linear regions, [, and I,,. Fitting a
10° F straight line, 7, to the region that resembles thermionic
z 107k emission current, ie. the intermediate region using the
15 3 equation,
3 - 9 q(v-m)
10° E r=aAr’ exp(—B} exp| ———22 |1 (1),
] O'W; (74 nkT
(0 where A" is the effective Richardson constant, A is the
10'30 072 074 O.Ie DTS . Schottky contact area, @ is the barrier height, 7 the Kelvin
Voltage (V) temperature, k¥ the Boltzmann constant, and R, the series

Fig. 1: Current voltage characteristics of the Pd/ZnQ Schottky
contact deposited on the O-polar face.
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Fig. 2: Current voltage characteristics of the Av/ZnO Schottky
contact deposited on the O-polar face.
Fig. 1 and Fig. 2 show the semilogarithmic I-V
characteristics of the Pd and Au Schottky contacts
deposited on the O-polar face of the bulk grown single
crystal ZnO, respectively. The plots show the same
characteristics at low and high voltages in the forward bias

Copyright line will be provided by the publisher

resistance, the ideality factor n can be obtained from,
g 4V
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Fig. 3: Corrent voltage characteristics of the Pd/ZnQO Schottky
contact deposited on the Zn-polar face.
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Fig. 3 shows the semilogarithmic I'V characteristics of the
Pd Schottky contacts deposited on the Zn-polar face. The
curves reveal that thermionic emission is the dominant
transport mechanism. The data can fit to a single linear
region by making use of equation (1) and the ideality
factor can also be obtained from equation (2). The
deviation in linearity at high voltages is due to the effects
of series resistance.

107 p ;
102 |
109 |
10+ |
10° b
10°
107

FJerey

Current (&)

PR i 3

10°¢

o b 4+ General V]
10° Lty
10_1 1 1 1 1 1

00 02 04 06 08 1.0

Voltage (V)
Fig. 4: Current voltage characteristics of the Au/ZnO Schottky
contact deposited on the Zn-polar face.

Table 1 shows the parameters obtained by fitting the
experimental data to a pure thermionic model. The ideality
factors obtained for the contacts deposited on the Zn-polar
face are lower than for the contacts on the O-polar face as
shown in Table. 1. Furthermore, the Schottky contacts on
the O-polar face have high barrier heights as compared to
the one on the Zn-polar face. High series resistance values
have also been measured for the contacts on the O-polar
face with gold contacts yielding the largest resistance. The
large series resistance for the Au contacts has been
attributed to the poor adhesion of the metal to the
semiconductor surface during fabrication. The observed
differences can be attributed to the difference in the surface
and chemical structures of the two terminated faces. Since
the two faces differ in chemical structures, it is expected
that they form different chemical bonds during cleaning
and hence produce contacts of different qualities with the
same metal. As it is speculated that boiling hydrogen
peroxide produces some oxygen radicals that react with the
surface of the ZnO sample [9], one would expect the Zn-
terminated face to form a different structure from the O-
terminated face, after reacting with the radicals. In
completing the dangling bonds on the terminated faces, the
7Zn face is expected to form some ZnO molecules, while
the oxygen face complete the covalent bonds with another
oxygen atom rendering the difference in the properties
(electronic, chemical and structural) of the faces. In other
words, the Zn-polar face completes its lattice on the
surface by reacting with the radicals as was suggested by

Gu et al [9]. This brings about the difference in the quality
of the Schottky contacts formed after metal deposition [10].
We speculate that the O-polar face forms an insulative
layer because of the completion of the O-dangling bonds
by oxygen atoms leading to the generation/recombination
of carriers as they tunnel through the barrier at low
voltages. As the voltage increases, carriers gain enough
energy to cross over the barrier and thus thermionic
emission current starts to dominate, while generation
recombination vanishes. Allen et al [6] also revealed the
difference in the Schottky barrier height for the contacts
deposited on the polar faces of a ZnO sample obtained
from the same supplier with the barrier height on the Zn-
polar face being greater than the one on the O-polar face
by 130meV. It can be said that the Zn-polar face forms the
best contacts compared to the O-polar face since the
contact resistance obtained for the Pd and Au contacts is
low. Since the series resistance depends on the bulk wafer
resistivity and contact resistance [11], the high series
resistance obtained on the O-polar face can be attributed to
the existence of an interfacial layer which causes poor
chemical bonding between the metal and semiconductor
since the contacts were prepared using the same method.
Au Schottky contacts to both the O-polar and Zn-polar
faces have high series resistance compared to the Pd
Schottky contacts. This is because of the observed poor
adhesion of the Au to the semiconductor surfaces.

4. Conclusion Results from the -electrical
properties of the Schottky contacts deposited on the Zn-
polar and O-polar faces of bulk grown single crystal ZnO
have shown a very strong dependence on polarity effects.
The O-polar face has shown the dominance of
generation/recombination at low voltages and at room
temperature while the current transport mechanism for the
Zn-polar face is predominantly thermionic emission. The
leakage current for the contacts deposited on the Zn-polar
face is almost constant with an increase in voltage while
that for the O-polar face increases with the increase in
voltage. The difference in Schottky contact quality can be
attributed to the difference in the surface and chemical
structures of the faces. Also the chemical reactions
resulting in the formation and breaking of the bonds at the
surface might have contributed to the good quality of the
contacts on the Zn-polar face. We conclude that the Zn-
polar face is the best for Schottky contact fabrication on
bulk single crystal ZnO as it produces contacts with low
ideality factors and series resistances together with a
leakage current which is almost independent of the applied
voltage. Also Pd forms a better contact to ZnO compared
to Au.
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5.3: Temperature dependent IV measurements on ZnO Schottky Barrier
Diodes.

Generally, the 1-V characteristics of Schottky barrier diodes vary with temperature. This is
because of the different current transport mechanisms which dominate under different
temperature conditions. This section gives an outline of the temperature dependence of the

parameters extracted and discussed in section 5.2 using Pd Schottky contacts only.

5.3.1: The general 1V characteristics.

Palladium Schottky contacts deposited on the Zn-polar face indicate strong temperature
dependence (Fig.5.3.1). A large deviation from the ideal Schottky behaviour is observed in
the low temperature regions (60 -140 K) where the effects of generation recombination and
other current transport mechanisms are highly pronounced. Above 180 K, thermionic

emission starts to dominate as generation/recombination current decreases.

108

104

10®

Current, 1 (A)
o

-1.0 -0.5 0.0 0.5 1.0
Voltage, V (V)

Fig. 5.3.1: Temperature dependent I-V semilogarithmic plot for the as-deposited Pd/ZnO
Schottky diode in the 60-300 K range. Contacts were deposited on the Zn-polar face.
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At 300 K, thermionic emission is the dominant mechanism present. Within the high
temperature region (180-300 K), increasing series resistance with temperature is the only
factor affecting the I-V characteristics.

According to the results of Fig.5.3.2, the curves show two linear bias regions within the
entire temperature range (60—-300K). The lower bias region can be fitted to
generation/recombination, while the intermediate region gives the thermionic emission. The
upper parts of the curves which show some deviation from linearity define the series
resistance of the contacts. For high temperatures, the effects of generation/recombination are

observed to affect the curves at low forward bias conditions.
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Fig. 5.3.2: Semilogarithmic I-V plot of the Pd/ZnO Schottky contacts deposited on the O-
polar face of bulk ZnO.

Fig.5.3.3 gives a detailed analysis of the dependence of generation/recombination on applied
voltage and temperature. The 60 K curve reveals that generation/recombination affects the
diode at voltages < 0.3 V, while for the 300 K temperature curve; generation/recombination is
seen to affect the contacts at voltages < 0.2 V. This can be explained by the fact that at high

temperatures, under a certain given bias, the emission rate of carriers increases causing a
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corresponding increase in the generation/recombination saturation current. At low
temperatures, since carriers have low energy, a higher voltage has to be applied to excite

carriers before they start contributing to the thermionic emission current.

10"
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Voltage (V)

Fig.5.3.3: Forward bias IV curves at 60 K and 300 K temperature curves illustrating the
current transport mechanisms taking place on the Pd/ZnO contacts deposited on the O-polar

face in more detail.

5.3.2: Temperature dependence of the ideality factor.

The variation of the ideality factor for palladium Schottky contacts deposited on the Zn-polar
and O-polar face is shown in Fig.5.3.4. The ideality factor on the Zn-polar face indicates an
increase with temperature up to a temperature of 180 K whereafter an increase in temperature
results in a decrease in ideality factor. This trend can be said to be unusual as one would
expect the ideality factor to decrease with an increase in temperature as all the other current
transport mechanisms will be vanishing and thermionic emission will dominate. This trend
was also observed by Lu and Mohammed [1] in AlxGaN;.x diodes. This type of variation has
been explained by Tung [2] as due to the so-called T, anomaly. Within the 180-300 K
temperature range, there is little variation of the ideality factor with temperature as the

ideality factor varies between 1.7 and 2 with the lowest being 1.77 at 300 K.
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Fig.5.3.4: Variation of ideality factor with temperature for the palladium Schottky contacts to
ZnO in the 60-300 K temperature range. Triangles representing the Zn-polar face, circles for

the O-polar face.

The contacts can be said to be stable within this temperature range. The decrease in ideality
factor within this region with the smallest value being obtained at 300 K indicates a decrease
in the generation/recombination and dominance of the thermionic emission current.

On the O-polar face, the ideality factor decreases with increasing temperature, with the
largest value being 7.55 at 60 K. This is the most expected trend as the diode deviates much
from the ideal thermionic behaviour since we have many processes taking place within the
low temperature region that affect the diode. Within the 60-140 K temperature range, the n
values obtained indicate the presence of other mechanisms other than
generation/recombination and thermionic emission. The large values of ideality factor at low
temperatures can also be attributed to the potential drop in the interfacial layer and presence
of excess current through the interfacial states between the semiconductor/insulator layers
[3]. At 180 K, the ideality factor drops sharply to 2.69. Upon a further increase in
temperature, the ideality factor drops slightly, but remains between 2 and 3 for the
temperature range 180-300 K. This decrease in ideality factor indicates the subsiding effects

of the generation/recombination with increase in temperature.
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5.3.3: Temperature dependence of series resistance.

The variation of the series resistance with temperature is revealed in Fig.5.3.5a and
Fig.5.3.5b.
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Fig.5.3.5a: Semilogarithmic series resistance temperature plot to show the variation of series
resistance with temperature for the selected Pd/ZnO Schottky diode on the Zn-polar face in

the temperature range 60-300 K, with indium as ohmic contacts.

Fig.5.3.5a and Fig.5.3.5b indicate a decrease in series resistance of the selected Schottky
contacts to ZnO with increase in temperature. The highest value was recorded at 60 K for
both the O-polar and Zn-polar face Schottky contacts. This is due to an increase in bulk
resistivity as discussed in section 5.1.1.1. The high series resistance obtained on the Zn-polar
face can be attributed to the bonding using silver paint [4].The series resistance shows a slight

increase with temperature after 180 K for both the samples.
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Fig.5.3.5b: Variation of series resistance with temperature for the selected Pd/ZnO Schottky

diode on the O-polar face in the temperature range 60-300 K.

This trend can be related to the bulk resistivity of the samples as found from the Hall
measurements, where a transition in the conductivity occurs at 180 K [5], i.e. an increase in
conductivity with temperature was noted up to a temperature of 180 K then a decrease was
observed with an increase in temperature. See section 5.1.1.1 for a detailed Hall results

discussion.

5.3.4: Temperature dependence of the saturation current.

The saturation current values obtained as the intercept on the current axis define the current
flowing through the device at zero bias voltage. Fig.5.3.6 illustrates an increase in saturation
current with temperature for contacts on both the Zn-polar and O-polar faces. This can be
explained by the fact that at low temperatures, carriers will be frozen out, and few will be
able to contribute to the current flow. This could also be due to scattering of carriers due to
the ionized impurities at low temperatures. As the temperature increases, thermal agitation of
carriers increases, thereby increasing the amount of current flowing through the device. On
the Zn-polar face, at temperatures higher than 180 K, the saturation current is significantly
larger than at lower temperatures and it can be concluded that the saturation current is
dependent on temperature. Its temperature dependence can be summarised by the equation,

I, = AAT? exp(—%) (5.3.1)

Thus the device can be said to be stable in the 180 K-300 K temperature range.
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Fig.5.3.6: Temperature dependence of saturation current in the 60-300 K temperature range.
Triangles indicate the saturation current on the Zn-polar face and circles represent the O-

polar face saturation current.

5.3.5: Temperature dependence of the I-V barrier height.
The measured 1-V barrier height on the Zn-polar face at every temperature is larger than the
SBH of the O-polar face for the selected diodes shown in Fig.5.3.7. Previous studies of the
temperature dependent SBHs were based on a comparison with the theory of Tersoff [6] who
predicted a SBH,

qd, = %(EG —%}+§m (5.3.2)
for a metal on a p-type semiconductor. Eg is the semiconductor direct bandgap, A is the spin
orbit splitting, and J, is an adjustable parameter that depends on the metal. According to
equation (5.3.3), the temperature dependence of the SBHs should be controlled by the
variation of the bandgap, Eg. Linearising the temperature dependence of the bandgap a linear

behaviour of the SBHs is expected in the form,

@, (T)=®, ,(T=0)+ag"T (5.3.3)
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Fig.5.3.7: Variation of |-V barrier height with temperature for the palladium Schottky
contacts to ZnO in the 60-300 K temperature range. Triangles represent the Zn-polar face;
circles the O-polar face.

From equation (5.3.3), it is expected that the barrier height decreases with an increase in

temperature, with a temperature coefficient given by [7]

n.p :dq)n,p = =ldEG
dT @, Tersoff 2 dT

(5.3.4)

Since the I-V barrier height depends on the saturation current values, this trend can be
explained by the fact that at low temperatures, charge carriers have low energy to cross over
the barrier and very little current at zero bias flows through the diode. As the temperature
increases, carriers now gain enough energy to surpass the energy barrier, causing a large
current to flow and hence a reduced potential barrier. However, the measured barrier height
on the selected diodes on the Zn-polar and O-polar face increases with temperature. The
increase in barrier height has been observed and explained by other researchers [8, 9, 10, 11]
on Si and n-GaAs. The reason for this observation is not clear as different explanations have

been given. Several theoretical models with pinning of the Fermi level by electronic states
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being the most favoured one [8] have been used. It is suggested that Fermi level pinning is by
metal induced gap states (MIGS) [6] or defect states at the interface [12]. For Fermi level
pinning by MIGS, the temperature dependence of the barrier height is governed by the
temperature dependence of the energy gap implying the barrier height must decrease with
temperature. If the Fermi level pinning is due to interface defects, their ionization entropy
would control the dependence of the barrier height on temperature [8]. Revva et al. [13]
however suggested that the ionization entropy of the interface defects depend weakly on
temperature and hence the temperature coefficient of the SBH should be nearly zero. Another
explanation for the observed increase in barrier height with temperature is the existence of
laterally extended SBH inhomogeneities at the MS interface in which the electron transport
can be treated by the parallel conduction model [14, 8]. Under this situation, the current
flowing through the barrier is assumed to be the sum of all the individual currents, I; flowing
through individual patches, each of its own area A; and Schottky barrier height, @; [8]:

- 2147 71 Zoo S (639

In this case, the current will be dominated by the low barrier regions. In this study, since the
value of the temperature coefficients obtained from Fig.5.3.7 for the Zn-polar and O-polar
face are 52.6 meVK™ and 44.5 meVK™, respectively, Fermi level pinning cannot explain the
temperature dependence of the observed barrier heights. Thus the temperature dependence of

barrier height can be explained by the lateral inhomogeneities of the SBH.

5.3.6: Determination of the effective Richardson constant for ZnO.

The Richardson constant for ZnO has been calculated from the saturation current values
assuming that the Schottky barrier height of the Pd/ZnO Schottky contacts is non-
homogeneous. By using equation (5.3.2) a linear plot shown in Fig. 5.3.7, was obtained in the

(60-160 K) temperature range. For the insert, linearity was restored by multiplying the

In (IS /TZ) by the ideality factor as was suggested by Schroder [15]. The apparent Richardson

constant, A” was obtained as 8.60 x 10° AK?cm™ in the 60-160 K temperature range and
5.19 x 10°® AK?cm™ in the 180-300 K using equation (5.3.3). Gu et al. [16] and Sheng et al.
[17] also calculated the value of A" on Ag/ZnO SBDs in the high temperature ranges, 200-
500 K and 265-340 K and obtained the values as 0.248 and 0.15 AKcm™, respectively. It
should be noted that the value of A" depends on contact quality, saturation current [5] and

temperature as different values have been obtained for different temperature ranges even with
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the same metals. Values of the Richardson constant that deviate from the theoretical values
have also been calculated by some researchers on other materials. Dokme et al. [18]
calculated the Richardson constant, A" for Al/p-Si SBD and obtained it as 1.3 x 10* AK?cm™

in the temperature range 150-375 K compared to the theoretical value of 32 AK2cm™.

= —
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X 64
34k -66
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~= 74
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Fig. 5.3.7: The Richardson plot, In[ls/T?] versus 1000/T for the Pd/ZnO SBD in the 60-160 K
temperature range. The insert shows the nIn[ls/T*] in the 180-300 K temperature range where

n is the ideality factor.

Barrier inhomogeneity has been suggested as the cause for the deviation of the value of A"
from the theoretical value [18, 19]. The existence of high and low barrier areas at the contact
mainly due to the formation of different oxide layer thicknesses between the metal and
semiconductor influences the flow of the current through the contact. Due to the potential
fluctuations at the interface, diode current will flow through the low barrier areas in the
potential distribution. To get a value of A" closer to the theoretical value of 32 AK?cm?,
barrier inhomogeneities correction needs to be performed as outlined in section 3.4.3.1. After
barrier height inhomogeneities correction, a corrected value of the Richardson constant called

the effective Richardson constant, A" has been obtained as 167 AK?cm™from Fig. 5.3.8.
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Fig. 5.3.8: Modified Richardson plot according to the Gaussian distribution of barrier
heights.

5.3.7: Conclusions.

The Pd Schottky contacts on ZnO have very strong temperature dependences as revealed by
the I-V characteristics of Fig.5.3.1 and 5.3.2. This temperature dependence has affected the
parameters extracted from these curves. On the O-polar face, generation recombination has
even shown its effects at room temperature. At low temperatures, generation recombination
and other mechanisms play a role in the transport of carriers across the barrier. The ideality
factor shows a strong dependence on temperature on the O-polar face. The I-V barrier height
shows a trend that disagrees with the negative temperature coefficient of the I1-VI compound
semiconductor material, an effect explained by the inhomogeneities of the barrier. The series
resistance of the diodes decreases with an increase in temperature and has been correlated to
the resistivity and hence conductivity of the bulk semiconductor material. In the
determination of the effective Richardson constant, barrier inhomogeneities correction needs
to be effected in order to get a value closer to the known theoretical value. The publication at
the end of this section gives detailed analysis on the temperature dependence of the 1V

results.
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Temperature dependent current-voltage (I-V) and Hall measurements were performed on PdfZn0O
Schottky barrier diodes in the range 20-300K. The apparent Richardson constant was found to be
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1. Introduction

In determining the Schottky barrier height, ®, of metal/
semiconductor contacts, general [-V and capacitance-voltage
(C—V} measurements are usually employed at room temperature,
which use the assumption that only thermionic emission is
responsible for the flow of electrons across the potential barrier. In
this paper, we have assumed that other current transport
processes also contribute towards the movement of electrons
within the depletion region and across the barrier in Schottky
contacts, to determine the barrier height. The equations usually
used for the determination of the barrier height according to
Schroder [1], indicate the dependence of the barrier height on the
saturation current, [;:

KT, AA'T?
=—In

q I
where A" is the effective Richardson constant, A is the Schottky

contact area, I is the saturation current, k the Boltzmann constant
and T is the Kelvin temperature, assuming pure thermionic

by,

(1)

* Correspending author. Tel.: #2774 1874157 fax: +27 12362 5288.
E-muail address: Wilbert Mtangi@up.ac.za (W. Mtangi).

0921-4526/% - see front matter © 2008 Elsevier BV. All rights reserved.
doi: 10.1016/j.physb.2008.11.022

emission over the barrier, such that,

1=Is{exp(%) —1} (2}

This approximation factors out the effect of the series resistance,
R: and the ideality factor, n. The barrier height determined
using this method is for zero bias [1]. There usually exists
uncertainity because of using an incorrect value of A* [1]. The
Richardson constant has a tendency of varying with temperature,
and so there is need to know the actual value of the constant in a
range of temperatures, which the barrier height is being
evaluated. Different values of the Richardson constant have
been obtained by different researchers [2-6] using different
temperature ranges. Since A* appears in the ‘In’ term in Eq. (1},
an error of two would mean the value of &, will be affected
by a factor of 0.7kT/q [1]. Incorporating other current transport
mechanisms, to make the diode non-ideal, ie. n=>1, the
series resistance and the ideality factor, n need to be factored
into Eq. (2} [7]:

I=lIsexp P(Vn};&)} {1 —exp (— 7[‘?(‘/’(}1&)]) } (3}
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where 102

10
I, = AA'T? exp( E_f_p”) (4) 10+
Eq. (3) is commonly used in computing the values of I; and @, 10%
providing n<1.1 [1]. When thermionic emission is no longer the 10%
only dominant mechanism or the series resistance is too large, the < 107
ideality factor n increases. By extrapolating the semi-logarithmic < 10
plot of the general [V relationship, Is is obtained as the intercept v 10°
on the vertical axis, acceptable when the pure thermionic g 1010
emission vanishes and therefore no physical interpretation in S 101
calculating @, from Eq. (4) is justified [7]. Another type of error .
arises when choosing the linear range from the semi-logarithmic 1072 i ' ?goKK
I-V relationship plot. Since the series resistance influences the 10 | o 140K
upper limit while the lower part is affected by other current 10" +— 180K
transport mechanisms, especially for structures with high barrier 105 | ® f gﬁg&
heights @,, they push the interval limit up, thus reducing the 10-16 1 1
linear region [7], making it slightly impossible to fit the 1.0 0.5 0.0 0.5 1.0

experimental [-V curves within a wide temperature range. Gu
et al. [2], and Sheng et al. [4] performed temperature dependent
[-V measurements on the Ag{ZnO Schottky diodes in the higher
temperature ranges {200-500K) and (265-340K), and obtained
the effective Richardson constant to be 0.248 and 0.15AK™2 cm~2,
respectively. Grossner et al. [8] performed some measurements on
the Pd/ZnO Schottky diodes and revealed the stability of the
Schottky barrier diode (SBD} in the temperature range 130-340K.
In this study, analysis of the temperature dependence cof the
hydrogen peroxide treated PdfZnO SBD and calculation of the
effective mean barrier height &,, the Richardson constant A",
the modified Richardson constant A™ and the thermal activation
energy of a defect in the ZnO sample in the temperature range
{20-300K) has been performed.

2. Experimental procedure

Undoped ZnO samples from Cermet Inc. were used in this
study. Temperature dependent Hall measurements were carried
out using a Helium cryostat in the temperature range 60-330K on
a hydrogen peroxide treated sample. Prior to the deposition of the
ohmic and Schottky contacts, the sample was degreased in
acetone, methanol and boiled in hydrogen peroxide at 100°C for
3 min. After treatment with the peroxide, they were blown dry
using nitrogen gas. Ohmic contacts with the composition of TifAlf
Pt/Au with thicknesses 20/80/40/80 nm were deposited on the
oxygen polar face in the electron-beam at a pressure of
approximately 1 x 107% Torr. The samples were then annealed in
Argon ambient at a temperature of 200°C for 30 min. Palladium
contacts with an area A = 2.83 x 10> cm? were then fabricated
on the Zn-polar face of the ZnO samples in the resistive
evaporation system under a vacuum of approximately
1 x 1072 Torr. Bonding of thin gold wires was carried out on the
Pd Schottky contacts using silver paint. The silver paint was also
used on the O-polar face to provide for the ohmic contacts, and
the samples were attached to gold plated ceramic plates.
Temperature dependent [-V measurements were carried out in
a He cryostat in the range 20-300K. Deep level transient
spectroscopy (DLTS) measurements were finally carried out in
the temperature range 20-330K.

3. Results and discussion

From Fig. 1, the curves obtained for the I-V measurements
indicate a very strong temperature dependence of the Pd{ZnO
Schottky diodes. These characteristics deviate from ideality at low

Voltage, V (V)

Fig. 1. (Color online) Temperature dependent I—-V semi logarithmic plot for the as-
deposited Pd/Zn0 Schottky diode in the 60-300 K range.
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Fig. 2. (Color online) Conductivity—temperature variation of ZnO: (a) is the plot
obtained from the Hall measurement results and (b) is the plot obtained from
calculations, using Eq. (6).

temperatures (20-140 K), which may be due to the effect of other
current transport processes like the generation-recombination of
carriers in the space charge region [9] and tunneling of electrons
through the barrier. At temperatures above 140K, thermionic
emission becomes the dominant process. In the 160-300K
temperature range, the diode is characterized by an increasing
series resistance with temperature. This series resistance is
correlated to the resistivity of the ZnO material and therefore to
the intrinsic electron carrier concentration. The series resistance
increases with a decrease in temperature, i.e. below 160K. The
resistivity, p of a material can be related to the conductivity by the
equation [2]

-1 (5)

qun @

where y, is the electron mobility, and n is the electron carrier
concentration. Fig. 2 shows an increase in conductivity with
temperature up to 160K, which justifies the increase in series
resistance with a decrease in temperature as well as a decrease in

P
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conductivity with increase in temperature above 160K. On the
same graph, we have plotted a curve using the calculated values
from the series resistance, using the equation,

pP=- (6}

where A is the Schottky contact cross sectional area, R is the series
resistance and ! is the thickness of the sample. These two curves
are in agreement as they both show the same trend. The only
difference is in the magnitude of the values, i.e. the conductivity
obtained from Hall measurements is larger than that obtained
using the calculated series resistance. The low conductivity in the
curve where the series resistance was used to calculate the
resistivity could be due to the presence of a back chmic contact.
The possible existence of the insulative oxide layer between the
metal and semiconductor could have also contributed to the high
resistivity of the diode. Another possibility for low conductivity
could be the contact area, which was large as the diameter of the
contact was used compared to the Hall measurement technique
where very small contacts are used. Fig. 3 shows a plot of barrier
height and ideality factor as a function of temperature. The
ideality factor increases with temperature from 60 to 160K. Lu
and Mohammad [10] also observed this trend in Aly,GaN,_, diodes.
At 180K, the ideality factor starts to decrease up to 300K where it
is approximately 1.77. This type of variation might be due to the
so-called T, anomaly as explained by Tung [11]. The barrier height
has also shown some temperature dependence with the highest
value being 1.02 eV at a temperature of 60K. As the temperature
increases, the barrier height starts to decrease until it becomes
almost constant in the 180-300K temperature range, where
thermionic emission is dominant. This trend is the most expected,
as at low temperatures, charge carriers would not be having
enough energy to surpass the barrier and some lose their energy
during collisions when they undergo recombination-generation
and hence they see a large barrier. After 160K, majority charge
carriers gain enough energy as they are excited over the potential
barrier and start contributing to the current flowing through the
semiconductor and hence they see a reduced barrier. Since
thermionic emission is the dominant current transport process
and the diode exhibits the same characteristics in the 180-300K-
temperature range, with little variation in the ideality factor, we
can say the diode is stable in this temperature range.

1.1 2.4
1.0 1=
i - 9 120 =
= S

09 F ] =
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>
3 {148
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a 112
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Fig. 3. Barrier height (a) and ideality factor {b) as a function of temperature in the
temperature range (60-300K) for the as-deposited Pd/ZnO Schottky diode.

3.1. The Richardson constant

The transition in the characteristics of the diode at 160K, has
affected the linearity of the curve for the Richardson plot in the
temperature range 180-300K and so we have managed to fit the
curve in the 60-160K temperature range as shown in Fig. 4,
which is a linear fit of Eq. (4). The insert of Fig. 4, is a Richardson
plot for the temperature range 180-300K. The diode shows
high dependence of ideality factor on temperature, which
distorted the linearity of the plot. Linear restoration of the
plot in the 180-300K region was performed by multiplying
ln(IS/Tz) by the ideality factor, n as suggested by Schroder [1]. The
apparent Richardson constant was calculated as 8.60 x 107 and
5.19 x 1075 AK"? em~? for the 60-160 and 180-300K tempera-
ture ranges, respectively, from the plots of Fig. 4. Dokme et al. [3]
calculated the value of the effective Richardson constant for
Al/p-5i SBD in the temperature range 150-375K and found it to be
13 x 107*AK 2cm~2. The gradient of the insert of Fig. 4, yielded
an effective barrier height of 0.50eV. The deviation of the
Richardson constant from the theoretical value, 32 AK2cm~? is
explained by some researchers [3,6] as an effect of the barrier
inhomogeneity of the contact, meaning that it consists of high and
low barrier areas at the interface mainly due to the formation of
different oxide layer thicknesses between the metal and the
semiconductor. Due to these potential fluctuations at the inter-
face, the current of the diode will flow preferentially through the
lower barriers in the potential distribution [12].

3.2. Barrier height inhomogeneities

We have corrected the barrier height inhomogeneities, to
obtain a modified value of the Richardson constant, closer to the
known value of 32 AK~%cm~2. The analysis of the barrier height
inhomogeneities was also suggested and performed by Dokme
et al. [3] and Karadeniz et al. [12]. Usually, the barrier height
obtained under the flat band condition is considered to be a real
fundamental quantity which assumes that the electrical field is
zero. This eliminates the effect of image force lowering that would
affect the [-V characteristics and removes the influence of lateral
inhomogeneity [3]. In addressing the observed abnormal devia-
tion from classical thermionic emission theory, some researchers
[13,14] have considered a system of discrete regions of low barrier
imbedded in a higher background uniform barrier. These
behaviors can be explained by assuming that the distribution of
the barrier heights is a Gaussian distribution of barrier heights
with a mean value &, and standard deviation o, which can be

IR
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Fig. 4. Richardson plot, In(;/T?) versus 1000/T, for the PdfZnO SBD in the
temperature range 60-160K. The insert shows the n{n(l;/T*)] versus 1000/T
variation for the ZnOJPd SBD in the temperature range 180-300K.
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given by [13,15,16]

P = exp| -7 ) %

ex|

21 p[ 202
where 1/0s+/27 Is the normalization constant of the Gaussian
barrier height distribution. The total I(V) across a Schottky diode
containing a barrier inhemogeneities can be expressed as [3]

too
W= [ 10, vy ddy (8)

where [(@, V) is the current at a bias V for a barrier of height
based on the ideal thermionic emission-diffusion (TED} theory
and P(®p) is the normalized distribution function giving the
probability of accuracy for barrier height. Substituting Eq. (3) for
I(®y, V) and Eq. (7} for P(®p) in Eq. (8}, we obtain the current, I(V)
through the Schottky barrier at a forward bias vV but with a
modified barrier as [3]

_ qv —exp(- Y
I(V)=Isexp (naka) x {1 exp( J(T)} (9)
with
_oaam2 _q@ap
I; = AA”T exp( o ) (10}

where ng and @4 are the apparent ideality factor and apparent
barrier height at zero bias, respectively, given by [18]

- a2
Py = BT =0) - 2720 (11)
1 _ . _ap3
(1) - o5 a2

We need to assume that the mean Schottky barrier height @, and
o are linearly bhias-dependent on Gaussian parameters, such that
@y, = Byy + p,V and standard deviation a5 = a5 + 03V, where $yg
is the barrier height at temperature T = 0K, p, and p; are voltage
coefficients which may depend on temperature, quantifying the
voltage deformation of the barrier height distribution [17,18]. The
temperature dependence of ¢ is small and therefore can he
neglected [19]. The decrease of zero-bias barrier height is caused
by the existence of the Gaussian distribution and the extent of
influence is determined by the standard deviation itself [ 3,12]. The
existence of the barrier inhomogeneities affects the current
transport of electrons across the Schottky barrier. Since at low
temperatures, charge carriers have very low energies to surpass
the energy barrier, tunneling of electrons is the dominant process.
Due to the fact that the barrier is non homogeneous, further
tunneling through the low barrier areas leads to the deviation of

s 12
L 10k _
.‘5’ 0.8 F e — -
:lll:) 06 F _SEasE W
& 04 F '
E oo b 6,= 0.00433q(2kT)'+0.529
m
0.0 : T T T
02 ¢ 20 40 60 80 140
= 04 e
= -06 F it
= e il (n1-1)=0.0057q(2KT)-1-0.769
q /(2kT)

Fig. 5. (Color online) Zero-bias apparent barrier height and ideality factor versus
q/(2kT) curves of the Pd/Zn0O Schottky diode according to the Gaussian distribution
of the barrier heights.

the barrier height from the value that could be obtained for a
uniformly distributed barrier at the metal-semiconductor inter-
face. A linear fit for the apparent ideality factor, which obeys
Eq. (12), has been cobtained as in Fig. 5; in the low temperature
region as the Gaussian distribution effect is common at low
temperatures [12]. The fitting of the experimental data using
Eq. (4} or {10)gives the value of the apparent barrier height, which
should obey Eq. (11). Our fitted data to Eq. (11), yielded a value of
@0 as 0.529eV and g = 0.066V from the intercept and slope
respectively. The lower the value of ¢y, the more homogeneous
the barrier height is and the better the diode rectifying
performance. The ideality factor plot only produced a linear fit
for the low temperature values, i.e. 80-180K as the Schottky diode
shows a transition in the ideality factor, series resistance and
barrier height at 160K. For this particular fit, the voltage
coefficients were obtained as p, = —0.769V and p; = —0.0057V
from the intercept and gradient, respectively. The linear behavior
of the ideality factor fit in the 80-180 K temperature range shows
the voltage deformation of the Gaussian distribution of the
Schottky barrier height in this range.

3.3 The modified Richardson plot

The Richardson plot can now be modified by combining
Eqs. (10} and (11} such that,

_ ppm2 7q5up qzdgo
I = AA™T exp[ T +2!<2T2 {(13)
and
I qZUZ ™ q‘iap
i(7s) - () = o™ - =

where A™ is the modified Richardson constant. A plot of the
modified In(ls/T%) — (g262,/2k*T?) versus 1000/T yields a straight
line with the slope giving the mean barrier height and the
intercept giving the medified Richardson constant as shewn in
Fig. 6. The graph has been plotted for the 80-180K temperature
range as the ideality factor plot produced a linear fit in this region,
denoting the voltage deformation of the Gaussian distribution of
the barrier heights [12]. The 60 K temperature curve could not be
used, because it was difficult to obtain a reliable saturation
current value from it. The modified Richardson constant has been
obtained as 167 AK~2cm~2 and a mean barrier height of 0.61 eV.
Karadeniz et al. [12] and Dokme et al. [3] also used the same
method and obtained a medified Richardson constant of 12.89
and 40.08Acm-2K~% for Ag/p-SnS and Aljp-Si Schottky diodes,
respectively.
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Fig. 6. Modified Richardson plot for the Pd/ZnQ Schottky diode according to the
Gaussian distribution of barrier heights.
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temperatures as was also observed by Auret et al. [20], which is
possibly the effect of carrier freeze out.

4. Conclusion

Zn0 has shown a temperature dependent behavior in a wide
temperature range. Within this range, below 160K, generation-
recombination has proved to be the dominant current transport
mechanism. For the temperature range 180-300K, thermionic
emission is the dominant transport mechanism and the diode is
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Fig. 7. Saturation current plot for the PA/ZnO sample in the temperature range
60-160K
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Fig. 8. DLTS signal for the as-deposited hydrogen peroxide treated Pd/ZnO
Schottky diode. This spectra was measured at quiescent reverse bias of -2V,
filling pulse of ¥, = 0V and rate window of 80s~.

3.4. Soturation current plot
Following the conclusion deduced from the characteristics of

the curves of Fig. 1, a saturation current plot in the temperature
range 60-160K using the equation [2,7],

Is = oo exp(k;’f) (15)
has been plotted as in Fig. 7, to find the activation energy of the
defect that traps the carriers causing the generation-recombina-
tion current to dominate. I; is the saturation current measured at
different temperatures, E, is the activation energy of the defect, k;,
is the Boltzmann constant. The activation energy was obtained as
the gradient of the linear fit to Eq. {15) with a value of 0.12 eV asin
Fig. 7. DLTS measurements have revealed the presence of two
prominent peaks, with the main peak consisting of two energy
levels, 0.320 and 0.337 eV below the conduction band as shown in
the spectra of Fig. 8. The low temperature peak has an energy level
(0.11 £ 0.01}eV below the conduction band. This peak has shown
a strong dependence on the electric field as its energy varies from
0.10eV at low electric fields to 0.12 eV at high electric fields. Auret
et al. [20] observed a defect level with almost the same energy
level (E; =0.12eV) to the latter in a ZnO sample grown by the
vapor phase technique, whose origins are not specified yet. This
peak is also asymmetric as the capacitance drops sharply at low

highly stable as shown by the ideality factor, which varies little
with temperature. In this temperature range, ZnO has revealed a
barrier height that is independent of temperature. The apparent
Richardson constant, A* for ZnO has been found to be 8.60 x 107°
and 519 x 107"AK2cm~2 in the 60-160 and 180-300K
temperature ranges, respectively. A* has shown a strong depen-
dence on the metal-semiconductor contact quality and saturation
current. From the modified Richardsen plot, the modified
Richardson constant, A~ has been obtained as 167 AK-?cm~2 in
the 80-180 K temperature range and a mean barrier height of
0.61eV. In determining A™, barrier inhomogeneities needs to be
taken into consideration to obtain a more accurate value. The
cleaning procedure used in this particular study has proved to be
the best for ZnO as good diodes with very low reverse leakage
currents and high rectification properties were obtained as was
also revealed by Gu et al. [2].
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5.4: CV measurements on ZnO Schottky Barrier Diodes.

As has been discussed in section 3.5.1, low capacitance values have been measured from the
Pd and Au Schottky contacts deposited on the O-polar face at room temperature. An ac
voltage with a frequency of 1 MHz has been superimposed on a reverse dc bias in the range
—-1to OV. The capacitance produced on the MS junction depends on how the charge
distribution within the system adjusts itself under an applied bias [1], hence it is a differential
capacitance. However, it has been pointed out that if the charge density changes uniformly,
the differential capacitance has no simple meaning because the fields and field increments are
not the same [1]. The interpretation of the measured effective differential capacitance can be
simplified by assuming that the space charge density in most of the barrier region remains
unchanged [1]. For a classical Schottky barrier with the space charge density fixed at
p =eN,, except near the barrier edge, with an externally applied ripple voltage, the charge
separation becomes well defined yielding a dynamic capacitance. Obtained values of

capacitance for the selected diodes are discussed in the following sections.

5.4.1: CV characteristics of M/ZnO Schottky diodes.

150

Capacitance, C (pF)

SOIIIIIIIII'IIIIIIIII.

-1.0 -0.8 -0.6 -0.4 -0.2 0.0

Reverse voltage, Vr (V)

Fig. 5.4.1: Variation of capacitance with reverse voltage in the 60 — 300 K temperature
range for the Pd/ZnO Schottky contacts.
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For any applied bias, at a constant temperature as illustrated in Fig. 5.4.1, the capacitance
increases with decreasing bias. The variation of capacitance with bias, taking the MS contact
to resemble a parallel plate capacitor must satisfy equation (3.5.9). This is expected as in the
forward bias mode, the Fermi level in the semiconductor moves up, pushing the energy bands
upwards and hence collapsing the depletion width. Also at a constant bias, the capacitance

increases with temperature, also shown in Fig. 5.4.1. This variation must satisfy the

C=A /ﬂ (5.4.1)
2V +Vp)

where, C is the capacitance, A is the Schottky contact area, ¢ is the semiconductor

relationship [1],

permittivity, g the electronic charge, Ng, the carrier density, V the applied voltage and Vp the
intercept on the voltage axis, for a semiconductor with completely ionized donors. At low
temperatures, more of the charge carriers are bound to their donor atoms implying that less
donors will be ionized, thus Ng will be small. As the temperature increases, the Fermi level
moves downwards causing an increase in the number of ionized donors and hence an increase
in the ionized donor concentration, Ng. Thus the capacitance increases. Very low capacitance
values are measured at 60 K as we are approaching the freeze out region. This will be

discussed further in section 5.4.1.3.

5.4.1.1: The built-in potential.

By bringing the metal Fermi level into equilibrium with the semiconductor Fermi level, a
region depleted of charge carriers in the semiconductor is formed. Due to the existence of
positive and negative charges on either side of the depletion region, a parallel plate capacitor
is formed where the depletion region acts as a dielectric. An electric field will be created at
the MS junction because of the polarity of the junction. The induced electric field induces a
voltage on the MS contact called the built-in voltage. This built-in voltage is extracted from
the voltage intercept of the 1/C? versus V plots and is related to the built-in potential by,

KT
Vi =V, +— (5.4.2)

The built-in potential is usually approximated to the voltage intercept since the term kT/q is
very small compared to the voltage intercept. The values of the built-in potential obtained

from the 1/C? versus V plots are shown as a function of temperature in Fig. 5.4.2.
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Fig. 5.4.2: Variation of built-in voltage with temperature for the 60-300 K range.

The graph indicates a linear relationship between the built in potential and temperature.

However there is a discontinuity at 120 K making it possible to fit the data in two regions,
60 — 120 K and 140 — 300 K. This discontinuity has been attributed to a defect that affects

capacitance determination between 120 K and 140 K [2] as shown on the capacitance

temperature curve of Fig. 5.4.7. The measured values of the built-in potential are larger than

the energy gap of ZnO. This could be due to existence of an inversion layer with high charge

density that causes the maximum electric field in the space charge region to attain high values

even with moderate doping concentrations [3]. The electric field strength within this system

is obtained by solving Poisson’s equation relating the charge density and the electrostatic

potential [4],

which by integration, and assuming no force and electric potential in the bulk of the

d%y _ P
dx? £

S

semiconductor yields [4],

82

max

_

{Nd (Vd —k—Tj+pS—kT{l—exp(_qV" H+ KTN, exp[ﬂj} (5.4.4)
& q q KT q KT

S

(5.4.3),
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where ps is the hole concentration at x = 0, Vg is equal to the surface potential. For a barrier
height that is too large, such that the surface is strongly p-type, the term involving ps is

negligible, and if qV, /KT >> KT the exponential term in the coefficient of Ngy can be ignored,

&, =§{Nd (vd —k—TJ} (5.45)
: q

S

so that to a good approximation,

5.4.1.2: Determination of the barrier height.

The barrier height has been determined by making use of equation (3.5.17) in the 60 — 300 K
temperature range. The measured barrier heights are large compared to the energy gap of
ZnO. Barrier heights greater than the energy gap of the semiconductor have been measured
by Chi et al. [3] for NiGe/n-Ge Schottky contacts, Dos Santos et al. [5] for the Schottky
contacts deposited on PbSe, where the barrier height was obtained to be twice as large as the
energy gap and by Walpole and Nill [6] on PbTe and InAs. This has been explained as an
effect of an inversion layer. As has been highlighted in section 5.4.1.1, the inversion layer
affects the built-in potential values, and since the barrier height strongly depends on the built-
in potential, it is also affected indirectly. An analysis of the effect of the inversion layer has

been presented by Walpole et al. [6] on p-type PbTe and InAs.

metal n-type bulk semiconductor

Fig. 5.4.3a: Energy bands versus distance x for a metal semiconductor contact without an
inversion layer, @, representing the barrier height and @y, the built-in potential.

At equilbrium, the energy bands between a metal and semiconductor with no applied bias

appears as in Fig. 5.4.3a. An inversion layer is usually formed when the Fermi level at the
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electrode interface approaches the band edge level of mobile minority carriers with increasing

potential across the depletion layer as in shown in Fig. 5.4.3b.

inverted

metal n-type bulk semiconductor

Fig. 5.4.3b: Energy bands versus distance x for a metal semiconductor cantact with an
inversion layer.

The total charge per unit area in the bulk semiconductor, taking the metal semiconductor

interface as the origin is given by,

Q = [p(x)dx (5.4.6)
Part of this charge, Qp is due to the preser?ce of charged donors within the depleted and
inverted regions which are not neutralized by electrons and the remainder of the charge Qp is
due to holes in the inverted region supplied by the current entering the metal electrode which
also supplies the incremental charge on the metal, similar to the case for a Schottky diode
with gg¢, >E; [7]. The capacitance measured is given by C = AdQ, /dV with Q, =gN,X,
where Xq is the depletion layer width. By subdividing the depletion layer into two regions, i.e.

x < x; forregion1and x, <x <X, for region 2, the capacitance is given by [7],

qe,6,Ny

2(¢, -7 -V =U(x)-kT/q
where y is the energy difference between the Fermi level and the conduction band, V is the

C = gAN,dx; /dV + (5.4.7)

applied voltage, U(x;)is the electric potential at a point, xi. The modification of the

capacitance value also affects the measured barrier height.
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5.4.1.3: Depth Profiling.

By making use of the depth profile technique, the donor concentration has been obtained in
the 60 — 300 K temperature range as the gradient of the 1/C? versus V plots. Fig. 5.4.4 and
Fig. 5.4.5 show the 1/C? versus V plots obtained at 60 K and 300 K, respectively.
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Fig. 5.4.4: Variation of 1/C? with applied reverse voltage (red triangles) to determine the
donor concentration measured at 60 K.

The experimental data show a deviation from linearity at low voltages for the 60 K plot. This
shows a decrease in carrier concentration as we move deep into the bulk of the semiconductor
[1]. This also shows incomplete donor ionization at low temperatures. The 300 K temperature
plot (Fig. 5.4.5) shows linearity in the data in the whole voltage range. This indicates
complete donor ionization at this particular temperature [1]. Fig. 5.4.6 shows the measured
donor concentration as a function of temperature. At low temperatures, the donor
concentration is low and increases with increasing temperature. This can be explained by the
fact that at low temperatures, the carriers are bound to their donor atoms i.e. fewer of the
donor atoms are ionized and with increasing temperature more of the donor atoms are ionized
[8]. There is however a sudden increase in donor concentration between 120 K and 140 K.
This has been explained as an effect of a defect that fills up with carriers at low temperatures

and releases (empties) at high enough temperatures, affecting capacitance determination.
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Fig. 5.4.5: Variation of 1/C*with applied reverse voltage (red circles) to determine the donor

concentration, Ng measured at 300 K.
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Fig. 5.4.6: Semilogarithmic carrier concentration temperature plot showing the variation of
donor concentration, Ny with temperature for the Pd/ZnO Schottky diodes.
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Fig. 5.4.7 shows the capacitance temperature plot measured on the palladium Schottky
contacts. The plot indicates the freeze out region below 50 K. At 120 K there is a sudden

increase in capacitance, followed by a gradual increase in capacitance until 300 K.
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Fig. 5.4.7: Capacitance-temperature variation measured at a reverse bias voltage of -2 V and
frequency of 1IMHz.

5.4.2: Temperature dependence of CV barrier height.

The dependence of the barrier height on temperature is of vital importance as the SBH
controls the electronic properties of devices. Measurements performed on the Pd/ZnO
contacts indicate a decrease in barrier height with increasing temperature as in Fig. 5.4.8. The
variation of the barrier height with temperature has enabled us to fit two linear regions to the
barrier height values i.e. the first region being linear from 60 K to 120 K and the second

being linear from 140 K to 300 K yielding equations of the form,
Gy (Teo120) = #(T =0) + T (5.4.8)

where a; IS the temperature coefficient of the semiconductor in the 60 K-120 K temperature
range which was obtained as -13.6 meVK™, and

P v (To_300) = P(T =0) + &, T (5.4.9)
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where ay is the temperature coefficient in the 140 K-300 K temperature range which was
obtained as -9.93 meVK™. At low temperatures, charge carriers will have very low energies
to cross over the barrier and thus they “experience” a large barrier. With increasing
temperature, carriers now have enough energy and thus they experience a reduced barrier.
This variation of SBH with temperature is expected, as it follows the negative temperature
coefficient of the I1-VI semiconductor material [9].
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Fig. 5.4.8: Variation of Schottky barrier height with temperature.

5.4.3: Conclusions.

Capacitance voltage characteristics of palladium Schottky contacts on ZnO have been
successfully determined. The variation in capacitance with temperature has been attributed to
the movement of the Fermi level and donor ionization, while the variation of capacitance
with applied bias has been related to the variation of the depletion width. Capacitance
measured across the MS interface is affected by the nature of the interface, with traps and
without traps. The CV technique can be used to determine the properties of the MS interface.
The values of the built-in potential and the barrier height indicate the effect of the minority
carriers on the capacitance voltage measurements. This effect has been explained in terms of
the existence of an inversion layer located closer to the surface of the semiconductor. ZnO

has a negative temperature coefficient as has been revealed by the variation of the barrier
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height with temperature. The CV technique has also been successfully used to determine the
donor concentration of the Schottky contacts. The variation of the donor concentration with
temperature has been explained by the complete ionization of donors at high temperatures
and incomplete ionization at low temperatures. A detailed analysis of the temperature
dependence of barrier heights is discussed in the publication at the end of this particular

section.
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Temperature dependent current-voltage (f-V) and capacitance-voltage {C-¥) measurements have been
performed on Pd/ZnO Schottky barrier diodes in the range 60-300 K. The room temperature values for
the zero bias barrier height from the I-V measurements (@,_y) was found to be 0.52eV and from the C-V
measurements (@) as 3.83 eV. From the temperature dependence of forward bias I-V, the barrier
height was observed to increase with temperature, a trend that disagrees with the negative temperature
coefficient for semiconductor material. The C-V barrier height decreases with temperature, a trend that
is in agreement with the negative temperature coefficient of semiconductor material. This has enabled
us to fit two curves in two regions (60-120K and 140-300K). We have attributed this behaviour to a
defect observed by DLTS with energy level 0.31 eV below the conduction band and defect concentration
of between 4 x 10" and 6 = 10"® cm 32 that traps carriers, influencing the determination of the barrier

Capacitance

Traps height.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Zn0 is a group II-VI compound semiconductor with a wide and
direct bandgap (3.37eV at room temperature). Due to its large
exciton binding energy of about 60 meV, which makes it highly
efficient in excitonic emission, it has attracted much attention in
researchers as it can also be used in ultraviolet and blue-range
optoelectronic devices, including lasers [1]. It also has superior
electronic parameters such as high breakdown voltage, high
electron saturation velocity [2], high thermal conductivity [3] and
high radiation tolerance [4], which are better than those of the
classical semiconductors, such as Si and GaAs, and is also
comparable with the wide band gap semiconductors, like SiC
and GaN [5]. Good rectifying ZnO Schottky contacts have been
difficult to achieve since the cleaning procedure of the ZnO
samples prior to contacts deposition plays a major role. Due to this
effect, studies on the quality of the metal/ZnO structures have
been of considerable interest to researchers. The performance and
reliability of the metal-semiconductor (MS) device is influenced
by the quality of the contact between the metal and the
semiconducter. This is because the Schottky barrier height of
the MS device is given by the mismatch between the energy levels
of the majority charge carriers across the metal-semiconductor
interface [6]. The Schottky barrier height (SBH) is of vital

* Corresponding author.
E-mail address: wilbert.mtangi@up.ac.za (W. Mtangi).

0921-4526/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi: 10.1016/j.physb.2009.09.022

importance as it controls the electronic transport across the MS
interface. Under different conditions of temperature and bias, the
barrier height tends to vary as was observed by Karatas and
Altindal [7] in GaAs Schottky barrier diodes. At times the barrier
height (BH) measured using different techniques also tends te
differ, though slightly. The performance of the MS device is also
dependent on the formation of an insulative layer, which can
strongly influence the device characteristics [7]. Device character-
istics can also be influenced by the interface states which can lead
to a large deviation from the ideal behaviour as they modify the
nature of the barrier. The barrier height calculated at room
temperature usually assumes the transport of carriers across the
barrier to be thermienic, ignoring the effects of other current
transport processes. The temperature dependence of barrier
height has been studied by several researchers with conflicting
results [8]. We have studied the variation of the barrier height by
performing some temperature dependent -V and C-V measure-
ments on Pd{Zn0O Schottky barrier diodes in the temperature
range 60-300K

2. Experiment

Undoped n-type ZnO samples were used in this study. The
samples were degreased in acetone for 5min in an ultrasenic
bath, then methanol for another 5 min in the ultrasonic bath and
finally boiled in hydrogen peroxide for 3 min. After treatment with

Please cite this article as: W. Mtangi, et al., Physica B (2009), doi:10.1016/j.physb.2009.09.022
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the peroxide, the samples were blown dry with nitrogen gas.
Ohmic contacts of composition Ti/Al{Pt/Au and thicknesses of
20/80/40/80 nm were then deposited on the Zn-polar face in an
electron beam deposition system under a vacuum of approxi-
mately 1 x 10~ 8 Torr. Annealing at a temperature of 200°C under
argon ambient was performed for 30 min. Schottky contacts with
a diameter of 0.6 mm were then resistively evaporated on the
O-polar face under a vacuum of approximately 1 x10->Torr.
Current-voltage (I-V) and capacitance-voltage (C-V) measure-
ments were then performed in a closed cycle helium cryostat in
the temperature range 60-330K. Finally, DLTS measurements
were performed in the same 20-300K temperature range.

3. Results and discussion

In a case where an interfacial layer exists at the Schottky
contact between the metal and semiconductor, the relationship
between the applied voltage, V and current, I is given by [9],

_ avy
I=ly [exp(nkT) 1} (1}
where n is the ideality factor, k is the Boltzmann constant, T is the

Kelvin temperature and Ip the reverse saturation current defined
by,

ay2 Gdso
Io = AA'T exp(— nkT) 2)
where A is the Schottky contact area, A* is the effective Richardson
constant, ¢,,(= ¢,;_,) is the zero bias barrier height. The ideality
factor has been included to take into account the effects that cause
deviation from ideality, i.e. 11 == 1. Fig. 1 shows the semilogarithmic
plot of the forward -V characteristics of the Pd/Zn0O Schottky
barrier diodes in the temperature range 60-300K. The 60-260K
curves indicate two regions where straight lines can be fitted by

102 E P
109 F '
10% F
F .
10° F
< 10% |
£ g
7
8 10
108
—a— 60K
E —a— 100K
10°¢ § —y— 140K
—e— 180K
—— 220K
10710 260K
P + 300K
10.M-l|||I||||I||||I||||I||||
0.0 0.2 04 0.6 0.8 1.0

Voltage (V)

Fig. 1. Semilogarithmic current-voltage (I-V) characteristics as a function of
temperature, T.

making use of Eq. {1}. The lower part of the curves yield the
generation recombination as the intercept on the current axis
when the applied bias is zero while the intermediate part yields
the thermionic emission current, {p extrapelated to the current
axis when the applied voltage is zero. From the values of the I
obtained as intercepts after extrapolating the intermediate region
to the current axis, the zero bias barrier height, ¢, , was
calculated from the relationship,

kT . AA*T?
iy = "IN 3)
q o

with A*=32 AK~? cm~2. The resulting barrier heights from Eq. (3)
are plotted as a function of temperature in Fig. 2. The observed
trend is an increase in zero bias barrier height with temperature
which disagrees with the negative temperature coefficient of [I-VI
semiconductor material [10]. The same trend of an increase in
zero bias barrier height with temperature was previously
observed on GaAs Schottky contacts [11,7] and Si Schottky
contacts [12]. The ideality factor, n was obtained from the
gradient of the linear region of the [-V plots at different
temperatures, i.e.

q &v

M= kT aann “

Fig. 2 indicates a decrease of n with increasing temperature from
7.55 {at 60K} to 1.77 (at 300K). This can be attributed to the
change in the current transport process from generation
recombination and other mechanisms at very low temperatures,
i.,e. 60-160K to only generation recombination at the inter-
mediate temperatures {180-260K) and thermionic emission from
280 to 300K. This is in agreement with what was suggested by
[13]. Fig. 3 shows the variation of barrier height obtained from
C-V measurements, ¢, with temperature. The barrier height was
obtained from [13],

kT
¢En=vz+vn+‘7—A¢ (5)

where V,, is the depth of the Fermi level below the conduction
band, given by,

Ec — Er kT (Nc)
Vp=—"=—In[— 6
" q g \Np ®

V; is the built in potential which is obtained as the intercept on the
voltage axis of the linear C-V relationship plot of an intimate

0.6 + 8
C v 3]
os [ 37
—~ C J6
= I ]
@ - - -
= 04 | b .8
o [ ERR:
2 r 1 £
o r 14 8
o3 1% g
& - 1.
| 413
02 | 3
B 42
- h
| * ]
0.1 N T T T N R O 1
0 50 100 150 200 250 300

Temperature (K)

Fig. 2. I-V barrier height and ideality factor versus temperature, T.
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Schottky barrier assuming a uniformly doped material, given
by [14],
L - @ T
C2 ™ AgeNp
where Ny is the impurity concentration obtained as the gradient 3r
of the C~2 versus V plot, A is the Schottky contact area and & is the o
semiconductor dielectric constant. The intercept on the voltage G 2
axis was found to be large, of the order of 5.05V (at 60K} to 3.67V <
(at 300K). This influenced the values of the measured C-V barrier i L
heights to yield values larger than the energy gap, Eg of
Zn0=3.37eV at room temperature. Such large barrier heights,
larger than the energy gap of semiconductor material have been 0
observed by Chi et al. [15] on NiGefn-Ge Schottky contacts, Dos
Santos et al. [14] on the Schottky contacts deposited on PbSe, gl
where the barrier height was obtained to be twice as large as the o 50 100 150 200 250 300

energy gap and Walpole and Nill (1971) on PbTe and InAs [16].
This behaviour of the barrier heights being larger than the band
gap energy has been explained by some researchers [14,15], as
being due to the existence of an inversion layer with high charge
density that causes the maximum electric field in the space
charge region to attain high values even with moderate doping
concentrations [15]. The variation of the barrier height with
temperature has enabled us to fit two linear regions to the barrier
height values i.e. the first region being linear from 60 to 120K and
the second being linear from 140 to 300K yielding equations of
the form,

Be-y(Teo—120) = P(T =0y +oT (8

where o is the temperature coefficient of the semiconductor in
the 60-120K temperature range which was obtained as
—13.6meVK~", and

De_y(T1ao-300) = (T =0)+0T ©

where o, is the temperature coefficient in the 140-300K
temperature range which was cbtained as —9.93 meVK~". The
variation of carrier concentration with temperature in Fig. 4 also
shows a sudden increase in carrier concentration from 120-140K.
We propose that the discontinuity resulting in the two distinct
linear regions has heen caused by a defect within the ZnO material
which was observed using deep level transient spectroscopy
(DLTS) at an energy level of 0.31 eV below the conduction band

Temperature (K}

Fig. 5. DLTS signal for the as-deposited Pd{Zn0 Schottky diode. This spectra was
measured at quiescent reverse bias of —2V, filling pulse of V,=0V and rate
window of 805",

with a trap concentration of between 4 x 10'® and 6 x 10'6cm =3

as shown in Fig. 5. This defect traps carriers at low temperatures,
Le. it fills up at low temperatures and releases them at high
temperatures causing the variation of the measured capacitance
and hence a difficulty in obtaining the barrier height in the 120-
130K temperature range. The capacitance transient causes a
sudden change in carrier concentration between 120 and 140 K.

4. Conclusion

The barrier height of Pd Schottky contacts on ZnO from the -V
measurements, @,y has shown an increasing trend with an
increasing temperature a trend that disagrees with the negative
temperature coefficient of semiconductor material. From the C-V
measurements, the variation of the barrier height @cv with
temperature agrees well with the negative temperature coefficient
of semiconductor material. The temperature coefficients have been
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calculated as —13.6meVK~' (60-120K) and —9.93 meV K~ {140—
300K). The barrier height that is larger than the band gap energy
from C-V measurements is due to the presence of an “inversion
layer” in the semiconductor closer to the metal that modifies the
electric field, influencing the junction capacitance and hence the
value of the built in potential on the voltage intercept.
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Chapter 6: Conclusions

ZnO has been successfully characterized electrically by use of different techniques. The
measured TDH data fitted well to a model with two s-like donors and one acceptor on the as-
received melt grown ZnO samples. The two donors have been explained to be Zn; related or
hydrogen complex related and Al related. The mobility peak for the as-received samples has
been measured as 1250 cm?/Vs. After hydrogen peroxide treatment, the peak mobility
increased to about 1400 cm?/V/s. Surface conduction has proved to be dominant in the low
temperature region, influencing the determination of the surface donor concentration at low
temperatures. However, a model has been used to calculate accurately the surface donor

volume concentrations at low temperatures.

Annealing studies of the hydrogen peroxide treated ZnO samples indicate the increase in
surface conduction with increase in annealing temperature. Surface donor volume
concentrations have been shown to increase with an increase in annealing temperature. The
peak mobility for these samples shows a decreasing trend with increasing annealing
temperature. Further investigations need to be carried out to determine the effects of
decreasing mobility with annealing, e.g. Rutherford Backscattering Spectroscopy, to check

the effects of annealing on the crystalline structure of the samples.

Schottky contacts to ZnO were successfully fabricated after treatment with hydrogen
peroxide. High orders of rectification have been observed at room temperatures for the Pd
and Au Schottky contacts. An investigation carried out on the quality of the contacts formed
by the two different metals reveals that Pd forms a better contact to ZnO, with a high
rectification behaviour, low series resistance, low leakage currents and high barrier heights.

The Schottky contacts to ZnO have also revealed a strong dependence on temperature. At
high temperatures, i.e. close to room temperature, the current transport mechanism has
proved to be predominantly thermionic while at low temperatures, the contacts have shown
the dominance of other mechanisms, other than pure thermionic emission. Current-voltage
and capacitance-voltage techniques have been used to measure the barrier heights on the
Schottky contacts. From the current voltage measurements, the barrier height has proved to

be affected by barrier inhomogeneities leading to a trend in which the SBH increases with an
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increase in temperature, a trend that disagrees with the negative temperature coefficient of the
[1-VI compound semiconductor material. The barrier heights obtained from the capacitance
voltage measurements have revealed a decrease in barrier height with temperature, a

phenomena which agrees well with the properties of the semiconductor material.

Schottky contacts to ZnO have also shown a strong dependence on the polarity of the ZnO
material, with the Zn-polar face producing contacts of the best quality compared to the ones

on the O-polar face as discussed in section 5.2 of chapter 5.

Concluding from the TDH results, annealing of Schottky contacts to ZnO at temperatures
above 200°C can lead to a loss in the rectification behaviour as surface conduction will start
to contribute to current flow. Further studies need to be carried out to investigate the effects
of annealing on rectification behaviour of the Schottky contacts to ZnO. Also to characterize
the deep level defects in ZnO, Deep Level Transient Spectroscopy (DLTS) measurements

need to be performed on the Schottky contacts.

129



	01Chapters1-5.2.pdf
	CHAPTER 2: ZnO as a semiconductor
	2.1: Introduction
	2.4.2: Mobility.


	CHAPTER 3: Electrical characterization techniques.

	02Chapters5.3-6.pdf
	ZEqnNum773529




