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Characterization of electrical properties and defects in Er- and
Yb-doped ZnO thin films grown by sol-gel spin coating

by
Mohammed Elagib Ibrahim Ahmed

Abstract

ZnO thin films have been used in various applications such as optoelectronic devices, solar
cell window layers, UV detectors and space applications. The devices based on ZnO should
be able to operate in harsh radiation conditions and over a wide range of temperatures, so the
information of radiation effects on devices performance is required. ZnO is a wide, direct band
gap semiconductor, and this makes it a good candidate for optoelectronic devices and an ideal
host lattice for doping by rare-earth elements such as Er and Yb.

In this study, the effect of rare-earth (Er and Yb) doping and co-doping of ZnO thin films
deposited using a sol-gel spin coating technique, as well as the temperature dependence of
the electrical properties of the Schottky diodes based on these films were investigated. The
electrical properties and defects in Er-doped, Yb-doped and (Er, Yb) co-doped ZnO thin films
were studied. The effect of alpha particle irradiation on the electrical properties of the Schottky
barrier diodes and the resulting defects in the undoped ZnO thin films were also studied.

The SEM images revealed the grain shape of the undoped material changed from spherical
shape to rod-shaped after doping by Er and Yb (both 3 at.%). The XRD spectrum exhib-
ited peaks corresponding to the hexagonal wurtzite structure with random orientations in all
samples. A sharp peak corresponding to the E2 (high) phonon mode in the Raman spectra
confirmed the wurtzite ZnO structure along with other small peaks observed. The films ex-
hibited good transmittance in the visible region and a sharp absorption peak in the UV region.
The optical band gap of the films was found to increase as the Er concentration increased, and
decreased after co-doping with (Er, Yb) at different concentrations. Photoluminescence spec-
troscopy of Er and Yb doped found that all samples exhibited strong UV emission and a broad
green emission band, with the undoped sample showing weaker green emission. The electrical
properties improved through doping with either Er or Yb as well as co-doping of both Er and
Yb, and were also found to improve with an increase in the measurement temperature (Schot-
tky barrier height increased and ideality factor decreased). A common defect seen in single
crystal ZnO E4 was also detected in the ZnO thin films deposited using the sol-gel spin coating
method. Alpha particle irradiation induced new defects in the undoped ZnO thin films, some
new and some corresponding to known defects.
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Chapter 1

Introduction

Zinc oxide (ZnO) is one of the II-VI semiconductor materials with a wide direct band gap of
approximately 3.4 eV and a large exciton binding energy of 60 meV at room temperature [1].
It has interesting electrical properties such as high electron mobility, high electron saturation
velocity and good thermal stability, as well as being highly resistant to radiation damage,
making it an excellent candidate for optoelectronic devices and space applications [2]. Pure
ZnO is a white powder. However in the nature, occurs as the rare mineral zincite in the earth’s
crust, which usually contains a certain amount of manganese and other impurities and it is
yellow to red colour [3]. It almost insoluble in the water, but it will dissolve in any alcohol
solvent and most acids [4, 5]. This material crystallizes in three types of lattice structures
wurtzite structure, zinc blende and the rock-salt. The most common form is wurtzite that is a
thermodynamically stable phase under ambient conditions.

In the industrial applications, ZnO has been used as a white pigment since 1835 [6], and is
produced in hundreds of thousands of tons for use in paints, additive for rubber and plastics,
catalysts, ceramics, pharmaceuticals and cosmetics (sun creams), and coating material for
paper [7]. In the form of thin films, it is used in technical applications such as optoelectronic
devices like transparent electrodes and solar cell as window layers, gas sensors, varistors,
photocatalysts, spintronic devices and nanolasers [8]. Several deposition techniques can be
employed, include sputtering, pulsed laser deposition, chemical vapour deposition, elec-
trochemical deposition, spray pyrolysis, hydrothermal method and sol-gel. Among these
techniques, the sol-gel process is widely used for ZnO thin film deposition due to several
advantages. For example, the ability to prepare high-quality thin films on a large scale, the
excellent control of stoichiometry, simplicity, safety, low-cost type of equipment resulting in
smooth and homogeneous thin films [7].
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ZnO is a very attractive host lattice for doping with different elements to tailor the optical,
electrical and magnetic properties, due to its excellent physical and chemical stability [9].
Rare-earth elements have been used as dopants for many applications, for example, opto-
electronic devices such as visible and infra-red luminescent devices, based on their optical
emission occurring with 4f-4f shell transitions [10, 11].

1.1 Research motivation

The study of the electrical properties of ZnO, semiconductor-based devices are required, for
example, metal-semiconductor interface, p-n junction, heterojunction interface and metal-
oxide-semiconductor devices [12]. For these applications, metal-semiconductor contacts
(M-S) have been used to produce either ohmic or Schottky contacts. Fabrication of high
performance ZnO-based devices requires deposition of high-quality Schottky barrier diodes.
To obtain high-quality Schottky barrier diodes is difficult since it depends on several conditions
such as the quality of the interface between ZnO surface and metal, as well as surface states
and defects in the semiconductor [13]. Undoped ZnO is rich in native (intrinsic) point defects,
such as oxygen vacancies, Vo, and zinc interstitials, Vi. These defects are believed to contribute
to the n-type conductivity of ZnO. The green emission of ZnO in photoluminescence originates
from the oxygen vacancies, which could be significantly affected by dopant incorporation,
post-annealing and preparation conditions [14].

Although Sol-gel spin coated ZnO films have been studied before, that the electrical properties
of the films grown using this technique have not been studied extensively. It is important to
understand the electrical properties and the effects of doping and irradiation on these electrical
properties for future applications. In this study the material’s electrical properties were good
enough that, for the first time deep-level transient spectroscopy could be used to study the
defects in sol-gel spin coated undoped, Er-doped and Yb-doped ZnO thin films. The studied
ZnO thin films can used in optoelectronic devices, UV detectors, photodiode and photosensor
and gas sensors.

1.2 Aim and objectives of this Research

The aim and objectives of this work are stated in the following points:

• Doping of ZnO thin films with rare-earth elements such as Er and Yb in order to study
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their effect on the electrical properties of the Schottky diodes, the morphology, structure
and optical properties of undoped, Er-doped and Yb-doped ZnO thin films also formed
part of this research.

• Investigate the temperature dependence of the electrical properties at different temperat-
ures on Er-doped and Yb-doped ZnO thin films.

• Identify the native electrical defects in ZnO, Er-doped and Yb-doped ZnO, as well as
the irradiation-induced defects in undoped ZnO. Due to possible space applications, the
devices based on ZnO should be able to operate in harsh radiation conditions, and in-
formation of radiation effects on device performance is required.

Sol-gel spin coating has been used to prepare undoped and doped ZnO thin films, and several
techniques have been used to characterize the ZnO thin films, these include scanning electron
microscopy (SEM) for surface morphology, XRD for structure, Raman spectroscopy, photolu-
minescence and UV-Vis for optical properties, current-voltage (I-V) and capacitance-voltage
(C-V) for electrical properties, DLTS and Laplace DLTS for defect identification in undoped,
Er-doped and Yb-doped ZnO thin films.

1.3 Thesis layout

This thesis contains five chapters. Chapter 1 is an Introduction. Chapter 2 covers the theoretical
aspects of the properties of ZnO, metal-semiconductor contacts, defects in semiconductors and
DLTS technique. The experimental techniques used in this work are given in Chapter 3. The
results and discussion obtained during this work are presented in Chapter 4. Chapter 5 gives
the conclusion of the study.
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Chapter 2

Theoretical aspects

2.1 Introduction

In this chapter theoretical aspects of semiconductors with particular reference to ZnO is dis-
cussed. The crystal structure of ZnO, band gap structure and ZnO lattice dynamics are presen-
ted in Section 2.2 to 2.4. The growth techniques of ZnO thin films and doping of ZnO by
rare-earth such as Er and Yb are presented in Section 2.5 to 2.6. Metal-semiconductor contacts
such as Schottky and ohmic contacts, and the extraction of the electrical parameters of Schot-
tky barrier diode from I-V and C-V measurements are described in Section 2.7. Section 2.8
discusses the current transport mechanisms through the metal-semiconductor junction. The
defects in semiconductor materials are presented in Section 2.9. Deep-level transient spectro-
scopy (DLTS) and Laplace-transform deep-level transient spectroscopy (L-DLTS) is described
in Section 2.10.

2.2 ZnO crystal structure

ZnO is a semiconductor materials compound of the group-IIb element (30Zn) and the group
VI element (8O). Zn has five isotopes; the common ones are 64Zn (48.89%), 66Zn (27.81%),
and 68Zn (18.57%). All these isotope are stable, whereas O2 consists of the isotope 16O
(99.76%). Zn has the electron configuration (1s)2(2s)2(2p)6(3s)2(3p)6(3d)10(4s)2. The oxygen
configuration is (1s)2(2s)2(2p)4 [15].

A crystal structure is created when atoms are uniquely arranged in a crystal. ZnO has three
types of lattice structures shown in Figure 2.1, the rock-salt, zinc blende and wurtzite structure.
The rock-salt can be obtained from wurtzite at relatively high pressures of about 9 GPa [16].
Zinc blende structure can be stabilized only by growth on cubic substrates. Wurtzite structure
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Figure 2.1: ZnO crystal structures. Redrawn from ref [17].

is a thermodynamically stable phase under ambient conditions, thus it is most common. In
ZnO wurtzite lattice (see Figure 2.1), each zinc atom is surrounded by four nearest neighbour
oxygen atoms at the corners of a tetrahedron and vice versa [18]. The wurtzite structure has
a hexagonal unit cell with two lattice parameters a = 3.249 Å and c = 5.207 Å in the ratio
c/a = 1.63 corresponding to the space group C4

6v (in the Schoenflies notation) or P63mc (in the
Hermann-Mauguin notation) [15, 19]. In a real ZnO crystal, the wurtzite structure deviates
from the ideal arrangement by changing the c/a ratio or the value of internal parameters
(nearest-neighbor distance) [19]. The variation between the zinc blende and wurtzite structures
is that the zinc blende is cubic, while the wurtzite is a distortion of the cube in the [111] direc-
tion [20]. ZnO has a partially ionic character. Although the wurtzite tetrahedral coordination
is ideal for sp3 covalent bonding nature, the ionic property of ZnO tends to increase the band
gap, and it is responsible for the preferred formation of wurtzite structure rather than zinc
blende structure. ZnO also has a strong piezoelectric character. The tetrahedral coordination
gives rise to the polar symmetry along the hexagonal axis. This polarity gives rise to several
properties of ZnO. The wurtzite ZnO have four common face terminations. Two are polar, Zn
terminated (0001), the O terminated (0001̄) faces (c-axis oriented), and two non-polar (112̄0)
(a-axis) and (101̄0) faces, which both contain an equal number of Zn and O atoms [21]. The
polar faces have different chemical and physical properties. The O-face has a slightly different
electronic structure from the other three faces [22].
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2.3 Band gap structure

All semiconductors have a forbidden energy region in which allowed electron states are not
present, this is called the band gap. The allowed electron states are present in two bands.
Above the band gap is the conduction band, and below is the valence band (see Figure 2.2).

Figure 2.2: Band gap energy diagram of the conductor, semiconductor and an insulator. Redrawn from ref [23].

The band gap is defined as the minimum energy required to excite an electron from the valence
band to the conduction band [24]. The band structure varies from one solid to another, and
this variation plays an important role and is responsible for the wide range of electrical char-
acteristics in different materials [25]. The concept of energy bands can be used to define three
types of solids. Metals, semiconductors and insulators. There is no band gap in metal because
the conduction band either overlaps the valence or is partially filled. Semiconductor materials
have a band gap separating a filled valence band from an empty conduction band, so the band
structure of semiconductors at 0 K is basically the same structure as for insulators [25]. The
difference between semiconductors and insulators lies in the size of the band gap. The band
gap in semiconductors the order of 1 eV, whereas in insulators, the energy band gap is in the
range of 5 - 15 eV [26].

The ZnO binding in its crystal lattice involves sp3 hybridization of the electron states, leading
to four equivalent orbitals, directed in a tetrahedral geometry. In the resulting semiconducting
crystal, the bonding sp3 states constitute the valence band, while the conduction band
originates from its antibonding counterpart. The resulting energy gap is 3.4 eV, i.e., in the UV
spectral range, which has triggered interest in ZnO as a material for transparent electronics [15].

The ZnO binding in its crystal lattice involves sp3 hybridization of the electron states, leading
to four equivalent orbitals, directed in a tetrahedral geometry. In the resulting semiconducting
crystal, the bonding sp3 states constitute the valence band, while the conduction band ori-
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Figure 2.3: LDA bulk band structure of ZnO as calculated using standard pseudopotentials (PP) method on the
left panel and self-interaction-corrected pseudopotentials (SIC-PP) method on the right panel. All energies are
measured with respect to the top of the valence band. The horizontal dashed lines indicate the measured gap
energy [27].

ginates from its antibonding counterpart. The resulting energy gap is 3.4 eV, i.e., in the UV
spectral range, which has triggered interest in ZnO as a material for transparent electronics [15].

Different theoretical approaches and several experimental techniques have been used to determ-
ine the band structure of wurtzite ZnO. These techniques including the X-ray (photoelectron
spectroscopy and resonant x-ray emission spectroscopy), UV (reflection/absorption or emis-
sion) techniques. These techniques measure the energy difference by inducing transitions
between electronic levels. Another technique used to calculate the band structure is angle-
resolved photoelectron spectroscopy [19]. Some of the theoretical calculation methods of the
band structure of ZnO using pseudopotentials methods are based on the local-density approx-
imation (LDA). Figure 2.3 shows the LDA bulk band structure of ZnO as calculated using
standard pseudopotentials (PP) and self-interaction-corrected pseudopotentials (SIC-PP) meth-
ods [27].

2.4 ZnO lattice dynamics

The wurtzite structure of ZnO belongs to the C4
6v (P63mc) space group, both the Zn and O

atoms occupying C3v sites [28]. The wurtzite ZnO has 4 atoms per unit cell, leading to 12
phonon modes. These modes are useful for understanding the optical, thermal and electrical
properties of the Wurtzite ZnO crystal. The phonon modes belong to the 3 acoustic modes
(one longitudinal acoustic (LA), two transverse-acoustic (TA)) and 9 optical phonons (three
longitudinal-optical (LO) and six transverse-optical (TO) branches). At the center of the Bril-
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louin zone (Γ point) (see Figure 2.4), group theory predicts the following lattice optical phonons
have the following irreducible representation [29]:

Γopt = 1A+2B+1E +2E2, (2.1)

where the 1A and 1E branches (polar modes) are Raman and infrared active, which may be split
into longitudinal (LO) and transversal (TO) optical phonon with different frequencies due to
macroscopic electric fields associated with the (LO) phonons. The two E2 branches (non-polar)
are Raman active only. The E2 (low) mode is related to the Zn sublattice, whereas the E2 (high)
mode is associated with the motion of oxygen atoms [30]. The B1 (low) and B1 (high) branches
are inactive or silent modes [31].

Figure 2.4: Phonon dispersion relationship of wurtzite zinc oxide is calculated at Γ point in the specified direction
of the Brillouin zone center by using the lattice dynamics equation. Molecular vibration represented by red
font (E1, E2, A1) can be observed through Raman scattering, while B1 mode represented by green font can’t be
observed through Raman scattering. [32].

2.5 ZnO thin films growth techniques

ZnO is obtainable as thin films, nanorods and as bulk single crystals. Thin film is defined
as a low-dimensional material fabricated by precipitating atomic, molecular or ionic species
of matter. The thickness of the films is typically less than several microns [33]. Thin film
materials are used in a wide range of industrial applications, such as protective, conductive or
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photoactive layers, as dry lubricants, as catalysts, as gas separation membranes, and as optical
layers. The thin film parameters such as film composition, crystal orientation, film thickness,
and microstructure depend on the deposition conditions. The deposition of thin films involves
three main steps [33]:

1. Production of the appropriate atomic, molecular or ionic species.

2. Transport of these species to the substrate through a medium.

3. Condensation on the substrate, either directly or via a chemical or electrochemical reac-
tion to form a solid deposit.

Figure 2.5: The modes of thin films growth processes (a) Volmer-Weber type (b) Frank-van der Merwe type (c)
Stranski-Krastanov type. Redrawn from ref [33].

There are three modes of the thin film growth process depending on the thermodynamic
parameters of the deposited and the substrate surface, these modes namely, island type, known
as Volmer-Weber type (see Figure 2.5 (a)), layer type, known as Frank-van der Merwe type
(see Figure 2.5 (b)), and mixed type, known as Stranski-Krastanov type (see Figure 2.5 (c)).

A variety of techniques have been used to synthesis ZnO thin films, which include pulsed
laser deposition, chemical vapour deposition, electrochemical deposition, spray pyrolysis,
hydrothermal method, and sol-gel [7, 34–39]. From these techniques, sol-gel deposition is
preferred in the preparation of high-quality ZnO thin films due to the low cost equipment
required, the resulting homogeneous and relatively smooth thin films, the simplicity and ability
to deposit large area films, and easily controlled film thickness by controlling the number of
spin coating and pre-annealing cycles [40, 41]. The sol-gel network properties depend on
several factors, including pH, temperature, reaction time, reagent concentration, nature and
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concentration of the catalyst, aging temperature and time and the drying process. These factors
affect the rate of hydrolysis and condensation reaction. The sol-gel process generally involves
four stages: hydrolysis, condensation and polymerization of monomers for particle formation,
growth of particles, and agglomeration of particles [4].

Evaluation of the properties of thin films and correlation between growth conditions and the
properties of the resultant thin film are important to study [42], since it has been shown that
the growth conditions influence the properties of the film, but these resulting properties also
influence other properties [33], as summarised in Figure 2.6.

Figure 2.6: Correlations between growth conditions and the properties of the resultant thin films. Redrawn from
ref [33].

2.6 Rare-earth (Er and Yb) doped ZnO thin films

Improving the properties of ZnO thin films as a technological material for applications such
as optoelectronic devices is possible by tuning their behavior when adding impurities [43].
Dopants in nanocrystals of semiconductors lead to phenomena not found in the bulk because
their electronic states are confined to a small volume. For example, n- or p-type dopants
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can auto-ionize without thermal activation. This occurs because a carrier inside the crystal
occupies one of the confined electronic states, which increases in energy with decreasing
nanocrystallite size. The confinement energy below a critical radius exceeds the Coulomb
interaction between the ionized impurity and the carrier, which automatically occupies a
nanocrystal state [44]. ZnO is an ideal host lattice for doping with rare-earth elements to
improve the optical, electrical and magnetic properties due to its wide band gap 3.4 eV, high
exciton binding energy (60 meV) at room temperature and its excellent physical and chemical
stability [45]. ZnO doped by rare-earth elements are important materials and have been used
for many applications, such as optoelectronic devices including visible (blue, green, and red)
and infrared luminescent devices, spintronic, and photocatalytic application, UV-light emitting
diodes and laser diodes [14, 45]. Rare-earth elements have intense emission peaks in the
visible and near IR region due to their 4f intra-shell transitions that can generate narrow and
intense emission lines [46, 47]. Many studies focus on rare-earth element such as (Er and Yb)
doped ZnO to enhance the structure and optical properties using different techniques [48–52].
Whereas only a few research studies reported the effect of rare-earth doping on electrical
properties of Schottky diodes based-on ZnO. M.A.M Ahmed et al. [53] investigated the effect
of Sm doping ZnO nanorods on structural optical and electrical properties of Schottky diodes
and reported that Sm-doped ZnO nanorods improved the rectification behavior of Schottky
diodes. M.A.M Ahmed et al. [54] also reported the influence of (Ce and Sm) co-doping ZnO
nanorods on the structural, optical and electrical properties of the fabricated Schottky diode. In
our studies, the interest is focused on the effect of Er and Yb doping on the electrical properties
and electrical defects using Schottky diodes on ZnO thin films.

2.7 Metal-semiconductor contacts

The metal-semiconductor contact, discovered by Braun in 1874, forms the basis of one of
the oldest semiconductor devices. Schottky developed the first acceptable theory in 1930. In
his honor, metal-semiconductor devices are frequently referred to as Schottky barrier devices.
Usually this name denotes the use of these devices as rectifiers with distinctly non-linear
current-voltage characteristics [55].

In order to understand the electrical properties of semiconductor materials, different types of
semiconductor-based devices are used, such as metal-semiconductor interface, p-n junction,
heterojunction interface, and metal-oxide-semiconductor structure [12]. Among these devices,
metal-semiconductor contacts (M-S) have been used to produce devices such as Schottky
barrier diodes (SBDs). High performance ZnO-based SBDs require fabricating high-quality
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of Schottky barrier diodes. This not an easy task since the quality of Schottky barrier diodes
depends on the quality of the interface between the ZnO surface and the metal. Residual
surface contamination and defects in semiconductors have an effect on the quality of these
diodes [13].

2.7.1 Schottky contacts

A Schottky contact is a metal-semiconductor contact that allows electrical current to flow
easily in one direction (in the forward biased mode), and allows negligible or no current to
flow in other direction (the reverse bias). Schottky contacts are also known as rectification
contacts. An ideal Schottky contact (ignoring the effects of surface and interface states)
is created when a difference in potential is present between the Fermi energy level of the
metal and the band edge where majority charge carriers reside [23]. The difference in
potential between the Fermi energy level of the metal (Pd) and semiconductor (ZnO) form a
barrier of height φb. For n-type semiconductors, the Schottky barrier height is predicted by [56].

φb = Φm−χs, (2.2)

where χs is the electron affinity of semiconductor. Φm is the work function of metal, defined
as the amount of energy required to raise an electron from the Fermi level to a state of rest
outside the surface of the metal (vacuum level). In a semiconductor, the work function is
the energy difference between the Fermi level and the vacuum level. It is a variable quantity
because the Fermi level in the semiconductor varies with the doping [57]. The work function
of semiconductor is related to electron affinity as [58]:

Φs = χs +ξ , (2.3)

where ξ is the energy difference between the Fermi level and the bottom of the conduction
band.

The barrier height for p-type semiconductors is given by the difference between the valence
band edge and the Fermi level in the metal [23]:

φb =
Eg

q
+χs−Φm. (2.4)

Figure 2.7 shows the energy band diagrams of metal and n-type semiconductor contacts in
an ideal case. Figure 2.7 (a) on the left side shows the metal and semiconductor separated
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from each other (not in contact). As can be seen, the semiconductor has no charges at the
surface so that the band structure of the surface is the same as that of the bulk and there is no
band bending [57]. After metal and semiconductor contact together (see Figure 2.7 (b) on the
left), and due to the difference in the work function between the metal and semiconductor,
the free electrons will flow between the metal and semiconductor. If the metal work function
Φm is greater than that of the semiconductor Φs, that is, Φm > Φs and assuming that there
are no surface states present. The electrons will pass from the semiconductor to the metal.
Then, the Fermi levels of the metal (EF,m) and semiconductor (EF,s) will align [59]. Under
equilibrium (see Figure 2.7 (c) on the left), a Helmholtz double-layer will be established at the
metal/semiconductor interface, where the metal which is negatively charged is balanced by a
positive charge in the semiconductor near its surface due to electrostatic induction [60].

Figure 2.7 on the left describes the ideal metal-semiconductor Schottky contact without
interface layer. According to Schottky-Mott theory, the barrier height depends on the metal
work function (Equation 2.2), and this is valid for ideal Schottky contacts. But in experimental
contacts it is found that the barrier height is a less sensitive function or independent of the metal
work function. Bardeen explains and suggested that the difference between the theoretical
and experimental value of the barrier may be due to the effect of surface states. Suppose
that the metal and semiconductor remain separated by a thin insulating layer, as shown in
Figure 2.8. In an actual Schottky contact, there are chemical reactions between the metal and
the semiconductor that led to disturbing the periodic nature of semiconductor crystal at the
interface, this causes an interface stats in the band gap of the semiconductor near the interface.
One of the interface types creates between the semiconductor and the metal is a thin film of
native oxide layer (interfacial layer or insulating layer) created during the surface preparation
of a highly polarizable semiconductor [57, 61]. The interfacial layer is very thin in thickness
of 10 to 20 Å thick. Therefore, the electrons can easily tunnel through it [62].

Experimentally, many studies reported the wide and variable range values of Schottky barrier
heights based on ZnO measured using the same metal contacts. This shows that the barrier
height is affected by many factors such as insulating interfacial layers, surface states, defects
and the image force barrier lowering in the actual Schottky contact [58]. Table 2.1 shows
a variation in Schottky barrier height (SBH) values based on ZnO measured by different
techniques, using various deposition techniques of metal contacts.

Schottky contacts can be used in device applications such as rectifiers, mixers, microwave
receiver detectors and field effect transistors [63]. The Schottky contacts can also be used to
form a space charge region that can be used to investigate the semiconductor energy band gap
and measure the properties of the deep-level defects present at and below the M-S interface.
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Figure 2.7: Energy band diagrams of metal and n-type semiconductor contacts (a) not in contact (b) in contact (c)
in contact under equilibrium. Redrawn from ref [60].

The reliability, performance and stability of devices is highly dependent on the interface
properties. The quality of the M-S junction is determined by the difference between the
Fermi energies of the metal and semiconductor, the processing of the semiconductor before
fabrication of the contact and the techniques used in the fabrication of devices.

2.7.2 Schottky barrier height under forward and reverse bias

Under zero bias conditions (V = 0), the electrons in the metal and semiconductor have the
same barrier height relative to their Fermi energy. Thus, there is no nett electron flow over
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Figure 2.8: Electron energy band diagram of a metal-semiconductor contact with surface states and interfacial
layer. Redrawn from ref [57].

Table 2.1: Variation in Schottky barrier height values based on ZnO measured by different techniques.

Metal SBH (eV) Measurement Technique Deposition Technique Ref

Pd 0.74 I-V Vacuum deposition [64]

Pd 0.784 I-V Resistive evaporation [54]

Pd 0.67, 0.67 I-V, H(I) I Thermal evaporation [65]

Au 0.59, 0.61 I-V,C-V Resistive evaporation [66]

Au 0.70, 0.73 I-V, C-V DC magnetron sputtering [67]

Au 0.61, 0.92 I-V, C-V e-beam deposition [68]

Ag 0.70, 0.76, 0.68 lnI-V, H(I)-I, F(V)-V RF sputtering [69]

Ag 0.89 and 0.92 I-V, C-V e-beam deposition [70]

Ag 0.85, 1.68 I-V, C-V RF sputtering [13]

Pt 0.65, 0.74, 0.80 I-V e-beam deposition [71]

Pt 0.66, 0.41 I-V, H(I)-I Sputtering [72]

Ir 0.837, 0.837, 0.924 I-V, F(V)-V, C-V e-beam deposition [73]
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the barrier. When a positive bias is applied (see Figure 2.9 (a)) to the metal, the Fermi energy
of the semiconductor moves up relative to the Fermi level of the metal, thereby decreasing
the barrier height, band bending and disturbing the balance between diffusion and drift. Thus,
more electrons will diffuse towards the metal than the number drifting into the semiconductor.
This leads to a positive current flow through the junction [23].

Figure 2.9: Electron energy band diagram of a metal-semiconductor contact under (a) forward bias (b) reverse
bias. Redrawn from ref [23].

As reverse bias is applied (see Figure 2.9 (b)), the Fermi level of the semiconductor is lowered
(moves down) relative to that of the metal, yielding a larger band bending and an increase in
the potential barrier and the depletion region width. Increasing of the barrier makes the flow
of the charge carriers over the barrier difficult. So very little or negligible current flows from
the semiconductor to the metal under reverse bias. The lower or negligible flow of electrons
under reverse bias will continue until the electric field in the depletion region is large enough
to cause a dielectric breakdown of the semiconductor. This will result in a large current flow
across the barrier, possibly causing irreversible damage to the device [62].

2.7.3 Extraction of Schottky barrier height

i. From current-voltage (I-V) measurements:
From the characteristic I-V measurement of a Schottky diode, different parameters such as

barrier height, ideality factor and series resistance can be determined. Practically, the real
barrier height φb is less than the ideal barrier height φb0 due to image force barrier lowering and
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other factors. Taking into account the image force barrier lowering, the real barrier height is
then given by φb = φb0 - ∆φb, where φb is called effective barrier height. Thermionic emission
predicts the current-voltage relationship of Schottky barrier diode (neglecting series and shunt
resistance) can be written as [55]

I = AA∗T 2 exp(−qφb

kT
)[exp(

qV
nkT

)−1] = Is[exp(
qV
nkT

)−1], (2.5)

where A is the diode area, A∗ is the Richardson constant = 4πqk2m∗/h3 = 120(m∗/m)A/cm2.K2,
φb is the effective barrier height, Is is the saturation current, T is the absolute temperature, k is
the Boltzmann constant, V is the bias voltage and n is the ideality factor.

When plotting semilogarithmic I versus V, the barrier height φb is calculated from the current
Is, determined by extrapolating the semilogarithmic I versus V curve at V = 0. The barrier
height φb is calculated from Is in equation 2.5 according to [55]

φb =
kT
q

ln(
AA∗T 2

Is
). (2.6)

The ideality factor can be calculated from the slope of the linear region of the curve, and is
given as

n =
q

2.3kT [d(lnI/dV )]
. (2.7)

ii. From capacitance-voltage (C-V) measurements:
In capacitance-voltage (C-V) measurements, the capacitance of the Schottky diode is meas-

ured as a function of applied reverse bias [57]. Under reverse bias, the depletion region capa-
citance is given by [58]

C = A[
εsqND

2(φb−ξ +Vr− kT/q)
]1/2, (2.8)

where A is the diode area, εs is the permittivity of the semiconductor, Vr is the applied re-
verse voltage and ξ is the difference in energy between the Fermi level and the bottom of the
conduction band in the bulk semiconductor. Hence

C−2 =
2(φb−ξ +Vr− kT/q)

A2εsqND
, (2.9)

The plot of C−2 against V gives a straight line and using intercept on the voltage axis.
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The barrier height is given as
φb =Vbi +ξ + kT/q, (2.10)

where Vbi is the built-in potential, the kT factor comes from the contribution of majority carriers
to the space charge. Equation 2.10 does not include the image force barrier lowering ∆φb. Thus,
if we take ∆φb into account, the Equation 2.10 can be given as [74]

φb =Vbi +ξ + kT/q−∆φb. (2.11)

2.7.4 Ohmic contacts

A metal-semiconductor contact has ohmic behavior if there is no barrier formed between the
metal and semiconductor. With an ohmic contact, the current-voltage characteristics should
have a linear relationship (obey Ohm’s law). In an ideal case, the charge carriers are free to
flow from the metal to the semiconductor and vice versa, and the contact resistance should
be low [75]. The characteristic electrical property of ohmic contacts is called specific contact
resistance Rc evaluated at zero volts applied bias and can be defined as

Rc = (
(∂J)
∂V

)−1
V=0, (2.12)

where J is the current density of M-S contact.

In order to fabricate an ohmic contact on an n-type semiconductor, the metal work function
should be lower than that of the semiconductor work function Φm < Φs, as shown in Figure 2.7
on the right. Figure 2.7 (c) shows that when Φm < Φs, the electrons transfer from metal to the
semiconductor and accumulate in the space charge region. This region is called the accumu-
lation layer. As a result, the Fermi-level of the metal and semiconductor will be aligned and
the energy bands of the semiconductor are bent downwards near the interface. This reduces the
barrier or results in potential barrier between the metal and semiconductor. Thus, the electrons
can flow freely across the contact [61]. The low resistance metal-semiconductor contact will
be obtained if the barrier height is small, as shown in the following equation [12]

Rc =
(k)

qA∗T
exp(

qφb

kT
). (2.13)

Practically, ohmic contact formation is affected by external factors such as surface states, condi-
tions under which the contacts are fabricated, interface states, and reactions between the metal
and semiconductor [58]. The most practical ohmic contact is called a tunnel contact, when
the semiconductor layer adjacent to the metal is heavily doped (the doping density required
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is 1019 cm−3 or higher), the depletion region within the semiconductor becomes thin enough
for the carriers to tunnel through. Thus the contact behaves ohmic and is called a tunnel con-
tact [75]. So the specific contact resistance Rc for high doping levels is given by [12]

Rc = exp[
4
√

mnεsφb√
NDh̄

], (2.14)

where mn is the electron effective mass, εs is the dielectric permittivity of the semiconductor,
ND is the donor concentration and h̄ is the reduced Planck constant.

Equation 2.14 shows that in the tunneling range, the specific contact resistance Rc depends
strongly on doping concentration and varies exponentially with the factor φb√

ND
.

2.8 Current transport mechanisms

Current transport through the metal-semiconductor contacts via charge carrier transport by vari-
ous mechanisms under forward bias are shown schematically for an n-type semiconductor in
Figure 2.10. These mechanisms are:

1. Thermionic emission (TE) of carriers over the top of the barrier from the semiconductor
into the metal.

2. Quantum-mechanical tunneling through the barrier, carriers tunnels through across the
full barrier width (the preferred mode for ohmic contacts).

3. Carrier generation and recombination in the space-charge region.

4. Hole injection from the metal to the semiconductor (recombination in the neutral region).

2.8.1 Thermionic emission

Current flow through the metal-semiconductor contact takes place in different ways depending
on the doping levels, ambient temperatures, and barrier height. For moderately doped semi-
conductors, ND ≤ 1017 cm−3, the width of the depletion region is relatively large. Thus, in an
ideal case (assuming no defects exist), it is difficult for electrons to tunnel through the barrier.
The thermionic-emission theory makes the assumption that the barrier height is much greater
than kT (the current density is calculated only for electrons with sufficient energy to overcome
the potential barrier), thermal equilibrium is established at the plane that determines emission,
and the presence of a net current flow does not affect this thermal equilibrium [76]. According
to the thermionic-emission theory, the current density is given by [58]

19



Figure 2.10: The basic transport processes in forward biased Schottky barrier on an n-type semiconductor. These
are (1) thermionic emission, (2) Quantum-mechanical tunneling, (3) carrier generation and recombination and (4)
hole injection. Redrawn from ref [77].

Jn = A∗T 2 exp(−qφb

kT
)[exp(

qV
kT

)−1], (2.15)

where A∗ is the effective Richardson constant, T is the absolute temperature, k is the Boltzmann
constant, φb is the barrier height and V is the bias voltage.
Equation 2.15 also can be written as

Jn = Js[exp(
qV
kT

)−1], (2.16)

where Js is the saturation current density and given as

Js = [A∗T 2 exp(−qφb

kT
)]. (2.17)

Equation 2.16 gives the current density of an ideal case. For the non-ideal case, in which series
resistance RS and ideality factor n will be included, the expression is given as

Jn = Js exp(
qV − IRS

nkT
)[1− exp(

qV − IRS

kT
)]. (2.18)

The ideality factor n is calculated from the gradient of the linear region of the semi-logarithmic
I-V plot and is given as

n = exp(
q

kT
)exp(

dV
d(lnI)

). (2.19)
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The series resistance RS is obtained from the deviation of the semi-logarithmic I-V plot from
linearity at high current and is given as [55]

Rs =
∆V
I
. (2.20)

2.8.2 Quantum-mechanical tunneling

Under certain conditions such as heavily doped semiconductors and low operating temperat-
ures, the electrons with energies lower than the top of the barrier can tunnel through the barrier
by quantum-mechanical tunneling (tunneling becomes the dominant process). This may modify
the thermionic process into the field emission and thermionic field emission. The occurrence
of the current in the forward bias due to tunneling of electrons with energies close to the Fermi
energy in semiconductors is known as "field" emission. When the temperature is raised, elec-
trons are excited to higher energies where the barrier is very thin and tunneling can occur. This
is known as "thermionic field" emission [76].

2.8.3 Generation-recombination current

The generation-recombination of the carriers occurs in the space charge region. The recom-
bination in the depletion region occurs via localized (defect) states. According to the theory
(Schottky and Read, Hall), the most effective centers are those with energies lying near the
band gap center. The current theory describing such a recombination centre is the same for
both Schottky diodes and p-n junctions. The current density under low forward bias is given
as [58]

Jr = Jr0 exp(
qV
2kT

)[1− exp(−qV
kT

)], (2.21)

where Jr0 = qniw/2τr, ni is the intrinsic electron concentration proportional to exp(−Eg/2kT ),
w is the depletion width and τr is the lifetime of carriers within the depletion region. This
equation is derived by assuming, firstly, that the energy levels of the centers coincide with
intrinsic Fermi-level, secondly, that the capture cross sections for holes and electrons are the
same and thirdly, that the centers are distributed uniformly through the depletion region [58].
Recombination phenomena can be classified into two processes, direct and indirect processes:

1. Direct recombination process occurs when an electron jumps from the conduction band
and recombines with a hole in the valence band. In this process, the law of conservation
of momentum is obeyed. This process is also called band-to-band recombination. In the
direct recombination, a quantum of energy is released in the form of a photon, and when
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a photon is emitted this is called radiative recombination. Direct recombination usually
dominates in direct band gap semiconductors such as gallium arsenide and ZnO.

2. Indirect recombination process takes place when an electron falls into a trap level in the
band gap and can recombine with a hole later. Also, in indirect recombination, the free
electron can recombine with a free hole through recombination centers located into the
band gap. Recombination centers are permitted energy levels introduced by contamin-
ants, impurity atoms or crystal defects. These energy levels act as catalysts. The indirect
recombination process via band gap recombination centers dominates in indirect band
gap semiconductors, such as silicon and germanium.

2.8.4 Hole injection

When the height of the Schottky barrier diode on the n-type semiconductor material is greater
than half of the band gap of the semiconductor, the region near to the metal contains a high
density of holes, and becomes p-type. When the forward bias is applied, some of these holes
diffuse into the neutral region of the semiconductor. Thus giving rise to the injection of
holes [58].

2.9 Defects in semiconductor materials

Defects in semiconductor materials may be foreign atoms (impurities) or crystalline defects.
The crystalline defects are classified according to their geometry and shape into four types
[78, 79]:

1. Point defects (zero-dimensional defects), these defects affect isolated lattice sides. In this
section, the discussion will be a focus on point defects.

2. Linear defects (one-dimensional defects) are also known as dislocations. These defects
can be formed during material solidification, vacancy condensation and plastic deforma-
tion. Dislocations are classified into two types; edge dislocations and screw dislocations.

3. Interfacial defects (two-dimensional defects) also are called planar defects. These defects
include external surfaces, grain boundaries and stacking faults.

4. Bulk or volume defects (three-dimensional defects). These defects include pores, cracks
and foreign inclusions in crystalline materials.
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Impurities can be introduced either deliberately or unintentionally during crystal growth and
device processing. It can be intentionally incorporated as dopant atoms (shallow level impur-
ities), or as recombination centers (deep level impurities) [55]. The defects may induce elec-
tronic energy states in the band gap of semiconductor materials. These electronic states can
be divided into two types, namely shallow levels and deep levels, depending on their location
with respect to the conduction or valence band edge. The shallow level defects have state levels
located near the valence band for acceptors or near the conduction band for donors, their states
levels are approximately 0.1 eV from the band edge [80]. Shallow levels created by dopants in
semiconductor materials are ionized at room temperature and provide free carriers to form p-
type or n-type semiconductors. Deep-level defects have levels located deeper in the band gap.
Deep-level defects can act as traps, recombination centers, or generation centers, depending on
electron and hole capture cross section.

2.9.1 Point defects

Point defects cause the perturbation of the lattice to remain localized. Many different point
defects in semiconductor materials are possible and some of these are shown in Figure 2.11.
Point defects are classified into two types intrinsic and extrinsic defects. Intrinsic or native
point defects are defects in the crystal lattice that involve only the constituent materials.
These defects include vacancies (missing atoms at the regular lattice points that form during
solidification as a result of local disturbances), interstitials (extra or small atoms occupying
interstitial site between occupied lattice sites in a crystal) and antisite (host atoms occupying
the wrong lattice sites). The most common native point defects in ZnO include the oxygen
vacancy Vo, zinc vacancy VZn, oxygen antisites OZn, zinc antisites Zno, oxygen interstitials
Oi and zinc interstitials Zni [81]. Native defects can strongly affect on electrical, optical and
magnetic properties of a semiconductor. These defects influence the minority carrier lifetime,
luminescence efficiency, diffusion mechanisms and device degradation. Understanding the
nature, origins and behavior of point defects in ZnO is essential to its successful application in
semiconductor devices. Oxygen vacancies Vo and zinc interstitials Zni have often been invoked
as sources of n-type conductivity in ZnO.

The small aggregates of several point defects such as divacancies and vacancy-donor complexes
also cause only a local perturbation of the lattice. They are generally considered as point defects
as well [62]. Extrinsic point defects occur due to impurity atoms or dopant ions occupying
substitutional or interstitial sites. Extrinsic point defects in ZnO include hydrogen and other
impurities introduced during growth, e.g., group III related elements [82].
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Figure 2.11: A schematic diagram of point defects. Redrawn from ref [83].

2.9.2 Defect characterization

Defects in semiconductors play a critical role in determining the viability of a given material for
device applications. The electrical properties of semiconductor materials and the performance
and reliability of devices based on semiconductor materials can be significantly influenced by
the density of undesirable defects. Therefore, it is essential to control and characterize the
electrical properties of defects in a semiconductor using a reliable and accurate technique.
Since device operation depends mainly on the electrical properties, electrical characterization
is, therefore, more relevant. Also, the activation of defects due to electrical processes requires
scrutiny as it directly impacts the performance and reliability of a device. The deep level
transient spectroscopy (DLTS) is an appropriate technique for characterizing electrically active
defects in semiconductor materials [84].
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2.9.3 Emission and capture of carriers from deep levels

The band diagram of an ideal single crystal semiconductor consists of a valence band and a
conduction band separated by the band gap, with no energy levels within the band gap. When
defects are introduced in the single crystal, the defect energy levels are generated in the band
gap represent by ET in Figure 2.12. These defects are described as generation-recombination
centers or traps (electron taps and hole traps). Generation-recombination centers are located
deep in the band gap of semiconductor and are called deep energy level defects. They act as
recombination centers when there are excess carriers in the semiconductor and as generation
centers when the carrier density is below equilibrium [55].

Figure 2.12: Electron energy band diagram for a semiconductor with deep-level impurities. Redrawn from ref [55].

Figure 2.12 shows the following process of the capture and emission. The center captures an
electron from the conduction band (Figure 2.12 (a)), characterized by the capture coefficient
cn. After that, one of two events occurs. The center can either emit the electron back to the
conduction band, called electron emission en (Figure 2.12 (b)), or it can capture a hole from
the valence band, shown in Figure 2.12 (c) as cp. After either of these events, the generation-
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recombination center is occupied by a hole and again has two choices. Either it emits the hole
back to the valence band ep in Figure 2.12 (d) or captures an electron (Figure 2.12 (a)). These
are the only four possible events between the conduction band, the impurity energy level, and
the valence band. Process (d) is sometimes viewed as electron emission from the valence band
to the impurity level shown by the dashed arrow. However, we will use the hole emission
process in (d) because it lends itself more readily to mathematical analysis. A recombination
event in Figure 2.12 (a) is followed by (c) and a generation event (b) is followed by (d). The
impurity trap is a generation-recombination center and both the conduction and valence bands
participate in recombination and generation [55]. The probability that the deep electron trap
captures an electron is given by [85]

Cn = n〈vn〉σn, (2.22)

where n is the electron concentration in the conduction band, σn is the electron capture cross
section and 〈vn〉 is the mean thermal velocity of free electrons given as

〈vn〉=

√
3kT
m∗e

, (2.23)

where k is the Boltzmann constant, T is the temperature in Kelvin and m∗e is the electron’s
effective mass.
As a function of temperature, the electron emission rate is given by

en(T ) = σn 〈vn〉
g0

g1
Ncexp(−Ec−Et

kT
), (2.24)

where Ec−Et is the energy separation of the deep state from the conduction band, g0 and g1

are the degeneracy terms referring to the state before and after electron emission, respectively
and Nc is the effective density of states in the conduction band given as

Nc = 2Mc(
2πm∗ekT

h2 )3/2, (2.25)

Mc is the number of conduction band minima and h is Planck’s constant.

From Equation 2.25, the obtained Nc and 〈vn〉 have a T 2 dependence. If en is measured as a
function of temperature, an Arrhenius plot of log(en/T 2) against 1/T must give a straight line
whose slope will give the energy difference Ec−Et while the intercept at (1/T = 0) gives the
apparent capture cross-section σna.
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If we allow the capture cross-section to vary with temperature, it will take the form

σ(T ) = σ∞exp(−∆Eσ

kT
), (2.26)

where σ∞ is the capture cross-section at T = ∞ and ∆Eσ is the thermal activation energy of
the capture cross-section (called the thermal barrier for carrier capture). The possible causes
of the temperature dependence of the capture cross-section are the multiphonon capture into
deep levels. The temperature dependence of the capture cross-section can be determined from
the plot of logσ(T ) versus (1/T ) where ∆Eσ can be obtained from the slope and σ∞ can be
obtained after extrapolation to T = ∞. The activation energy ∆Ea of a deep level defect whose
capture cross-section is temperature dependent is given as

∆Ea = (Ec−Et)+∆Eσ . (2.27)

Thus for a trap whose capture cross-section is temperature dependent, the thermal emission
rate is given by

en(T ) = σn 〈vn〉
g0

g1
Ncexp(−Ec−Et +∆Eσ

kT
). (2.28)

The commonly used parameter for characterizing deep levels is the activation energy for
thermal emission. The parameter ET = Ec− Et is the Gibbs free energy, which is defined
as the energy required to excite an electron from the trap level to the conduction band and is
given as

ET = ∆H +T ∆S, (2.29)

where ∆H and ∆S are the changes in enthalpy and entropy due to the change in charge state of
the level. Substituting Equation (2.29) into (2.28) yields

en(T ) = σn 〈vn〉
g0

g1
Ncexp(

∆S
k
)exp(−∆H

kT
). (2.30)

This implies that, the slope of the Arrhenius plot gives the enthalpy of the deep level and not
the free energy, which can only be determined from optical measurements. Hence, one must
be careful when comparing energies derived from thermal emission measurements with other
methods.

2.10 Deep-level transient spectroscopy (DLTS)

Deep level transient spectroscopy (DLTS) was introduced by Lang 1974. This technique is
based on the transient capacitance change associated with the thermal emission of charge
carriers from a trap level to thermal equilibrium after an initial non-equilibrium condition
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in the space-charge region [84, 86]. DLTS measures the capacitance of a reverse biased p-n
junction, Schottky barrier diode or MOS device due to the emission of carriers by defects in
the depletion region. DLTS is one of the most sensitive techniques, as it has the ability to
detecting defects at such low concentrations and measures their electronic properties [85, 87].
Many defect parameters can be obtained from DLTS such as the thermal activation energy ET ,
electron and hole capture cross-sections σn and σp, respectively, and defect concentration NT .
The sign of each peak indicates whether it is due to a majority or minority carrier trap and
positions of the peaks are simply and uniquely determined by the instrument rate-window and
the thermal emission properties of the respective trap.

The relationship between the width of the depletion region for a Schottky barrier diode or p-n
junction and the applied voltage is given as [85]

w =

√
2ε(Vbi +V )

qN
, (2.31)

where ε is the dielectric constant of the depleted semiconductor, Vbi is the built-in potential of
the junction, V is the externally applied voltage, q is the charge of an electron, and N is the
density of the ionized impurities due to dopants and other defects with levels in the band gap.
The junction capacitance due to the depletion layer is given as

C =
εA
w

= A

√
qεN

2(Vbi +V )
, (2.32)

where A is the cross sectional area of the junction. From Equations 2.31 and 2.32, if the
concentration of electrons or holes trapped at deep levels is changed (e.g., by the thermally or
optically stimulated emission of carriers to the conduction or valance bands), this change can
be monitored by measuring the variation in the junction capacitance. The variation in junction
capacitance at a constant applied voltage as a result of the temperature-dependent variation of
N forms the basis of capacitance-based DLTS.

The variation of the depletion region width and trap occupancy after applied reverse bias and a
filling pulse sequence for an electron trap in an n-type semiconductor is shown in Figure 2.13.
Part (A), applied reverse bias, leads to an increase in the width of the depletion region w.
This alters the occupancy of traps in the space charge region. In part (B), the filling pulse is
applied and reverse bias is reduced, decreasing the width of the depletion region. This results in
majority carriers becoming available for capture by the empty deep level traps. In part (C), the
filling pulse is removed immediately and the original reverse bias is restored. Since the trapped
electrons do not respond immediately, the space charge density is reduced. This instantaneously
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Figure 2.13: Variation of depletion region width and trap population of an electron trap in n-type semiconductor
for a DLTS bias and filling pulse cycle. (A) and (B) are during reverse bias and the filling pulse, respectively,
whereas (C) is directly after removing the filling pulse and (D) at a time t after (C). The resultant capacitance
transient is qualitatively shown in the center of the figure [85].

leads to a wider depletion region and a decreased capacitance to below the original value. From
part (C) and (D), the capacitance relaxes by the thermal emission of the trapped carriers, giving
an increase to a capacitance transient [85, 88]. The emission rate can be determined from the
time dependence of the capacitance transient. The density of occupied defect levels at time t
after removing the filling pulse is given as [85]

N(t) = NT exp(−ent), (2.33)

where en is the thermal emission rate and NT is the trap concentration assuming all the traps
were initially filled. For NT >> ND, the junction capacitance can be expressed as a time-
dependent function given by

C(t) =C0−∆C0exp(−ent), (2.34)

where C0 is the equilibrium reverse bias voltage capacitance and ∆C0 is a change in capacitance
observed immediately after removing the pulse.

In order to determined the defect concentration, we assume that if the peak height is directly
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proportional to the defect concentration NT , then concentration can be obtained from [89]

NT (wm−λ ) =
2∆C(0)

C
ND× [(

w−λ

w
)2− (

wp−λ

w
)2]−1. (2.35)

where C is the junction capacitance, ∆C(0) is the capacitance change due to pulse at t = 0
just after pulsing, ND is the concentration of shallow impurities. w and wp are the depletion
widths during application of the reverse and filling pulse, respectively, and wm−λ is the mean
distance from the interface to the region from which traps emit carriers, and λ is the width of
the transition region and given by [85]

λ =

√
2ε(EF −ET )

q2ND
, (2.36)

where ε is the dielectric constant of the semiconductor, EF is the Fermi level, ET is the trap
level and q is the electronic charge.

2.10.1 Rate window scan

The basic technique used to analyze the DLTS transient was the dual-gated (double boxcar)
technique [86]. According to this technique, the DLTS signal is obtained by subtracting the
capacitances measured at preset times t1 and t2. The emission rate depends on temperature. At
low temperatures, the emission rate is low. At high temperatures, the emission rate will be much
faster, so that the time constant varies with temperature [86]. When the signal (or difference
in capacitance C(t1)−C(t2)) is plotted as a function of temperature, the peak is observed (see
Figure 2.14 on the bottom) which is characteristic of the defect. As shown in Figure 2.14,
the difference in capacitance changes as a function of temperature. It increases until C(t1)−
C(t2) reaches a maximum and then it starts decrease. The value of the time constant, τ , at the
maximum of the difference in capacitance (C(t1)−C(t2)) against temperature T for the defect
can be related to the gate positions t1 and t2. This is obtained by normalizing the DLTS signal
S(T) shown in Figure 2.14 (bottom) which is defined as [86]

S(T ) = [C(t1)−C(t2)]/∆C(0), (2.37)

where ∆C(0) is the capacitance due to the pulse change at t = 0. For exponential transients,

S(T ) = [exp(−t1/τ)]− [exp(−t2/τ)], (2.38)

which can also be written as

S(T ) = exp(−t1/τ)[1− exp(−∆t/τ)], (2.39)
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Figure 2.14: Temperature dependence of time constant of capacitance transient (top), and the DLTS signal ob-
tained from the transient as a function of sample temperature (bottom) [84].

where ∆t = t2− t1. Thus, the relationship between τmax, t1 and t2 can be obtained by differenti-
ating S(T) with respect to τ and equating the result to zero:

τmax =
t1− t2
ln( t1

t2
)
. (2.40)

When the thermal scanning is repeated for different rate windows the results can be used to
obtain an Arrhenius plot (ln(en/T 2) versus (1/T), where en is the thermal emission rate), which
is shown in Figure 2.15. The defect parameters such as activation energy can be obtained from
the slope and the capture cross section from the y-intercept of this plot.

2.10.2 Laplace-transform deep-level transient spectroscopy (L-DLTS)

The standard DLTS which uses boxcar or lock-in techniques, exhibits excellent sensitivity.
However, the time constant resolution is poor resulting in conventional DLTS not being able
to separate closely spaced transients or different traps with similar emission rates. There are
many efforts applied to improve DLTS resolution by developing different weighting functions.
These higher-order filters showed an improvement of resolution by up to a factor 3 but at the
expense of noise performance. Dobaczewski et al. [90] in 1994 developed an improved high-
resolution version of DLTS, called Laplace DLTS. Laplace-DLTS has high sensitivity and a
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Figure 2.15: Deriving an Arrhenius plot from DLTS signals. The DLTS signals are measured at different values
of t1 with t2/t1 = 10 [84].

sufficiently high energy resolution to reveal information on the impurity’s local environment.
This technique is based on the assumption that a spectrum of emission rate characterizes the
capacitance transient. It makes use of Tikhonov’s regularization to separate the constituent
exponentials by imposing a constraint on the second derivative. Then, using Laplace transforms
[90]

f (t) =
∫

∞

0
F(s)e−stdt, (2.41)

where f(t) is the recorded transient and F(s) is the spectral density function. F(s) is a delta
function. Therefore, a plot of spectral density function F(s) versus emission rate produces a
spectral function which can be used as a defect signature. The area under each peak is directly
related to the trap concentration and is a function of the emission rate. Up to 32000 transients
can be captured at a fixed temperature and averaged. Fixing the temperature improves the
time constant resolution. A good signal to noise ratio provides an order of magnitude better
resolution than conventional DLTS.
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Chapter 3

Experimental and characterization
techniques

3.1 Introduction

The experimental section describes the processing and characterization techniques used in this
study. This includes ZnO solution preparation, cleaning processes of substrates, deposition
of ZnO thin films, Schottky and ohmic contacts fabrication, as well as characterization tech-
niques such as scanning electron microscopy (SEM), X-ray diffraction (XRD), Raman spec-
troscopy, UV-Vis spectroscopy and photoluminescence spectroscopy (PL). The electrical and
defect characterization using current-voltage (I-V), capacitance-voltage (C-V), deep level tran-
sient spectroscopy (DLTS) and Laplace-deep level transient spectroscopy (LDLTS) are also
described.

3.2 Samples preparation

This section describes sample preparation steps, including undoped and doped ZnO solution,
cleaning of the substrates and thin films deposition, which were used in the different studies.

3.2.1 Substrate cleaning procedures

Before deposition, ITO/glass (with dimension of 20 mm× 10 mm× 2mm and sheet resistance
of 12 Ω/sq) and microscope slides were cleaned in a three-step procedure, using acetone,
ethanol and deionized water in an ultrasonic bath and dried in flowing N2.

The n-Si substrate (13 - 17 µm thick with a resistivity of 1.4 - 1.8 Ωcm) was cleaned using
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trichloroethylene followed by isopropanol, then methanol and rinsed in deionized water. Each
step was carried out for 5 min in an ultrasonic bath. Thereafter, the n-Si substrate was etched
using hydrofluoric acid to remove the native oxide and dried in flowing N2.

3.2.2 Sol-gel spin coating technique

Spin coating is a simple procedure for fast depositing thin films on flat substrates. A small
amount of the coating solution is dropped on the center of the substrate. The substrate is then
rotated at high speed in order to spread the coating solution and leave behind a very uniform
coating of the chosen material on the surface of the substrate.

The sol-gel spin coating deposition technique is preferred in the preparation of high-quality
ZnO thin films due to the low cost equipment required, the resulting homogeneous and re-
latively smooth thin films, the simplicity and ability to deposit large area films, and easily
controlled film thickness by controlling the number of spin coating layers and pre-annealing
cycles [40, 41]. There are three types of materials used in synthesizing ZnO using the sol-gel
method. These materials are precursor, solvent and stabilizer. The precursor materials consist
of metal ions. A solvent such as isopropanol is used. Stabilizer such as monoethanolamine.
The concentrations used are given in the results section.

3.2.3 Materials

The following materials were used for the preparation of the ZnO thin films were purchased
and used as received without any further purification. Zinc acetate dihydrate (ACE, 98%),
isopropanol (ACE, 99.5%), monoethanolamine (MEA) (ACE, 99.5%), erbium(III) nitrate pen-
tahydrate (Er(NO3)3.5H2O) (Sigma Aldrich, 99.9%) and ytterbium(III) nitrate pentahydrate
(Yb(NO3)3.5H2O) (Sigma Aldrich, 99.9%).

3.2.4 Undoped ZnO thin films

Undoped ZnO solution prepared using the sol-gel method. Zinc acetate dihydrate was
dissolved in isopropanol, and the solution was continuously stirred at 60 ◦C until everything
was dissolved. Monoethanolamine (MEA) was then added to the solution, maintaining a molar
ratio of MEA to zinc acetate dihydrate of 1.0 and the concentration of zinc acetate was kept at
0.5 M. The solution was continuously stirred for 2 hours at 60 ◦C to obtain a homogeneous,
clear solution. The solutions were aged for 48 hours.
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To form ZnO thin films, the ZnO sol was spin-coated onto the ITO/glass and n-Si substrates.
The substrates were rotated at 4 000 rpm. The sol was dropped onto the substrates and spun for
40 s. The film was then dried at 200 ◦C for 5 min. The coating and drying steps were repeated
several times to obtain the desired thickness. The final films were annealed at 600 ◦C in air
for 1 h. The ITO/glass substrate was used for structure, surface and optical characterizations,
whilst the n-Si substrate was used for electrical and defect characterizations. Figure 3.1 shows a
schematic diagram of the synthesis of the ZnO thin films using the sol-gel spin coating method.

Figure 3.1: A schematic diagram of the preparation of ZnO thin films using the sol-gel spin coating method.

3.2.5 Er-doped and Yb-doped ZnO thin films

The 3 at.% Er-doped and 3 at.% Yb-doped ZnO solutions were prepared using the following
dopant sources: erbium(III) nitrate pentahydrate (Er(NO3)3.5H2O) and ytterbium(III) nitrate
pentahydrate (Yb(NO3)3.5H2O). As with the undoped zinc oxide thin films, the zinc acetate
dihydrate and dopants precursors were dissolved in isopropanol. The solutions were stirred
continuously for 2 hours at 60 ◦C together with monoethanolamine (MEA) to obtain a homo-
geneous, clear solution. The molar ratio of MEA to zinc acetate dihydrate was maintained at
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1.0 and the concentration of zinc acetate was 0.5 M. The solution was kept at room temperature
for 48 hours before being used.

The ZnO solution was deposited on clean microscope slides and n-Si substrates by spin
coating. Before deposition, the microscope slides and n-Si (525 µm thick with a resistivity
of 2 - 30 Ωcm and the carrier concentrations of ∼ ×1014 cm−3) were cleaned as described in
Section 3.2.1. The aged ZnO sol was spin-coated at 4 000 rpm for 40 sec on the substrates.
The film was then dried at 200 ◦C in air for 5 min. The coating and drying steps were repeated
several times to obtain the desired thickness. The final films were annealed at 600 ◦C in air for
1 hour.

3.2.6 Er-doped ZnO thin films at varying concentrations

Er 0, 2, 4 and 6 at.% doped ZnO solution were prepared using the method described previously
in Section 3.2.4. Zinc acetate dihydrate and the appropriate amount of dopant precursor were
dissolved in isopropanol. The solutions were stirred at 60 ◦C for 2 hours after the addition of
monoethanolamine (MEA) to obtain a homogeneous, clear solution. The molar ratio of MEA
to zinc acetate dihydrate was fixed to 1.0 and the concentration of zinc acetate was 0.5 M. The
solution was aged at room temperature for 48 hours.

The pure and Er-doped ZnO sol-gel were deposited on microscope slides and n-Si substrates.
The aged ZnO sol was spin-coated at 4 000 rpm for 40 sec on the substrates. The film was
then dried at 200 ◦C for 5 min in air. The coating and drying steps were repeated several
times to obtain the desired thickness. The final films were annealed at 500 ◦C in air for 1 hour
compared to 600 ◦C in the previous experiments.

3.2.7 (Er, Yb) co-doped ZnO thin films at varying concentrations

ZnO co-doped with (Er, Yb) 0, 2, 4 and 6 at.% solution were prepared using the following
dopant sources: erbium(III) nitrate pentahydrate (Er(NO3)3.5H2O) and ytterbium(III) nitrate
pentahydrate (Yb(NO3)3.5H2O). Zinc acetate dihydrate and the appropriate amount of dopants
precursor were dissolved in isopropanol. The solutions were stirred at 60 ◦C together with
monoethanolamine (MEA). The same steps as in section 3.2.5 have been followed to prepare
the sol-gel and thin films deposition of undoped and (Er, Yb) co-doped ZnO thin films at
different concentrations. The Er and Yb in a 1 : 1 ratio to a total of 2 at.%, 4 at.% and 6 at.%
doping. The final films were annealed at 500 ◦C in air for 1 hour.
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3.2.8 Thin films annealing

After spin-coating each layer on the substrate, it was dried at 200 ◦C for 5 min in the air
using EcoTherm oven. When the required number of layers had been deposited, the final
thin film structure was post-annealed in a quartz tube using a Lindberg Hevi-duty furnace.
Post-annealing temperatures and times for each sample are given in the results and discussion.
The thermocouple was placed just below the sample holder to measure the sample’s annealing
temperature.

3.2.9 Ohmic and Schottky contact formation

Figure 3.2 shows a schematic of the resistive evaporation system that was used to fabricate
ohmic and Schottky contacts. Pd Schottky contacts and Au-Sb (94% : 6%) ohmic contacts
were deposited and the thickness was determined using a crystal monitor.

Figure 3.2: A schematic diagram of the resistive evaporation technique.
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Placing the undoped and doped ZnO thin films deposited on n-Si substrates on the holder, the
150 nm thick ohmic contact (a continuous layer) was resistively deposited under an initial
vacuum of ∼ 10−6 mbar at a deposition rate of 0.1 nm/s. The ohmic contacts were annealed at
350 ◦C in Ar to reduce the series resistance. The sample was then placed on a mask with 0.60
mm holes and attached to the holder. The 100 nm thick Pd Schottky contacts were deposited
with an initial vacuum of ∼ 10−6 mbar at a rate of 0.1 nm/s. The final form of the fabricated
Schottky diode is illustrated in Figure 3.3.

Figure 3.3: Schematic representation of the devices used for electrical measurements consisting of the Au-Sb
ohmic contact, Si substrate, the ZnO thin film, and the Pd Schottky contacts.

3.2.10 ZnO thin film Schottky diode irradiation

Undoped ZnO thin films were irradiated at room temperature with 5.4 MeV alpha particles
from an Am- 241 radionuclide for 21 hours at a flux of 7.1 × 106 cm−2s−1, with the total
fluence of 5.4 × 1011 cm−2 through the Schottky contact. We have to mentioned that after
6 hours of irradiation (with the total fluence of 1.5 × 1011 cm−2) there was no change in the
electrical properties of the Schottky diodes, thus confirming that ZnO thin films also have a
high resistance to irradiation by high energy particles, similar to bulk ZnO [91].

3.3 ZnO thin film characterization

The ZnO thin films were characterized by scanning electron microscopy (SEM) to study the
morphology of the thin films. XRD was used to identify the crystalline structure of the thin
films. The optical properties of ZnO thin films were characterized using Raman spectroscopy,
UV-Vis spectroscopy and photoluminescence spectroscopy (PL). Before and after irradiating
the Schottky diode with alpha particle irradiation, the electrical properties were characterized
using current-voltage (I-V) and capacitance-voltage (C-V) measurements. The defects in
ZnO thin films were characterized using deep-level transient spectroscopy (DLTS) and
Laplace-transform deep-level transient spectroscopy (L-DLTS) techniques. The characteristic
of diodes on Er-doped ZnO thin films at varying concentrations were studied under light and
dark conditions at room temperature using a solar simulator with 1 000 mW/cm2.
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3.3.1 Scanning electron microscopy (SEM)

The scanning electron microscopy (SEM) is a microscope that uses a focused electron beam to
creates magnified images for the samples surfaces (topography and morphology) by scanning
it with a high-energy beam of electrons [92, 93]. The electron beam energy is about 10 -
30 keV for most samples, but only several hundred eV are used for insulating samples [55].
Figure 3.4 illustrated the schematic diagram of a typical SEM, which is consists of an electron
gun (electron source and accelerating anode), a lens system, a vacuum chamber contain the
sample stage, a selection of detectors to collect the signals emitted from the sample and
cathode ray display tube (CRT) viewing screen. The electron gun generates and accelerates
electrons to between 0.1 - 30 keV. The electron lenses are used to adjust the spot size of an

Figure 3.4: Scanning electron microscopy system [94].
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electron beam and focused a narrow electron spot on the sample to produce a sharp image. In
general, scanning electron microscopes can produce an electron beam at the sample with a
spot size less than 10 nm that contains sufficient probe current to create an acceptable image.
After interaction with the sample, different signals are produced, such as secondary electrons,
backscattered electrons, characteristic and continuum X-rays, Auger electrons, diffracted
backscattered electrons and heat [92]. Secondary electrons and backscattered electrons are
collected by the detectors and used to form an image. Secondary electrons are used to obtain
information on the morphology and topography of the samples. Backscattered electrons are
used to provide contrasts in compositions in multiphase samples.

Energy dispersive X-ray spectrometry (EDS) is attachments to the SEM. EDS is used to
determine the chemical and elemental composition of the specimens. The results obtained by
EDS measurements consist of spectra showing peaks corresponding to the elements making
up the true composition of the sample being analyzed [95].

SEM images of ZnO thin films were collected using Zeiss Gemini Ultra Plus FEG SEM at an
accelerating voltage of 1 KeV. The SEM samples were coated with a thin carbon layer using
carbon coater to minimize charging on the film surface. EDS was used to confirm the elemental
composition of the thin films.

3.3.2 X-ray diffraction (XRD)

In X-ray diffraction (XRD), the X-rays are diffracted from the periodic array of atoms in the
crystal, allowing a detailed study of the crystalline phases. The diffraction patterns obtained
contain additional information from contributions from several micro-and macro-structural
features of a sample. We can investigate the lattice parameters, chemical composition, space
group, macro-stresses, or qualitative phase analysis from the peak position. The peak intensity
provides information about crystal structure, such as atomic positions and temperature factors,
as well as texture and quantitative phase analyses. Also, from the peak shape, one can extract
information regarding microstrain and crystallite size [96].

The X-ray diffractometer consists of three essential elements (see Figure 3.5 (a)), the X-ray
tube (X-ray source), a sample holder and a detector. To produce the X-rays, the metal cathode
(usually a tungsten filament) is heated up to generated electrons, and these electrons are accel-
erated to the anode by applying a voltage (kV). When the accelerated electrons strike the anode
(usually Cu or Co), characteristic X-ray spectra are produced. Obtained spectra consist of the
superposition of a continuous spectrum and characteristic radiations. The most common is the
Kα and Kβ radiation. The Kα radiation is used, while the other wavelengths are removed when
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passing through a filter consisting of foils or a crystal monochromator. The resultant X-ray
beam is focused on the sample at an incident angle θ . The detector measures the intensity of
the X-rays diffracted from the sample at an angle of 2θ with respect to the incident ray.

Figure 3.5: A schematic diagram of (a) a typical arrangement of XRD diffractometer components (b) Bragg
analysis for X-ray diffraction by crystal planes [97].

Figure 3.5 (b) shows the geometrical condition for diffraction and the determination of Bragg’s
law. From Figure 3.5 (b), the incident X-ray beam is diffracted from different planes of the
sample, producing the diffracted X-rays. The various diffracting crystal planes will result in
different optical path lengths, and the magnitude of the path length is dependent on the distance
between the crystal planes and the incident angle of the x-ray beam. The relationship between
the spacing between the crystal lattice planes, angle of incidence and wavelength of the incident
X-rays is known as Bragg’s Law, and is expressed as [98]:

λn = 2d sinθ , (3.1)

where n, an integer, is the order of diffraction, λ is the wavelength of the incident X-rays, d is
the interplanar spacing of the crystal and θ is the angle of incidence.

The crystallite sizes can be calculated from the XRD pattern by using an equation formulated
by Paul Scherrer who studied the effect of limited particle size on X-ray diffraction patterns.
This is known as Scherrer’s equation [98],

D =
kλ

β cosθ
, (3.2)

where D is the crystallite size, K is the shape factor, λ is the wavelength of the incident X-ray,
β is the peak broadening at half the maximum intensity (FWHM) in radians and θ is the Bragg
angle.
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In this study, the XRD system used is XPERT-PRO diffractometer, PAN analytical BV, Neth-
erlands, using a Cu Kα radiation with a wavelength, λ = 0.154 nm. A Bruker D2 Phaser was
also used in this study using a Cu Kα radiation with a wavelength, λ = 0.15418 nm.

3.3.3 Raman spectroscopy

Raman spectroscopy is a vibrational spectroscopic technique that uses Raman scattering or in-
elastic scattering of monochromatic light. It is used to study vibrational, rotational and other
low-frequency modes in a system. Usually, monochromatic light from a laser is employed as
a light source. Laser power is generally held under 5 mW to reduce sample heating and de-
composition [55]. When a laser beam has illuminated the sample, the photon of laser light
interacts with the molecules on the sample. It can induce a short-lived transition of the mo-
lecule to an upper energy state. If the molecule relaxes to the ground state in a single step by
releasing the same amount of energy as that of the incoming photon (Figure 3.6), the process is
known as Rayleigh (elastic) scattering [99]. Rayleigh scattering is the most intense and needs

Figure 3.6: Jablonski style diagram of energetic transitions involved in Raman scattering [99].

to be rejected from the optical beam path. It can be rejected by passing the beam through a
double monochromator. If not removed, it can lead to saturation of the detector and can res-
ult in unknown Raman signals from Stokes scattering [100]. Relaxation can also occur in an
inelastic manner, when a molecule releases a different amount of energy compared to the incid-
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ent photon. This phenomenon is called Raman scattering (also called Stokes and anti-Stokes
scattering). In Stokes scattering, the energy is transferred from the incident photon to the mo-
lecule. The scattered photon has less energy than the incident photon, and the molecule is in
an excited state. Conversely, if the scattered photon has more energy than the incident photon,
the molecule has relaxed from an excited vibrational state to its ground state, which is called
an anti-Stokes scattered process. The energy difference between the incident and scattered
photons in the scattering event is called the Raman shift and is defined in energy as

∆ER = EL−ES, (3.3)

where EL is the incident photon energy and ES is the scattered photon energy. Raman shift
(∆ER) is positive for a Stokes and negative for an anti-Stokes process. Raman shifts are gen-
erally expressed in wave-numbers and will then be denoted ∆ν̄R, usually in units of cm−1 [101].

Raman data of this study were collected using Jobin Yvon, Horiba TX64000 with excitation
wavelength λ = 514.5 nm. A WITec alpha 300 R focus innovations Raman spectrometer was
also used in this study excited by the 532 nm line of an argon laser.

3.3.4 UV-Vis spectroscopy

UV-Vis spectroscopy is based on the absorption of the electromagnetic radiation in wavelength
ranges of 200 - 400 nm (ultraviolet region) and 400 - 800 nm (visible region). The radiation in
these wavelengths is of sufficiently high energy to induce electronic transitions in molecules or
atoms [102].

Figure 3.7 shows the schematic diagram of a UV-Vis instrument. The essential components
of UV-Vis spectroscopy are a light source (usually used deuterium for UV measurement
and a tungsten lamp for visible measurement), a monochromator, a sample holder, and a
detector. The monochromator consists of an entrance slit to narrow the beam to a usable
size, a dispersion device (usually either a diffraction grating or prism that separates white
light to monochromatic light of a single wavelength) and an exit slit to select the desired
monochromatic wavelength.

In the UV-Vis spectroscopy technique, the light of known wavelength and intensity is focused
on the sample, after passing through the sample, the final intensity is measured by a detector.
The light absorbed by the sample at that particular wavelength can be easily calculated by
comparing the incident radiation (I0) and the transmitted radiation (I) [103]. Using the Beer-
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Lambert law, the absorbance (A) is defined as [104]:

A = log
I0

I
= εlc = αc. (3.4)

the transmittance T can be given as

T =
I0

I
×100%, (3.5)

where ε is the molar absorptivity, c is the sample concentration (it can be expressed in terms
of thickness of the sample), l is the path length through the sample and α is the absorption
coefficient. Both incident radiation (I0) and the transmitted radiation (I) can be measured
experimentally, and thus A can be determined. The absorption coefficient α is dependent on
the wavelength. A plot of the absorption coefficient α as a function of the wavelength (λ ) is
known as the spectrum intensity [104].

Tauc’s method can be used to calculate the optical band gap using the following equation [105],

(αhν)1/n = A(hν−Eg), (3.6)

where α is the absorption coefficient, h is the Planck’s constant, ν is the photon frequency, Eg

is the optical band gap, and n is the nature of electronic transition with the value of 1/2 for
allowed direct band gap and for an indirect band gap n equals 2.

The UV-Vis spectroscopy can be employed to measure the light reflected from the sample I
and compare it with the light reflected from a reference material I0, and the ratio I/I0 is known
as the reflectance.

Before the transmittance and absorbance of the sample are measured, a pre-cleaned blank ITO
or slide microscope substrate was placed with coated side facing the light source to measure
the baseline correction. Then, the deposited thin films on the same substrates were placed on
the one of the sample holders keeping the coated side facing the light source, and the blank
substrate was placed in reference sample holder, as seen in Figure 3.7.

In this study the the optical properties (transmittance and absorbance) were studied using Varian
CARY 100 BIO UV-Vis spectrophotometer in the wavelength range 300 - 800 nm.
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Figure 3.7: A Schematic diagram of a dual-beam UV-Vis spectrometer [106].

3.3.5 Photoluminescence spectroscopy (PL)

Photoluminescence (PL) is a technique in which a material absorbs photons and then re-emits
photons (usually at lower energies with a smaller number of photons). PL spectroscopy
analyses the distribution of energies involved in the photoabsorption and photoemission
processes.

Figure 3.8 shows a schematic diagram of photoluminescence spectroscopy. In a typical PL
measurement, a particular wavelength of light is selected from a light source after passing
through a monochromator, then focused on the sample. Thus, it is absorbed and imparts excess
energy into the material (this process is called photo-excitation). This excess energy is released
through the emission of light, or luminescence (photoluminescence). The light emitted from
the sample is collected through lenses, dispersed by another monochromator, and detected by a
detector. An analog electrical signal generated by the photodetector is converted into a digital
signal by an A/D (analog to digital) convertor and processed by software on a computer. The
spectrum is displayed in terms of intensity of emitted Photoluminescence light (proportional
to the electrical signal generated) as a function of the emitted light wavelength [104].

In this study, PL spectra were recorded at room temperature using two systems a Cary Eclipse
fluorescence spectrophotometer (supplied with PMT detector and a xenon lamp used a wide
excitation spectrum range of 200 - 1100 nm), and a He-Cd laser PL system (325 nm).
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Figure 3.8: A schematic diagram of photoluminescence spectroscopy.

3.3.6 Current-voltage (I-V) and capacitance-voltage (C-V) measurements

After the deposition of the Pd contacts to form the Schottky diode on ZnO thin films, I-V and
C-V techniques were used to evaluate the quality and electrical properties of the diode. These
electrical properties including Schottky barrier height, ideality factor, saturation current and
series resistance, leakage currents Ir and free carrier density profiles ND. Figure 3.9 shows a
schematic diagram of I-V and C-V measurements.

Figure 3.9: A block diagram of I-V and C-V measurements system [82].
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In this study, the I-V characteristics were measured using an HP 4140B pA meter/ DC voltage
source with a current as low as 10−14 A. The C-V characteristics were determined using an
HP 4192A LF impedance analyzer at a bias voltage range from -2 V to 2 V at a frequency of
1 MHz. The I-V and C-V measurements were performed in the dark at room temperature.

The effect of dark and illuminated conditions on the Schottky diode properties on Er-doped
ZnO thin films of different doping concentrations were studied using a Model 91150V solar
simulator with solar output conditions of 1000 W/m2 at room temperature and AM 1.0 G ref-
erence spectral filtering.

3.3.7 Deep level transient spectroscopy (DLTS) and Laplace-DLTS sys-
tems

The DLTS and Laplace-DLTS system were used to characterize the defects in ZnO thin films
in the temperature range of 20 - 350 K. Figure 3.10 shows a schematic diagram of the DLTS
and Laplace-DLTS system that was used in this study. The system consists of a closed cycle
helium cryostat, in which the sample is mounted. A Lake Shore 332 temperature controller
was used for temperature control. A fast response Boonton 7200 capacitance meter with 100
mV and 1 MHz ac voltage monitors the thermal emission of carriers after excitation by a pulse
generator. Laplace card with an internal pulse generator provides the desired quiescent bias
voltage and pulses. An external pulse generator, HP 33120A 15 MHz Function waveform used
to provide the shorter filling pulse to the diode, which is not provided by the Laplace card [62].
All measurement parameters for DLTS and Laplace DLTS, such as bias condition, temperature
measurement and capacitance transient acquisition condition, were set programmatically. The
DLTS spectra are produced using different rate windows for multi-rate window scan or two
rate windows for trap view scan.

In Laplace DLTS, the sample was kept at a fixed temperature and multiple capacitance
transients were recorded and averaged by the Laplace DLTS card to improve the signal to
noise ratio and implement the inverse Laplace transforms to calculate the emission rates and
magnitude of the signal using three different software routines CONTIN, FTIKREG and
FLOG [107] before displaying the Laplace spectrum.
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Figure 3.10: Schematic diagram of the DLTS and Laplace DLTS system. The dotted lines show the necessary
connections when an external pulse generator is used [82].
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Chapter 4

Results and discussion

4.1 Structural and optical characterization and the effect of
alpha particle irradiation on the electrical properties of
ZnO thin films prepared by sol-gel spin coating

4.1.1 Introduction

ZnO is a semiconductor material with a direct band gap of approximately 3.4 eV and large
exciton binding energy (60 meV) at room temperature. It can thus be used in a wide range
of applications such as photodiodes, single electron transistors, UV detectors and sensing
applications [2, 14]. It has also been found to be highly resistant to radiation, making device
applications for use in space possible [108]. ZnO thin films can be synthesized by different
techniques such as pulsed laser deposition, chemical vapour deposition, spray pyrolysis and
sol-gel techniques [109]. From the many techniques, sol-gel deposition is preferred in this
study for the preparation of high-quality ZnO thin films due to its low cost, simplicity and
ability to deposit large area films [110]. The quality, structure and properties of ZnO thin films
and devices are influenced by fabrication parameters and techniques used [36].

Defects in semiconductors may be impurities or crystalline defects. Impurities can be intro-
duced either intentionally or unintentionally during crystal growth and device processing [55].
The performance of ZnO-based devices is affected by the presence of impurity atoms and point
defects such as oxygen vacancies Vo and zinc interstitials Zni because these defects create
electronic states in the band gap of ZnO [111].

For space-based applications, especially those in near earth orbit, the devices need to operate
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in harsh radiation conditions and information on the effect of radiation on device performance
is required. In particular, the Van Allen belt contains high fluxes of electrons up to 10 MeV,
and protons > 10 MeV [108]. In recent years there has been a shift from bulk semiconductors
to thin film semiconductor devices and there is a need to determine the radiation resistance of
these devices.

This section contains the results that have been obtained from ZnO thin films prepared by sol-
gel spin coating, and sheds more light on the effect of alpha particle irradiation on the electrical
properties of and defects in sol-gel ZnO thin films. The structure, surface morphology and
optical properties are also discussed.

4.1.2 Surface and structure of ZnO thin films

Scanning electron microscope (SEM) studies of the ZnO thin films after annealing at 600 ◦C
showed large grains as seen in Figure 4.1 (a) with diameters of ∼100 nm. The crystallite grew
and packed closely. The crystallite size was calculated from the XRD data and found to be 48
nm (see Table 4.1). Figure 4.1 (b) shows the cross-sectional view of a deposited ZnO thin film
with a thickness of approximately 800 nm. Stacking layers and some voids are visible in the
film. The crystallite size, thickness and number of voids depend on the annealing temperature
and duration [112].

Figure 4.1: SEM images of the (a) surface and (b) cross-section of ZnO thin films deposited on ITO/glass substrate.

Figure 4.2 shows the X-ray diffraction patterns of ZnO thin films deposited onto a ITO/glass
substrate. In the XRD patterns there are strong peaks corresponding to the (100), (002) and
(101) planes. Small peaks corresponding to the (102) and (110) planes were also observed.
These peaks indicate that the films have the hexagonal wurtzite structure. It is clear from this
pattern that the film consists of randomly orientated polycrystalline particles with a slight
preferred orientation along the (002) plane. The peaks marked with an asterisk (*) are related
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Figure 4.2: The X-ray diffraction (XRD) patterns of ZnO thin films deposited onto ITO/glass substrate after
annealing at 600 ◦C.

to the ITO substrate. The values of the lattice constants obtained are in good agreement with
the values from the JCPDS data with card number (76-0704) and are shown in Table 4.1. The
crystallite size D of the ZnO thin films was calculated from Equation (3.2).

Table 4.1: Structural and lattice parameters of ZnO thin films

FWHM 2θ D (nm) δ (nm)−2 Lattice constants (Å) Lattice constants (Å) from (JCPDS) Band gap (eV)

(002) (100) (002) (002) (002) a (100) c (002) a c

0.181 31.805 34.477 48 0.0004 3.246 5.198 3.253 5.213 3.23

4.1.3 Raman and UV-Vis spectroscopy

Figure 4.3 shows the Raman spectra of a ZnO thin film deposited onto a ITO/glass substrate
and excited by the 523 nm line of an argon laser at room temperature. The sharp peak located
at 438 cm−1 corresponds to the E2(high) mode of the wurtzite ZnO structure, the peaks located
at 332 and 381 cm−1 correspond to the E2(high)-E2(low) and A1(TO), respectively. The broad
peak (marked by an arrow) corresponds to the A1(LO) and is attributed to the presence of

51



Figure 4.3: The Raman spectra of a ZnO thin film deposited onto ITO/glass substrate after annealing at 600âŮęC.

defects [113].

Figure 4.4: UV-Vis spectra of ZnO thin films deposited on ITO substrate (a) Absorbance (b) Tauc plot.

The UV-Vis spectrum of the deposited film is shown in Figure 4.4. From Figure 4.4 (a), the
thin films exhibited a high absorption peak at 362 nm in the UV region. This absorption
decreased gradually in the visible and IR region because ZnO has high transmittance in the
visible spectra due to its band gap of ∼ 3.40 eV. Figure 4.4 (b) shows Tauc method which was
used to calculate optical band gap using the Equation (3.6).

The optical band gap was obtained at the hν axis intercept of an extrapolated linear fit of the
graph as 3.23 eV. The lower value of the band gap energy may be due to the presence of defects
which were introduced during sample preparation. M. Saleem et al. [109] observed a decrease
in the band gap of ZnO thin films after annealing at different temperatures, and attributed this
to the increase of ZnO grain size during annealing.
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4.1.4 I-V and C-V measurements

Figure 4.5 shows the characteristic room temperature I-V plot of the Pd/ZnO/n-Si/AuSb Schot-
tky barrier diodes before and after alpha particle irradiation. The rectification before and after
irradiation were 3 and 2.5 orders of magnitude, respectively. After irradiation, the barrier height
of the diodes decreased, causing an increase in the thermionic emission current. Although the
generation-recombination current also increased, the voltage at which the dominant charge
transport mechanism changed from generation-recombination to thermionic emission changed
from 0.5 V to 0.2 V after irradiation. In both cases, series resistance dominated at higher cur-
rents, with the series resistance after irradiation being slightly lower. The diode parameters
shown in Table 4.2 were calculated by performing a linear fit in forward bias region using ther-
mionic emission Equation 2.5.

Irradiation caused an increase in leakage current and a slight increase in the ideality factor as
well as a decrease in series resistance and the Schottky barrier height (SBH). The increase in
leakage current and ideality factor are attributed to irradiation induced defects and interface
states in ZnO thin films [111].

Figure 4.5: Room temperature semi-logarithmic plot of I-V measurements of Pd/ZnO/n-Si/AuSb Schottky diode
before and after irradiation with alpha-particles.
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Figure 4.6: C-V measurements before and after irradiation at room temperature at 1 MHz.

Table 4.2: The Schottky diode parameters from I-V and C-V measurements before and after irradiation.

Events SBH (eV) Ideality Saturation current, Is Series ND (cm−3)

I-V C-V Factor (n) (A)×10−9 Resistance (Ω) ×1017

Before irradiation 0.635 1.24 3.41 11.2 53 12

After irradiation 0.536 1.18 3.48 519 43 4.0

The C-V characteristics before and after irradiation at room temperature are shown in Fig-
ure 4.6 (a). Figure 4.6 (b) shows the 1/C2 vs V curves which are split into two regions: Region
I and region II. The free carrier concentration calculated from the region I of ∼ 1015 cm−3,
and is related to n-Si. On the other hand, the free carrier concentration calculated from region
II (see Figure 4.6 (b) inset) was ∼ 1017 cm−3, this being the free carrier concentration of the
ZnO. The capacitance and free carrier concentration (ND) decreased after irradiation. E. Gür et
al. [114] observe the decrease of the capacitance and free carrier concentration after studying
the effects of high energy electron irradiation on electrical properties of Au/n-ZnO Schottky
diodes and attributed the decrease in the carrier concentration to the trapping effect of the
deep defect states produced by high energy electron irradiation. The Schottky barrier height
obtained from C-V measurements is greater than that obtained from I-V measurements, this
due to inhomogeneity in SBH and image force effects [115].

4.1.5 Energy band diagram of Pd/ZnO/n-Si heterojunction

Figure 4.7 shows the energy band diagram of the Pd/ZnO/n-Si heterojunction at thermal
equilibrium and after applying a reverse bias, constructed based on Anderson’s model [116].
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Both the ZnO thin film and the Si are n-type semiconductors with carrier concentrations ND of
12× 1017cm−3 and ∼ 1015 cm−3, respectively calculated from C-V measurements. Thus, the
Fermi level in n-ZnO and n-Si should be close to the conduction band edge at equilibrium (see
Figure 4.7 (a)). For n-type semiconductors the Schottky barrier height is predicted by [56]:

φB,e f f = Φm−χZnO, (4.1)

where Φm is the work function of Pd metal = 5.12 eV and χZnO is the electron affinity of ZnO =
4.35 eV [117]. Thus, the φB,e f f calculated is as 0.77 eV. The experimental SBH before and after
irradiation was 0.635 eV and 0.536 from I-V measurements and 1.24 eV and 1.18 eV from C-V
measurements. The φB,e f f obtained from simple theory is slightly greater than φB,e f f obtained
from I-V measurements and smaller than φB,e f f from C-V measurements. The difference
in simple theory compared to experimental results of SBH calculated from C-V measure-
ments is due to the presence of surface states while the lower barrier height obtained during
I-V measurements is a combination of surface inhomogeneity and image force barrier lowering.

According to Anderson’s model, the conduction band offset and valence band offset is given by:

∆EC = χZnO−χSi, (4.2)

∆Ev = (EgZnO−EgSi)+∆EC, (4.3)

where χSi is the electron affinity of Si = 4.05 eV [118], thus ∆EC calculated of 0.3 eV.
From Equation 4.3, EgZnO is the band gap of ZnO of 3.23 eV calculated from Tauc’s plot
shown in Figure 4.4 (b), EgSi is the band gap of n-Si of 1.20 eV, so the valance band offset ∆Ev

is calculated as 2.33 eV.

Figure 4.7: Energy band diagram of Pd/ZnO/n-Si heterojunction (a) Under thermal equilibrium (b) After applying
a small reverse bias (c) After increasing the reverse bias.
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4.1.6 DLTS and Laplace DLTS measurements

The DLTS spectrum exhibited one peak before irradiation labelled E4, Figure 4.8 (a). When
investigated by Laplace DLTS, the E4 exhibited only one energy leve. This defect has been
observed by Auret et al. [119] in vapor-phase-grown single-crystal ZnO. Mtangi et al. [120]
also observed this peak in bulk ZnO and they attributed it to the oxygen vacancy.

Figure 4.8: DLTS spectra obtained from Pd/ZnO/n-Si/AuSb Schottky diode (a) before and (b) after irradiation,
recorded at different a quiescent reverse bias, different filling pulse amplitude, filling pulse width of 1 ms and rate
window of 80.2 Hz in the temperature range 50 - 350 K.

Figure 4.8 (b) shows the presence of a new peak labelled Eα , introduced by alpha particle
irradiation. Using Laplace DLTS under reduced bias (see Figure 4.9), the Eα was found to
be made up of two defects at energy levels Eα1 = 0.53 eV and Eα2 = 0.36 eV below the
conduction band. The shift in Laplace DLTS spectra of Eα1 and Eα2 defects measured at three
temperatures are displayed in Figure 4.9. The apparent capture cross sections of Eα1 and Eα2

were calculated from Arrhenius plots shown in Figure 4.10, and found to be 7.7 × 10−14 cm2

and 2.3 × 10−16 cm2, respectively. The electronic properties are summarized in Table 4.3.

There are four peaks observed in all curves (see Figure 4.8 (b)) after irradiation located below
250 K and labelled by (*), their signatures are attributed to defects in the n-Si substrate. Under
a quiescent reverse bias of -2.0 V and filling pulse amplitude Vp = 2.2 V, only defects in the
n-Si were observed, as shown by the dotted curve (green) in Figure 4.8 (b).
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Figure 4.9: Laplace DLTS spectra showing the shift of Eα1 and Eα2 defects at three temperatures in ZnO thin
films after irradiation.

Figure 4.10: Arrhenius plots of the defects in ZnO thin films, obtained at a quiescent reverse bias of 0 V with a
filling pulse amplitude of 0.3 V for E4, Eα and 0.2 V for Eα1 and Eα2. The filling pulse width was 1 ms.
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Table 4.3: The defect energy ET below conduction band and the apparent capture cross-section σap of defects in
ZnO thin films deposited on the n-Si substrate.

Defect label ET (eV) σap (cm2)

E4 0.41 4.8 × 10−16

Eα 0.35 5.7 × 10−17

Eα1 0.53 7.7 × 10−14

Eα2 0.36 2.3 × 10−16

4.1.7 Summary

The surface morphology and structure of ZnO thin films deposited by the sol-gel spin coating
showed the films to have hexagonal wurtzite structure, which was confirmed by Raman spectra.
The optical band gap of the ZnO thin films was calculated to be 3.23 eV.
From I-V and C-V characteristics, the SBH decreased after alpha particle irradiation and
ideality factor and leakage current increased. The DLTS technique was used to identify the
defects in the ZnO thin films before and after irradiation. It revealed a single defect before
irradiation with an activation enthalpy of 0.41 eV. The defect with energy level 0.35 eV below
the conduction band was observed after alpha particle irradiation. The 0.35 eV level was split
using Laplace DLTS and found to consist of two defects at 0.53 eV and 0.36 eV. The relative
heights of the peaks changed with biasing conditions, showing that the depletion region could
be manipulated to profile through the ZnO-Si heterojunction.
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4.1.8 Publication: The effect of alpha particle irradiation on electrical
properties and defects of ZnO thin films prepared by sol-gel spin
coating

https://doi.org/10.1016/j.mssp.2019.05.029
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4.2 Effect of Er and Yb doping and temperature on electrical
properties of ZnO thin films Schottky diode prepared by
sol-gel spin coating

4.2.1 Introduction

ZnO is one of the II-VI semiconductor materials with a wide direct band gap of approximately
3.4 eV and a large exciton binding energy of 60 meV at room temperature [46]. ZnO has
interesting electrical properties, such as high electron mobility, high electron saturation velo-
city and good thermal stability [121], as well as having high resistance to radiation damage,
making it an excellent candidate for optoelectronic devices and space applications [108]. ZnO
is a very attractive host lattice for doping with different elements to tailor the optical, electrical
and magnetic properties due to its excellent physical and chemical stability [9]. Rare-earth
elements have been used as dopants for many applications, for example, optoelectronic devices
such as visible and infra-red luminescent devices, based on their optical emission occurring
within intra 4f-4f shell transitions [10, 11].

In order to understand the electrical properties of semiconductor materials, there are many
semiconductor-based devices such as metal-semiconductor interfaces, p-n junctions, hetero-
junction interfaces, and metal-oxide-semiconductor devices that can be used [12]. Among
these devices, metal-semiconductor contacts (M-S) have been used to produce devices such
as Schottky barrier diodes. High performance of ZnO-based devices require fabricating
high-quality Schottky barrier diodes, which is not easy because the quality of Schottky barrier
diode depends on the quality of the interface between the ZnO surface and the metal, as
well as residual surface contamination and defects in the semiconductor [13]. A study of the
electrical properties of Schottky barrier diodes at different temperatures is necessary since
these properties are temperature dependent and the current transport mechanisms change
under different temperature conditions and the quality of the rectifying contacts at different
temperatures must be monitored.

Recently, there have been extensive studies on rare-earth doped ZnO using different physical
and chemical techniques. Among these, the sol-gel method is preferred due to advantages such
as low cost, simplicity, easy adjustment of composition, and deposition on large areas [122].
These studies show that dopants influence structural, optical, electrical and magnetic proper-
ties [123–127], and many attempts have been reported to improve ZnO-based Schottky diode
properties and study the diode parameters at different temperatures [128–130]. Relatively few
studies have reported on rare earth doped-ZnO thin film Schottky diodes [53, 54], and to the
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authors knowledge, there have been no reports on the temperature dependence of electrical
properties and defects in Er-doped and Yb-doped ZnO thin films Schottky diodes using I-V,
C-V, DLTS and L-DLTS techniques.

This section reports on the effect of Er and Yb (both in 3 at.%) doping on surface morphology,
optical and electrical properties of ZnO thin films. The temperature-dependence of electrical
properties of Er-doped and Yb-doped ZnO Schottky diodes in the temperature range of 50
- 290 K using current-voltage (I-V) and capacitance-voltage (C-V) measurements will be
discussed. The defects in Er-doped and Yb-doped ZnO thin films were studied using DLTS
and L-DLTS techniques.

4.2.2 Surface and structure of ZnO thin films

Figure 4.11 shows the SEM images of the undoped, 3 at.% Er-doped and 3 at.% Yb-doped
ZnO thin films. These images clearly show that the grain size of ZnO thin films varied with
different dopant ions. The undoped ZnO thin films form small grains which were uniformly
distributed (Figure 4.11 (a)). Using the same processing conditions, the Er-doped ZnO (Figure
4.11 (b)) grain shape was found to be rod-shaped. The Yb-doped ZnO film, Figure 4.11 (c),
also showed rod-shaped grains, similar to the Er-doped ZnO sample, but larger in size. There
were also smaller particles observed on the surface of the Yb-doped ZnO sample which could
be related to Yb2O3, which was observed in the XRD study. The small particles were also
observed by Heng et al. [131] in (Ce, Yb) co-doped ZnO thin films deposited by magnetron
sputtering. Nan Jiang et al. [132] observed these particles in Yb and Li co-doped ZnO using
the solid state reaction method. The cross section of the films was showed in Figure 4.11 (d),
and the average thickness of the films was found to be ∼ 600 nm.

In order to confirm the presence of Er and Yb in the samples, their chemical composition was
determined using EDS analysis (see Figure 4.11). The EDS results confirmed the presence of
O, Zn, Er and Yb in the final products. The other peaks such as Si and Ca peaks are originated
from the glass substrate. Since the glass substrate made with silica and contains the Ca [133].

The X-ray diffraction (XRD) patterns of the undoped, Er-doped and Yb-doped ZnO thin
films deposited onto a glass substrate are shown in Figure 4.12. The peaks correspond-
ing to the ZnO wurtzite structure were observed. The Yb-doped ZnO thin films showed
evidence of the presence of Yb2O3 with the (222) peak of the cubic phase of Yb2O3 being
identified at 2θ = 29.5

◦
(JCPDS data card number 006-0371). Lluscá et al. [48] observed a

similar peak in Er and Yb-doped ZnO thin films deposited using RF magnetron sputtering.
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Figure 4.11: SEM images and EDS plot of (a) undoped ZnO (b) Er-doped ZnO (c) Yb-doped ZnO and (d) cross
section of Yb-doped ZnO thin films deposited on microscope slide substrates, dried at 200 ◦C and annealed at
600 ◦C in air for 1 hour.

Figure 4.12: (Color online) (a) The X-ray diffraction (XRD) patterns of undoped, Er-doped and Yb-doped ZnO
thin films deposited on microscope slide substrates, (b) enlargement showing the shift in the (100), (002) and (101)
diffraction peaks of the doped films to lower angles compared to the undoped ZnO peak positions.

Otal et al. [126] also observed this peak in Yb-doped ZnO prepared by wet chemistry. There
was no secondary phase observed in the Er-doped ZnO sample, which indicates that Er3+

ions have been incorporated into the ZnO lattice. The intensity of the (101) peak increased
indicating some preferred orientation, while the intensity of the (002) peak decreased after
doping comparing to the undoped ZnO peaks. The full-width at half-maximum (FWHM)
of the (002) plane decreased as a result of doping (see Table 4.4), and can be attributed to
improved crystallinity. The doped ZnO peak positions shifted to lower diffraction angles (see
Figure 4.12 (b)) compared to the undoped ZnO film and this is due to the difference in ionic
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Table 4.4: Structural and lattice parameters of undoped and doped ZnO thin films.

Plane FWHM 2θ D (nm) δ ×10−4 (nm)−2 Lattice constants (Å) c/a

(002) (100) (002) (002) (002) a(100) c (002)

Undoped ZnO 0.196 31.874 34.514 42 5.6 3.242 5.197 1.603

Er 0.161 31.831 34.472 51 3.8 3.246 5.203 1.603

Yb 0.152 31.831 34.485 54 3.4 3.246 5.201 1.602

JCPDS 76-0704 31.762 34.406 3.253 5.213 1.603

radius between Zn2+ and dopants (the ionic radius of Er3+ (0.89 Å) and Yb3+ (0.87 Å) is
greater than the ionic radius of Zn2+ (0.74 Å)), and this explains the increase in values of the
lattice constants. The values of the lattice constants from the JCPDS data with card number
76-0704 are a = 3.253 Å, and c = 5.213 Å. The values obtained from the undoped and doped
ZnO thin films (see Table 4.4) are slightly different compared to the JCPDS data values. The
crystallite size D of undoped and doped ZnO thin films was calculated from Equation 3.2, and
was found to increase with doping, while the dislocation density δ was found to decrease with
doping.

4.2.3 Raman spectroscopy and photoluminescence spectroscopy

The room temperature Raman spectra of the undoped, Er-doped and Yb-doped ZnO thin films
excited by the 523 nm line of an argon laser are shown in Figure 4.13. The strong peaks
observed correspond to E2 (low) phonon mode at about 99 cm−1 and the E2 (high) phonon
mode at about 438 cm−1 indicative of the ZnO hexagonal wurtzite crystal structure. The
E2 (low) mode is related to the Zn sublattice, whereas the E2 (high) mode is associated with
the motion of oxygen atoms and sensitive to internal stress [30, 134]. The broad peak located
at 575 cm−1 corresponding to the A1 (LO) phonon mode, is related to lattice defects such as
oxygen vacancies and Zn interstitials [11]. The peaks at 480 cm−1, 383 cm−1 and 333 cm−1

correspond to the 2LA phonon mode, the A1 (TO) phonon mode and the E2 (high) - E2 (low)
phonon mode, respectively. The 2LA and E2 (high) - E2 (low) are second order features due to
multi-phonon processes [135]. Three additional peaks at 120 cm−1, 160 cm−1 and 520 cm−1

have been observed in the Er-doped ZnO sample, and may be related to local vibration modes
due to the Er substitution in the ZnO host and defect concentration in the host, as reported by
Zamiri et al. [136]. The peak at 204 cm−1 observed in undoped and Yb-doped ZnO thin films
samples and correspond to the 2E2 (low) second order phonon mode [136]. Same peak has
been observed by Youjin Zheng et al. [137] in the Yb2O3 nanoparticles. Thus this peak could
be related to the Yb2O3 and confirmed by XRD results.
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Figure 4.13: (Color online) Raman spectra of undoped, Er-doped and Yb-doped ZnO thin films deposited onto
microscope slide substrates.
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Figure 4.14: (Color online) The PL spectra of undoped, Er-doped and Yb-doped ZnO thin films deposited onto
microscope slide substrates.

The PL spectra of the undoped, Er-doped and Yb-doped ZnO thin films excited by a 325 nm
laser at room temperature are shown in Figure 4.14. A strong UV emission band centered at
375 nm and a broad green emission band centered at 506 nm were observed in all samples,
with the undoped ZnO sample showing weaker green emission. It is clear that the Yb-doped
ZnO sample exhibited the highest intensity of ultraviolet emission compared to the undoped
and Er doped ZnO samples. The PL spectra provide information about defects in ZnO,
UV emission bands are generally attributed to exciton recombination near the band edge,
while visible emission bands are assigned to various combinations of deep-level or trap-state
emission, due to oxygen vacancies, Zn vacancies and Zn interstitials [122].
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4.2.4 Temperature dependent I-V and C-V measurements on Er-doped
and Yb-doped ZnO thin film Schottky diodes

Figure 4.15 shows the room temperature I-V characteristics of Schottky barrier diodes fabric-
ated on undoped, Er-doped and Yb-doped ZnO thin films. Schottky diodes parameters shown
in Tables 4.5 and 4.6 were obtained by performing a linear fit in the forward bias region using
thermionic emission Equation 2.5. From Figure 4.15, the rectification increased when the films
were doped with the Er and Yb. The Schottky barrier height obtained from the SBD on un-
doped ZnO thin films of 0.730 eV with a high ideality factor and leakage current compared to
the diodes on Er-doped and Yb-doped ZnO thin films at room temperature (see Table 4.5). The
diodes on Er-doped and Yb-doped ZnO exhibited a generation-recombination current transport
mechanism at low voltages (0 - 0.5 V) causing a kink in the forward bias curve [58]. Above this
voltage thermionic emission was the dominant current transport mechanism across the Schot-
tky barrier. At higher voltages, all diodes deviated from the ideal linearity due to high series
resistance [12].

Figure 4.15: (Color online) Room temperature semi-logarithmic plot of I-V measurements of Shottky diodes
fabricated on undoped, Er-doped and Yb-doped ZnO thin films Schottky diodes.

Figure 4.16 shows the semi-logarithmic plot of I-V measurements of Schottky diodes fabricated
on Er-doped and Yb-doped ZnO thin films obtained in the temperature range of 50 - 290 K with
steps of 40 K.

As shown in Figure 4.16, we can observe a strong dependence of (I-V) characteristics on
temperature. The rectification was increased with decreasing temperature. The diodes
exhibited good rectifying behaviour, especially at 50 K. From Figure 4.16 (a), it can be
observed that the diode on Er-doped ZnO thin films deviate from ideality, and thermionic
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Figure 4.16: (Color online) Semi-logarithmic plot of I-V measurements for (a) Pd/Er-doped ZnO/n-Si/AuSb (b)
Pd/Yb-doped ZnO/n-Si/AuSb Schottky diodes in the temperature range of 50 - 290 K with steps of 40 K.

Table 4.5: Schottky diodes parameters from I-V measurements at room temperature.

Sample SBH (eV) Ideality Saturation current, Is Leakage current (A) Series

Factor (A) at -1 V Resistance(KΩ)

Undoped ZnO 0.730 2.69 5.0 ×10−6 9.0 ×10−5 0.20

Er 0.688 2.24 1.41 ×10−9 6.0 ×10−8 2.0

Yb 0.977 1.82 333 ×10−12 1.5 ×10−8 3.0

emission was not dominant and other current transport mechanisms were found to occur such
as generation-recombination current in forward bias at low temperatures (50-170 K) under
low voltage (V < 0.4 V). Above 170 K, the thermionic emission was dominant. From Figure
4.16 (b), the diode on Yb-doped ZnO thin films exhibited generation-recombination current
at all temperatures under low voltage (V < 0.25 V). In the middle region of the voltage, the
thermionic emission was the dominant current transport mechanism at all temperatures. At
voltage (0.6 - 0.8 V), the diode on Er-doped ZnO thin films revealed generation-recombination
again at temperatures (50 - 210 K), this is not observed in the diode on Yb-doped ZnO
thin films. The presence of generation-recombination in both diodes is due to defects from
impurities in the ZnO band gap. At high voltage, the diodes deviate from linearity and series
resistance was dominant at all temperatures. The leakage current increased with increasing
temperature from 10−12 A at 50 K to 10−7 A at 290 K at a bias of -1.0 V in both diodes. The
reverse bias I-V curve at 50 K in a diode on Er-doped ZnO thin films was not a smooth line.
This is due to the current being lower than the noise in the system.

Figure 4.17 shows the variations in the Schottky barrier height and ideality factor (from I-
V data) in the temperature range of 50 - 290 K. SBH increased with increasing temperature
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from 0.28 and 0.51 eV at 50 K to 0.66 eV and 0.80 eV at 290 K for Pd/Er-doped ZnO and
Pd/Yb-doped ZnO Schottky diodes, respectively. The ideality factor decreased with increasing
temperature for both Pd/Er-doped ZnO and Pd/Yb-doped ZnO Schottky diodes. In the diode
on Er-doped ZnO thin films (see Figure 4.17 (a)), the ideality factor decreased with increas-
ing temperature but increased again at 290 K. Whereas in the diode on Yb-doped ZnO diode
(see Figure 4.17 (b)), the ideality factor decreased sharply from 50 K to 90 K. After that, it
decreased gradually up to 170 K. Above 170 K, the ideality factor increased again. The ideal-

Figure 4.17: (Color online) SBH and ideality factor vs temperature plot from the forward bias I-V measurements
for (a) Pd/Er-doped ZnO/n-Si/AuSb (b) Pd/Yb-doped ZnO/n-Si/AuSb Schottky diodes in the temperature range
of 50 - 290 K in steps of 40 K.

ity factor is greater than unity at all temperatures in both diodes, indicating that the diodes
deviated from ideal thermionic emission, this behaviour is attributed to inhomogeneities in
the SBH, thermionic field emission current, image force lowering, generation-recombination,
effect of the series resistance and interface states caused by contamination and mixture of dif-
ferent phases [138, 139]. The increasing of Schottky barrier height and decreasing of ideality
factor with increasing temperature can be explained by SBH inhomogeneity, that SBH consists
of inhomogeneous spots with different barrier height. As the current transport across the barrier
is a temperature activated process, at low temperatures, the carriers encounter low barriers, so
only the low barriers are overcome. At high temperatures, the carriers have sufficient energy
to overcome the higher barriers. Consequently, the dominant barrier height will increase with
increasing temperature [140]. The diode on Er-doped ZnO thin films exhibited higher ideality
factor and lower barrier height at all temperatures compared to the diode on Yb-doped ZnO
thin films.

To determine the behaviour of the diodes characteristics such as the Schottky barrier height and
carrier concentration (ND) from the C-V measurements of Pd/Er-doped ZnO and Pd/Yb-doped
ZnO Schottky diodes at different temperatures, the C-V measurements in the temperature
range of 50 - 290 K at 1 MHz are shown in Figure 4.18. From Figure 4.18 (a) and (c) the
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Figure 4.18: (Color online) C-V measurements of (a) and (b) Pd/Er-doped ZnO/n-Si/AuSb (c) and (d) Pd/Yb-
doped ZnO/n-Si/AuSb Schottky diodes in the temperature range of 50 - 290 K at 1 MHz

Figure 4.19: (Color online) SBH and carrier concentration vs temperature obtained from C-V measurements of
(a) Pd/Er-doped ZnO/n-Si/AuSb (b) Pd/Yb-doped ZnO/n-Si/AuSb Schottky diodes in the temperature range of 50
- 290 K.
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Table 4.6: The Schottky diodes parameters from I-V and C-V measurements in the temperature range of 50 -
290 K.

Pd/Er-doped ZnO thin films Pd/Yb-doped ZnO thin films

T (K) SBH (eV) Ideality ND (cm−3)(C-V ) SBH (eV) Ideality ND (cm−3)(C-V )

I-V C-V Factor, n ×1014 I-V C-V Factor, n ×1014

50 0.286 2.13 2.935 2.60 0.511 1.75 1.746 2.68

90 0.353 1.82 2.716 2.47 0.684 1.28 1.307 2.47

130 0.414 1.59 2.596 2.32 0.721 1.13 1.288 2.46

170 0.479 1.31 2.467 2.25 0.756 1.07 1.272 2.42

210 0.541 1.25 2.463 2.24 0.772 1.0 1.30 2.40

250 0.631 1.17 2.401 2.22 0.779 0.94 1.382 2.39

290 0.664 1.09 2.465 2.21 0.80 0.93 1.418 2.34

capacitance increased with increasing temperature from 7.7 pF and 8.5 pF at 50 K to 11 pF
and 12 pF at 290 K at a bias of 0 V in diodes on Er-doped and Yb-doped ZnO, respectively.
Increasing capacitance can be attributed to either charged defects emitting electrons and
thereby contributing to the charge in the depletion region or due to a lowering of the barrier
height [141]. The 1/C2 vs V depending temperature are shown in Figure 4.18 (b) and (d).
The 1/C2 - V curves in Figure 4.18 (b) and (d) exhibited straight lines parallel to each other,
indicating uniform dopant concentration [141]. The carrier concentration calculated after
fitting the straight line in 1/C2 - V plots in both diodes, (ND) was ∼ 1014 cm−3. The temper-
ature dependence of SBH and carrier concentration obtained from C-V measurements using
Equation 2.9 are plotted in Figure 4.19 and summarized in Table 4.6. It could be observed
from Figure 4.19 that the SBH and carrier concentration obtained from C-V measurements
decreased with increasing temperature for both diodes. It is seen in Table 4.6 that the SBH
calculated from C-V measurements is greater than that obtained from I-V measurements
in both diodes, this observation is commonly reported in literature and attributed mainly
to presence of an interface layer, the effect of the image force, deep impurity levels and
inhomogeneity in SBH [66, 142, 143].

4.2.5 DLTS measurements

The DLTS spectra for Er-doped and Yb-doped ZnO thin films are shown in Figure 4.20. The
DLTS spectrum revealed one peak with a level labelled as E0.41 in the diodes on Er-doped ZnO
thin films, and another peak with a level labelled as E0.54 in the diodes on Yb-doped ZnO thin
films. The labelling of defects by (E) refers to an electron trap and subscript number is refers to
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an activation enthalpy level below the conduction band. The Er-doped ZnO thin films exhibited
a high intensity peak, whilst the Yb-doped ZnO thin films showed a broader and low intensity
peak. After using Laplace-transform deep-level transient spectroscopy (L-DLTS), both peaks
were revealed to consist of only one energy level. Figure 4.21 shows the shift in L-DLTS
spectra of the defect in Er-doped and Yb-doped ZnO thin films measured at three temperatures.

Figure 4.20: (Color online) DLTS spectra obtained from Pd/Er-doped ZnO/n-Si/AuSb and Pd/Yb-doped ZnO/n-
Si/AuSb Schottky diodes, recorded at a quiescent reverse bias of Vr = -0.5 and -1 V for the Er-doped and Yb-doped
ZnO thin films, respectively. The filling pulse voltage Vp = 0.2 V, filling pulse width of 1 ms and rate window of
80 Hz in the temperature range of 50 - 350 K.

The activation enthalpies and the apparent cross sections of the E0.41 and E0.54 defects have
been extracted from the Arrhenius plots shown in Figure 4.22. The results are shown in
Table 4.7. After analysis of the Arrhenius plot, the Er-doped ZnO defect yielded an activation
enthalpy of 0.41 eV and apparent capture cross section of 4 × 10−16 cm2. The Yb-doped
ZnO defect had an activation enthalpy of 0.54 eV and apparent capture cross section of
4 × 10−15 cm2. The electronic parameters such as the value of activation enthalpy, locations
and apparent cross section for both peaks are different. Thus, it could be concluded that the
defects are not the same. Both defects could correspond to the green emission in the PL
measurements. The defect E0.41 in Er-doped ZnO thin films has been observed in undoped
ZnO thin films reported in our previous work in Section 4.1.6 [144]. This defect has been
attributed to the oxygen vacancy [119, 120, 145]. The peak in Yb-doped ZnO thin films,
Scheffler et al. [146] observed the peak with an activation enthalpy of 0.610 eV in n-type ZnO
single crystals and Tsiarapas et al. [147] observed the peak with the same activation enthalpy
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Figure 4.21: (Color online) Laplace DLTS spectra showing the shift of the defect in Er-doped and Yb-doped ZnO
thin films at different temperatures.

Figure 4.22: (Color online) Arrhenius plots of the defects in Er-doped and Yb-doped ZnO thin films.

in 50 % and 66.6 % H2 incorporated in polycrystalline ZnO thin films and they proposed that
this defect is correlated with extended defect.
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Table 4.7: The electronic properties of defects in Er-doped and Yb-doped ZnO thin films deposited on the n-Si
substrate.

Sample Defect label ET (eV ) σap (cm2)

Er-doped ZnO E0.41 0.41 4×10−16

Yb-doped ZnO E0.54 0.54 4×10−15

4.2.6 Summary

The surface morphology and structure of undoped, Er-doped and Yb-doped ZnO thin films
deposited by the sol-gel technique were investigated. XRD results confirmed that the films had
hexagonal wurtzite structure, and this was confirmed by the definite hexagonal shaped grains
observed in the SEM images. The crystallite and particle size increased when doping with Er
and Yb, Yb-doped ZnO having the largest and undoped ZnO the smallest estimated particle
size. The 3 at.% of Yb resulted in Yb2O3 being present in ZnO films. No evidence of Er2O3

was found. The electrical properties of Schottky diodes fabricated on Er-doped and Yb-doped
ZnO thin films deposited by the sol-gel spin coating technique were investigated using I-V and
C-V techniques in the temperature range of 50 - 290 K. From I-V results, the rectification,
the leakage current and Schottky barrier height were increased with increasing temperature,
and the ideality factor decreased. From C-V measurements, the carrier concentration and
Schottky barrier height both decreased with increasing temperature. SBH obtained from C-V
measurements is significant higher than that SBH calculated from I-V measurements. The
doping of ZnO by Er and Yb caused an increase in the series resistance, but a decrease in the
ideality factor of the thin films Shottky barrier diodes. The DLTS and L-DLTS techniques
were used to identify the defects in Er-doped ZnO and Yb-doped ZnO thin films. It revealed
defect with activation enthalpy of 0.41 eV in the Er-doped ZnO thin films, and another defect
with activation enthalpy of 0.54 eV in the Yb-doped ZnO thin films below the minimum of the
conduction band.
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4.3 Structure and optical properties of Er-doped ZnO thin
films prepared by sol-gel spin coating, and electrical
properties of Schottky diodes prepared thereon

4.3.1 Introduction

Semiconductors doped with rare-earth elements have been used for many applications, for
example, optoelectronic devices such as visible and infra-red luminescent devices, UV-light
emitting diodes and laser diodes [44]. Zinc oxide as semiconductor material is a very
promising candidate for electronic devices applications due to its wide band gap (3.4 eV),
low cost, low temperature growth, easy formation of nanostructures, resistance to radiation
damage and non-toxicity. Further, ZnO has a large exciton binding energy of 60 meV at room
temperature which enhances light emission [1].

There are many reports on rare-earth doped ZnO with the aim of improving the structure,
optical and electrical properties of ZnO using dopants such as Nd [122], Sm [53], Yb [125]
and Eu [148]. Among the rare-earth elements, Er-doped ZnO has attracted much interest
and is expected to be one of the most promising materials for ZnO-based optoelectronic
devices due to the 1.54 µm photoemission caused by the Er intra-4f shell transition [149,150].
Much research has been focused on improving the optical properties of Er-doped ZnO thin
films [14, 48, 151, 152].

Photodetectors based on ZnO thin films can be used in various applications such as environ-
mental monitoring, optical communications and flame detection [153]. In our work we study
the electrical characteristics of Schottky diodes based on Er-doped ZnO thin films under dark
and light conditions.

The electrical and optical properties of ZnO-based devices is affected by the presence of
defects, such as oxygen vacancies (Vo), zinc vacancies (VZn) and zinc interstitials (Zni) because
these defects form electronic states in the band gap of ZnO [111, 154]. Deep-level transient
spectroscopy (DLTS), is an ideal technique for characterizing deep-level defects, as it is very
sensitive, easy to analyze and rapid [86]. The technique makes use of the thermal emission
properties of the defect, and can be used to determine the activation enthalpy and the apparent
cross section of the defect. Several techniques have been used to fabricate high-quality
metal-semiconductor contacts such as Schottky and ohmic contacts on ZnO thin films. The
quality of these contacts influences the performance of the devices. Schottky diodes fabricated
on ZnO thin films have been reported by many researchers in the last years. All these studies

74



have explored possibilities of developing and fabricating high performance of Schottky diodes
based on ZnO thin films for different purposes [53, 65, 66, 129, 155–157] but there is no
research available have been studied the defects in Er-doped ZnO thin films grown by sol-gel
spin coating using DLTS and L-DLTS techniques.

In this section, we study the effect of the Er-doping at different concentrations on morphology,
structure and optical properties of ZnO thin films. We fabricated Schottky diodes on material
prepared by this technique. The electrical properties of Schottky diodes based on Er-doped
ZnO thin films were studied using I-V and C-V measurements. The effect of the dark
and illumination conditions on Schottky properties based on Er-doped ZnO thin film was
investigated. The defects in the Er-doped ZnO thin films Schottky diodes were characterized
using DLTS and L-DLTS techniques.

4.3.2 Surface and structure of undoped and Er-ZnO thin films

Figure 4.23 shows SEM images of undoped and Er-doped ZnO thin films grown using different
concentrations of 0, 2, 4 and 6 at.%. The SEM images show that the grain size of ZnO thin films
decreased and the crystallization quality became poor with increasing the Er concentration.
This supports the finding of Asikuzun et al. [123] who proposed that Er3+ ions play a role in
inhibiting the growth of the crystallites in the ZnO lattice.

Figure 4.23: SEM images of ZnO thin films with (a) Er 0 at.% (b) Er 2 at.% (c) Er 4 at.% and (d) Er 6 at.% as
well as (e) cross-section of Er 6 at.% deposited on microscope slides, dried at 200 ◦C and annealed at 500 ◦C in
air for 1 hour.

XRD patterns of undoped and Er-doped ZnO thin films (Figure 4.24) revealed that all the
diffraction peaks corresponding to the hexagonal wurtzite structure of ZnO with JCPDS card
number (76-0704) were present. There was no secondary phase observed related to Er2O3

or other impurities in any of the Er-doped ZnO samples, which indicates that all the Er ions
have successfully incorporated into the ZnO lattice. As can be seen from Figure 4.24, the
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Figure 4.24: (Color online) X-ray diffraction (XRD) patterns of Er-doped ZnO thin films deposited onto micro-
scope slides, dried at 200 ◦C and annealed at 500 ◦C in air for 1 hour.

intensity of the peaks decreased significantly with increasing Er concentration. The full-width
at half-maximum (FWHM) corresponding to the (002) plane increased with increasing Er
concentration and the positions of diffraction peaks at (002) of the Er-doped ZnO shifted
slightly to low diffraction angles (see Table 4.8) compared to undoped ZnO. This can be
attributed to the large ionic radii mismatch between Er3+ (0.89 Å) and Zn2+ (0.74 Å). The
average crystallite size D of Er-doped ZnO thin films was calculated from Equation 3.2. The
plot of calculated crystallite size versus the Er concentration is shown in Figure 4.25. It can be
seen that the calculated crystallite size D decreased from 32 nm to 8 nm as the Er concentration
increased from 0 at.% to 6 at.%, respectively. The decreasing crystallite size can be attributed
to the incorporation of larger Er3+ ions (0.89 Å) in the Zn (0.74 Å) sites in the ZnO lattice.
The influence of this incorporation can create tensile stress and as a result, restrict the growth
of crystals [134]. Jayachandraiah et al. [158] reported that the crystallite size decreased with
increasing Er concentration. Mao et al. [14] also observed a decrease in the crystallite size with
increasing Er concentration. Similar results were obtained by other groups [123, 159]. The
dislocation density δ increased with increasing Er concentration and indicates that Er doping
leads to more lattice defects [14]. The lattice constants obtained from undoped and Er-doped
ZnO thin films are in good agreement with only a slight difference compared to the JCPDS
data (a = 3.253 Å, and c = 5.213 Å). The variation in the lattice constants can be attributed to
the incorporation of larger Er3+ ions in the Zn sites.
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Table 4.8: Structural and lattice parameters of undoped and Er-doped ZnO thin films

Sample FWHM 2θ D (nm) δ ×10−4 (nm)−2 Lattice constants (Å) c/a Band gap (eV)

Er at.% (002) (002) (002) (002) a(100) c (002)

0 0.254 34.469 32 9.8 3.245 5.204 1.604 3.024

2 0.686 34.397 12 69.4 3.242 5.214 1.608 3.073

4 0.903 34.395 09 123.5 3.238 5.215 1.610 3.091

6 1.016 34.377 08 156.3 3.238 5.218 1.611 3.157

Figure 4.25: The crystallite size versus Er concentrations.

4.3.3 Raman spectroscopy and UV-Vis spectroscopy

Raman spectroscopy was employed to study the effect of the Er doping on vibrational
properties of ZnO thin films. Figure 4.26 shows Raman spectra of undoped and Er-doped ZnO
thin films deposited on the glass substrate at room temperature, excited by the 514.15 nm line
of an argon laser. The same peaks were observed in undoped and Er-doped ZnO samples. One
high intensity peak located at 436 cm−1 corresponds to the E2 (high) mode and confirmed
the ZnO wurtzite structure. The E2 (high) mode is associated with the motion of oxygen
atoms [30]. The peaks located at 396 cm−1 and 408 cm−1 correspond to the A1(TO) and
E1(TO), respectively. The peaks at 483 cm−1 correspond to the 2LA second order feature due
to multi-phonon processes [135]. The intensity of the E2 (high) mode decreased and shifted to
the high frequency (see Figure 4.26 (b)) after doping by the Er. The shift in the E2 (high) mode
can be attributed to incorporation of mismatched Er3+ in to Zn antisite, phonon confinement,
strain and defects [53, 160].
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Figure 4.26: (Color online) (a) Raman spectra of the Er-doped ZnO thin films deposited onto microscope slides.
dried at 200 ◦C and annealed at 500 ◦C in air for 1 hour (b) The shift of the E2 (high) mode.

Figure 4.27 shows the transmittance and absorbance spectra in the wavelength region from
350 - 800 nm of the Er-doped ZnO films at different concentrations. All the films exhibited a
good transmittance in the visible region. From Figure 4.27 (a), The transmittance increased
after doped by Er 2 at%. Then, decreased in Er 4 at.% and increased again after increasing
Er concentration at Er 6 at.%. For example, the transmittance calculated at 550 nm was
found to be 65 %, 66 %, 62 % and 69 % for Er 0 at.%, Er 2 at.%, Er 4 at.% and Er 6 at.%,
respectively. The decreasing of transmittance at Er 4 at.% may be attributed to existence of
defects in the sample. In general, the transmittance of ZnO based thin films can be affected
by different conditions such as defects, film thickness, surface roughness, grain size and nano
pores [161]. Moreover, all films presented sharp absorption peaks in the ultraviolet region and
a shift of the absorption edge occurred to lower wavelengths (blue-shift) with increasing Er
concentration. The absorption decreased gradually in the visible and IR region because ZnO
has a high transmittance in these wavelengths. This is probably due to the Er in the ZnO. The
UV absorbance of Er-doped ZnO thin films is significantly higher than that of undoped ZnO
thin films. Inset plot in Figure 4.27 (b) shows Tauc plot used to determine the optical band
gap using Equation 3.6. The band gap was obtained at the hν axis intercept of an extrapolated
linear fit of the graph as 3.024 eV, 3.073 eV, 3.091 eV and 3.157 eV for Er 0 at.%, Er 2 at.%,
Er 4 at.% and Er 6 at.%, respectively. The calculated optical band gap are shown in Table 4.8.
The plot of optical band gap versus Er concentration is shown in Figure 4.28, and it can be
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Figure 4.27: (Color online) UV-Vis spectra of (a) transmittance (b) absorbance and corresponding Tauc plot (inset)
of the Er-doped ZnO thin films deposited on microscope slides, dried at 200 ◦C and annealed at 500 ◦C in air for
1 hour.

Figure 4.28: Band gap versus Er concentrations.

seen that the optical band gap increased with increasing Er concentration. Similar observation
have been reported by the literature for Er-doped ZnO films [124]. The increasing of the
band gap could be attributed to the decreases in the particle size of the films (due to quantum
confinement effect) as the Er concentration increased [162, 163]. Comparing with the band
gap of bulk ZnO (3.4 eV), the obtained optical band gap showed that the band gap of ZnO can
be tuned by doping with Er at different concentrations [40].

79



4.3.4 I-V measurements

Figure 4.29 shows the room temperature semi-logarithmic plot of typical I-V measurements
of Schottky barrier diodes fabricated on undoped and Er-doped ZnO thin films. All the diodes

Figure 4.29: (Color online) Room temperature semi-logarithmic I-V plot of Pd/Er-doped ZnO/n-Si/AuSb Schottky
diodes.

exhibited good rectification, especially the Er-doped ZnO thin films samples. Schottky diodes
parameters shown in Tables 4.9 were obtained by performing a linear fit in the forward bias
region using the thermionic emission Equation 2.5. From Figure 4.29, the diodes on the Er 0
at.% and Er 4 at.% exhibited generation-recombination current transport mechanism at low
voltages (lower than 0.4 V) in the forward bias curve. At a voltage greater than 0.4 V thermi-
onic emission was the dominant current transport mechanism. The generation-recombination
was not observed in the diodes on Er 2 at.% and Er 6 at.%, and the pure thermionic emission
was the dominant current transport mechanism. As shown in Figure 4.29, at high voltage,
the diode’s characteristics deviated from linearity due to series resistance [12]. The diodes
on the Er-doped ZnO thin film samples exhibited small reverse currents in the same order of
magnitude, while that for Er 0 at.% revealed a higher reverse current compared to the diodes
on Er-doped ZnO thin films samples.
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Figure 4.30: (Color online) SBH and ideality factor vs the Er concentration plot from the forward bias I-V meas-
urements for Pd/Er-doped ZnO/n-Si/AuSb Schottky diodes.

The variation of SBH and ideality factor values with Er doping level is shown in Figure 4.30.
All the diodes on the Er-doped samples had high Schottky barrier heights of 0.74 eV, 0.71
eV and 0.72 eV for the diodes on Er 2 at.%, 4 at.% and Er 6 at.%, respectively. Whereas the
diode on the Er 0 at.% revealed lower Schottky barrier height of 0.65 eV. All diodes exhibited
an ideality factor significantly higher than unity. Mainly, diode on the Er 0 at.% revealed
high ideality factor of 2.16. The ideality factor values greater than unity can be attributed to
several factors such as the generation-recombination of electron-hole pairs, inhomogeneities
of Schottky barrier height and series resistance [58, 164]. From Figure 4.30 that the value of
SBH increased and the ideality factor decreased after doping with the Er.

Figure 4.31 shows the room temperature I-V characteristics of Schottky barrier diodes
fabricated on undoped and Er-doped ZnO thin films under dark and illuminated. All the diodes
exhibited good rectifying behavior in the dark. It is observed from Figure 4.31 that the diodes
have strong light sensitivity and photoresponse properties under reverse bias. So the diodes
have Schottky photodiode behavior. The behavior of Schottky diodes under illumination
condition is explained as follows: When the rectifying Schottky diode is illuminated, the
photons with sufficient energy (having a higher energy than the forbidden energy gap) are
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Figure 4.31: (Color online) Room temperature semi-logarithm I-V measurements under dark and illumination of
Pd/Er-doped ZnO/n-Si/AuSb Schottky diodes.

absorbed and electron-hole pairs are generated in the depletion region [164]. The leakage
current in the reverse bias increased when the diodes were exposed to the light. The values of
the leakage current in reverse region under the dark and illuminated conditions are illustrated
in Table 4.10. The difference between the current under the dark and illuminated conditions in
the diodes on Er 2 at.% and Er 4 at.% was higher than of the diodes on Er 0 at.% and Er 6 at.%.
The forward bias characteristics seem unaffected by the illumination conditions. Therefore
the Er-doped Schottky diodes respond to the visible light and can be used in photodiodes and
photovoltaic applications.

The C-V technique has been employed to study the diodes characteristics such as the SBH
and carrier concentration (ND). Figure 4.32 shows the C-V measurements of Pd/Er-doped
ZnO/n-Si/AuSb Schottky diodes at room temperature measured at 1 MHz. Under reverse bias,
the junction capacitance dominates. However, in the forward bias the diffusion capacitance
dominates [165, 166]. From Figure 4.32 (a) the capacitance is affected by the Er doping. The
capacitance was lower in the Er-doped material. The diode on Er 4 at.% exhibited the lowest
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Figure 4.32: (Color online) Room temperature C-V measurements of Pd/Er-doped ZnO/n-Si/AuSb Schottky di-
odes at 1 MHz.

Table 4.9: The Schottky diode parameters obtained from I-V and C-V measurements at room temperature.

Sample SBH (eV) Ideality Saturation current, Is Series ND Degree of rectification

Er at.% I-V C-V Factor ×10−9 (A) Resistance(Ω) (×1015cm−3) (orders of magnitude)

0 0.65 0.89 2.16 18.25 67 1.77 3

2 0.74 1.0 1.12 0.872 99 5.89 5

4 0.71 1.62 1.79 1.25 43 0.75 5

6 0.72 1.88 1.37 0.410 60 1.72 5

capacitance. In order to obtain the parameters of the diodes from C-V measurements, the 1/C2

vs V is plotted in Figure 4.32 (b). The carrier concentration and the SBH can be obtained
from C-V measurements using Equation 2.9. After fitting the straight line in Figure 4.32 (b)
a carrier concentration (ND) of ∼ 1015 cm−3 was obtained. SBH and carrier concentration
obtained from C-V measurements were plotted versus Er concentration in Figure 4.33 and
summarized in Table 4.9. It could be observed that the carrier concentration increased as the
Er concentration increased up to 2 at.%. At 4 at.% Er the capacitance decreased sharply, then
it increased again at 6 at.%. The diodes on Er 4 at.% revealed lower carrier concentration of
0.75 ×1015cm−3. It is seen in Table 4.9 that the SBH calculated from C-V measurements is
greater than that obtained from I-V measurements in all diodes, this observation is commonly
reported in the literature and attributed to the presence of an interface layer, inhomogeneity in
SBH and the effect of the image force [66, 142, 143].
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Figure 4.33: (Color online) SBH and carrier concentration vs the Er concentration obtained from C-V measure-
ments of Pd/Er-doped ZnO/n-Si/AuSb Schottky diodes.

Table 4.10: The Schottky diode leakage current under reverse bias at -2 V under the dark and illumination from
I-V measurements.

Sample leakage current (A)

Er at.% under light under dark

0 2.23×10−4 2.01×10−6

2 3.81×10−4 9.46×10−7

4 1.94×10−4 2.72×10−7

6 3.40×10−4 2.10×10−6

4.3.5 DLTS measurements

The DLTS spectra for Er-doped ZnO thin films are shown in Figure 4.34. The DLTS spectra
obtained from Pd/Er-doped ZnO/n-Si/AuSb Schottky diodes, recorded at a quiescent reverse
bias Vr = -1 V, filling pulse voltage Vp = 0.2 V for the Er 0 and 2 at.%, and 0.5 V for the
Er 4 and 6 at.%, filling pulse width of 1 ms and rate window of 80 Hz in the temperature
range of 50 - 350 K. The DLTS spectrum revealed one peak in the diodes on the Er 2 at.%
and 6 at.%, and two peaks on the diodes on Er 0 at.% and 4 at.%. A dominant peak with
labelled as E4 observed in all diodes except for the diode on the Er 6 at.%. After using
Laplace-transform deep-level transient spectroscopy (L-DLTS), the E4 peak was revealed to
consist of only one energy level in both diodes on the Er 0 at.% and 2 at.%, and three energy
levels in the diode on the Er 4 at.%. The defect labelled as E5 observed in all diodes except
for the diode on the Er 2 at.%. It was found that the E5 consists of only one energy level in
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Figure 4.34: (Color online) DLTS spectra obtained from Pd/Er-doped ZnO/n-Si/AuSb Schottky diodes, recorded
at a quiescent reverse bias Vr = -1 V, filling pulse voltage Vp = 0.2 V for Er 0 and 2 at.%, and 0.5 V for Er 4 and
6 at.%, filling pulse width of 1 ms and rate window of 80 Hz in the temperature range of 50 - 350 K.

the diode on the Er 0 at.%, and two energy levels in the diodes on the Er 4 at.% and 6 at.%.
The activation enthalpies and the apparent cross sections of the E4 and E5 defects have been
extracted from the Arrhenius plots shown in Figure 4.35. The results are shown in Table 4.11.
After analysis of the Arrhenius plot, the E4 defect yielded an activation enthalpy of 0.44 eV
and 0.37 eV and apparent capture cross sections of 8 × 10−16 cm2 and 3 × 10−17 cm2 in
the diodes on the Er 0 at.% and 2 at.%, respectively. Whereas the E4 defect revealed three
energy levels in the diode on the Er 4 at.% with an activation enthalpy of 0.33 eV, 0.42 eV
and 0.45 eV and apparent capture cross section of 2 × 10−17 cm2, 6 × 10−16 cm2 and
1.4 × 10−14 cm2, respectively. A similar peak (E4) was observed in undoped ZnO thin films
and reported in our previous work in Section 4.1.6 [144]. The E4 defect has been attributed to
the oxygen vacancy [119, 120, 145]. The E5 defect exhibited an activation enthalpy of 0.75 eV
and apparent capture cross sections of 6 × 10−12 cm2 in the diodes on the Er 0 at.%. Whilst
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Figure 4.35: (Color online) Arrhenius plots of the defects in Pd/Er-doped ZnO/n-Si/AuSb Schottky diodes.

the E5 defect consists of two energy levels in the diode on the Er 4 at.% with an activation
enthalpy of 0.54 eV and 0.69 eV and apparent capture cross sections of 3 × 10−14 cm2

and 2 × 10−11 cm2, respectively. In the diode on the Er 6 at.%, the E5 defect revealed two
energy levels with an activation enthalpy of 0.55 eV and 0.66 eV and apparent capture cross
sections of 6 × 10−14 cm2 and 2 × 10−12 cm2, respectively. Scheffler et al. [146] observed
the peak with an activation enthalpy of 0.60 eV in n-type ZnO single crystals, and Tsiarapas
et al. [147] observed the peak with the same activation enthalpy in 50 % and 66.6 % H2

incorporated in polycrystalline ZnO thin films and they proposed that this defect is an extended
defect. The Er-doped ZnO thin film’s peaks shifted to the lower temperatures compared to the
undoped ZnO peak. The shift could be attributed to the effect of the Er doping. The diode on
Er 4 at.% exhibited the negative signal in DLTS spectra, and this not observed in other samples.
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Table 4.11: The electronic properties of defects in Er-doped ZnO and Yb-doped ZnO thin films deposited on the
n-Si substrate.

Sample Defect label ET (eV ) σap (cm2)

Er at.%

0
E4 0.44 8×10−16

E5 0.76 6×10−12

2 E4 0.37 3×10−17

4

E4

0.42 6×10−16

0.33 2×10−17

0.45 1.4×10−14

E5
0.54 3×10−14

0.69 2×10−11

6 E5
0.55 6×10−14

0.66 2×10−12

4.3.6 Summary

Er-doped ZnO thin films at different concentrations of Er were successfully prepared by the
sol-gel spin coating technique. The surface morphology and structure of Er-doped ZnO were
investigated. From the XRD results, the films had a hexagonal wurtzite structure, which was
confirmed by Raman spectroscopy. The crystallite size decreased with increasing Er concen-
tration. The optical properties were studied using UV-Vis spectroscopy and the optical band
gap was found to increase with increasing the Er concentration. Schottky diodes fabricated
on undoped and Er-doped ZnO thin films deposited by the sol-gel spin coating revealed good
rectification behavior. Schottky barrier height was increased after Er doping. However, the
ideality factor decreased. The effect of the dark and illumination conditions on Schottky barrier
diode characteristics showed a sensitivity to light under reverse bias conditions. Furthermore,
the diodes exhibited a strong response to the illumination, so that, these diodes can be used as
photodiode or photosensor applications. The DLTS spectra revealed one peak in the diodes on
the Er 2 at.% (E4) and Er 6 at.% (E5), and two peaks (E4 and E5) on the diodes on the Er 0
at.% and 4 at.%.
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4.4 Structure and optical properties of (Er, Yb) co-doped
ZnO thin films prepared by sol-gel spin coating, and elec-
trical properties of Schottky diodes prepared thereon

4.4.1 Introduction

ZnO is a an ideal host lattice for doping with rare-earth elements such as Er and Yb, due
to its wide, direct band gap of approximately 3.4 eV and large exciton binding energy of
60 meV at room temperature [1]. ZnO may be doped with rare-earth elements to tailor its
optical, electrical and magnetic properties by altering its electronic structure. Thus it can be
used for different applications such as optoelectronic devices, spintronic and photocatalytic
applications [45]. Several researchers have reported on rare-earth (Er, Yb) co-doped ZnO for
different uses [48, 167–169].

To study the electrical behaviour of (Er, Yb) co-doped ZnO thin films, metal-semiconductor
contacts (M-S) have been used to produce devices such as Schottky barrier diodes. Schottky
diodes fabricated on ZnO thin films reported by many researchers in the last years. All these
studies have explored possibilities of developing and fabricating high performance Schottky
diodes based on ZnO thin films for different purposes [65, 66, 129, 155, 156] but few study
fabricated Schottky diodes on rare-earth doped ZnO [53, 144, 157, 170].

In this section, we fabricated and characterized (Er, Yb) co-doped ZnO thin film Schottky
diodes fabricated using the sol-gel spin coating technique. We studied the electrical properties
of the diodes using current-voltage (I-V) and capacitance-voltage (C-V) measurements.
Investigation the effect of (Er, Yb) doping on surface morphology, structural and optical
properties of the thin films were done using SEM, XRD and UV-vis spectroscopy. The defects
in (Er, Yb) 2 at.% co-doped ZnO thin films were studied using DLTS and L-DLTS. Er and Yb
in a 1 : 1 ratio was used to a total of 2 at.%, 4 at.% and 6 at.% doping was investigated.

4.4.2 Surface and structure of undoped and (Er, Yb) co-doped ZnO thin
films

Figure 4.36 shows SEM images of undoped and (Er,Yb) co-doped ZnO thin films at different
concentrations and annealed at 500 ◦C in air for 1 hour. The images show thin films with
average crystallite size ranging from 26 nm (undoped) to 7 nm (6 at.%). The smaller crystallite
size in the co-doped thin films could be attributed to the formation of rare-earth-O-Zn in the
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Figure 4.36: SEM images of (a) 0 at.% (b) 2 at.% (c) 4 at.% and (d) 6 at.% as well as (e) cross section of (Er, Yb)
co-doped 6 at.% deposited on microscope slides, dried at 200 ◦C and annealed at 500 ◦C in air for 1 hour.

ZnO lattice. This formation plays a role in restraining the growth of the crystallites in the
ZnO lattice [9, 123]. A cross section of a thin film with (Er, Yb) 6 at.% doping is shown in
Figure 4.36 (e). The thickness of the film as measured from the cross section is 700 nm.

The XRD patterns of undoped and (Er, Yb) co-doped ZnO thin films are shown in Figure 4.37.
The diffraction peaks observed in undoped and (Er, Yb) co-doped samples correspond to the
hexagonal wurtzite structure of ZnO with JCPDS card number (76-0704). No secondary phase
related to Er2O3 or Yb2O3 in any of the (Er, Yb) co-doped ZnO samples was detected, suggest-
ing that all Er3+ and Yb3+ ions were successfully incorporated into the ZnO lattice. As seen in
Figure 4.37, undoped ZnO thin films exhibited higher intensity diffraction peaks compared to
(Er, Yb) co-doped samples. The (Er, Yb) co-doped samples revealed broad peaks with intens-
ity decreasing as doping concentration increased. The full-width at half-maximum (FWHM)
corresponding to the (002) plane increased as a result of increasing Er and Yb concentration.

Figure 4.37: (Color online) The X-ray diffraction (XRD) patterns of Er and Yb co-doped ZnO thin films deposited
onto microscope slides, dried at 200 ◦C and annealed at 500 ◦C in air for 1 hour.

89



Table 4.12: Structural, lattice parameters and optical band gap of Er and Yb co-doped ZnO thin films

Sample FWHM 2θ D (nm) δ ×10−3 (nm)−2 Lattice constants (Å) c/a Band gap (eV)

(Er, Yb) at.% (002) (002) (002) (002) a(100) c (002)

0 0.336 35.243 26 1.5 3.171 5.093 1.606 3.22

2 0.749 35.150 12 6.9 3.168 5.106 1.612 3.15

4 0.828 35.074 10 10 3.172 5.117 1.613 3.19

6 1.302 35.075 07 20.4 3.169 5.117 1.615 3.20

The diffraction peaks at (002) of the (Er, Yb) co-doped ZnO shifted slightly towards lower dif-
fraction angles (see Table 4.12) compared to undoped ZnO. The shift in the diffraction peaks
is due to substitution of the large ionic radii Er3+ (0.89 Å) and Yb3+ (0.87 Å) ions in the place
of Zn2+ (0.74 Å) [171]. The average crystallite size D of (Er, Yb) co-doped ZnO thin films
was calculated from Equation 3.2 [172]. The plot of calculated crystallite size versus (Er, Yb)
concentration is shown in Figure 4.38. It can be seen from Figure 4.38 that the calculated
crystallite size D decreased from 26 nm to 7 nm as the (Er, Yb) concentration increased from
0 at.% to 6 at.%. The incorporation of large ionic radii Er3+ and Yb3+ ions in ZnO lattice
caused an increasing of the lattice constance (c) as the (Er, Yb) concentration increased. Also
the differences in ionic radii cause lattice distortions [51].

Figure 4.38: The crystallite size versus (Er, Yb) concentrations.
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4.4.3 UV-Vis spectroscopy

Figure 4.39 shows the transmittance and absorbance spectra at room temperature of (Er, Yb) co-
doped ZnO films at different concentrations. Undoped ZnO thin films exhibited higher average
transmittance of 65.6 % (the average transmittance calculated at the wavelength of 550 nm).
Whereas the co-doped thin films had an average transmittance of 52.4 %, 61.7 % and 62.3 %
for (Er, Yb) co-doped 2 at.%, 4 at.% and 6 at.%, respectively at a wavelength of 550 nm. The
transmittance of (Er, Yb) co-doped 2 at.% decreased, however, further increase in the Er and
Yb concentration caused the transmittance to increase again. The decrease of transmittance
could be attributed to scattering and reflection of the light due to surface roughness, nano pores
and defects [161, 173]. Figure 4.39 (b) shows the absorbance spectra of undoped and (Er, Yb)
co-doped ZnO thin films, and revealed sharp absorption peaks in the UV region. Undoped ZnO
thin films showed an absorption peak at 362 nm and the absorption peaks shifted towards the
lower wavelengths after co-doping by Er and Yb. The absorption peak can be attributed to
the electronic transition from the valence band (VB) to the conduction band (CB) of ZnO thin
films [167, 174]. The absorption decreased gradually in the visible and IR regions. The inset
plot in Figure 4.39 (b) shows Tauc plot used to calculate the optical band gap using Equation
3.6 [105]. The band gap was obtained at the hν axis intercept of an extrapolated linear fit of the
graph as 3.22 eV, 3.15 eV, 3.19 eV and 3.20 eV for (Er, Yb) co-doped 0 at.%, 2 at.%, 4 at.%
and 6 at.%, respectively. The optical band gap decreased after co-doping by (Er, Yb) when
compared to undoped ZnO thin films (see Table 4.12). Similar observation have been reported
in literature for (Er, Yb) co-doped ZnO nanoparticles [167].

Figure 4.39: (Color online) UV-Vis spectra of (a) transmittance (b) absorbance and corresponding Tauc plot (inset)
of (Er, Yb) co-doped ZnO thin films deposited on microscope slides, dried at 200 ◦C and annealed at 500 ◦C in
air for 1 hour.
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4.4.4 I-V and C-V measurements

Figure 4.40 shows the room temperature semi-logarithmic plot of typical I-V measurements
on Schottky barrier diodes fabricated on undoped and (Er, Yb) co-doped ZnO thin films. The
diodes on the (Er, Yb) co-doped ZnO thin films exhibited good rectification. Schottky diodes
parameters shown in Tables 4.13 were obtained by performing a linear fit on the linear section
of the forward bias region and using the thermionic emission Equation 2.5. The diodes on

Figure 4.40: Color online) Room temperature semi-logarithmic plot of I-V measurements of Pd/(Er, Yb) co-doped
ZnO/n-Si/AuSb Schottky diodes.

(Er, Yb) 4 at.% exhibited higher rectification compared with other diodes. The diodes on (Er,
Yb) 0 at.% and 2 at.% showed a generation-recombination current transport mechanism at low
voltages in the forward bias curve, while the thermionic emission current transport mechanism
in the forward bias was dominant in diodes on (Er, Yb) 4 at.% and (Er, Yb) 6 at.%. As shown
in Figure 4.40, at high voltage, all the diode characteristics deviated from linearity due to
series resistance [12]. The diodes on the undoped material exhibited high leakage current
and low SBH compared to the diodes on (Er, Yb) co-doped ZnO thin films. The variation of
SBH and ideality factor values with (Er, Yb) doping level is shown in Figure 4.41. As can
be seen from Figure 4.41 the SBH increased after co-doping with (Er, Yb). The diodes on
co-doped ZnO thin films samples revealed higher SBH of 0.67 eV, 0.68 eV and 0.67 eV for the
diodes on (Er, Yb) 2 at.%, 4 at.% and 6 at.%, respectively. The diode on the undoped material
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revealed a lower Schottky barrier height of 0.54 eV. As shown in Figure 4.41, the ideality
factor decreased with an increase in the (E, Yb) concentrations. The diode on the undoped had
a high ideality factor of 3.85. The ideality factor values greater than unity can be attributed
to the generation-recombination of electron-hole pairs, inhomogeneities of Schottky barrier
height and series resistance [58, 164].

Figure 4.41: Color online) SBH and ideality factor vs (Er, Yb) co-doped concentration plot from the forward bias
I-V measurements for Pd/(Er, Yb) co-doped ZnO/n-Si/AuSb Schottky diodes.

Figure 4.42: (Color online) Room temperature C-V measurements of Pd/(Er, Yb) co-doped ZnO/n-Si/AuSb Schot-
tky diodes measured at 1 MHz.

Figure 4.42 shows the C-V measurements of Pd/(Er, Yb) co-doped ZnO/n-Si/AuSb Schottky
diodes at room temperature measured at 1 MHz. As shown in Figure 4.42 (a) the diodes on (Er,
Yb) co-doped ZnO thin films showed lower capacitance compared to the diode on undoped
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material. Figure 4.42 (b) shows the plot of 1/C2 vs V. The carrier concentration and the SBH
were obtained from a straight line fit in Figure 4.42 (b) using Equation 2.9. The SBH and
carrier concentration obtained are shown in Table 4.13. The diode on undoped ZnO thin films
revealed a higher carrier concentration of 2.7 ×1017 cm−3 compared to those co-doped with
Er and Yb. There was a variation between SBH obtained from C-V and I-V measurements
except for the diode on (Er, Yb) 6 at.% that exhibited the same value for the SBH. This
variation is attributed to inhomogeneity in SBH [66, 142, 143].

Table 4.13: The Schottky diode parameters determined from I-V and C-V measurements, measured at room
temperature.

Sample SBH (eV) Ideality Saturation current, Is Series ND Degree of rectification

(Er, Yb) at.% I-V C-V Factor ×10−9 (A) Resistance(Ω) (cm−3) (orders of magnitude)

0 0.54 0.55 3.85 450 364 2.7 ×1017 1.5

2 0.67 1.97 1.82 2.02 106 4.3 ×1015 4

4 0.68 1.49 1.78 2.11 95 5.2 ×1015 6

6 0.67 0.67 1.12 2.19 115 7.0 ×1015 5

4.4.5 DLTS measurements

The DLTS spectra of (Er, Yb) 2 at.% co-doped ZnO thin films is shown in Figure 4.43. It shows
one peak with a level labelled as E0.48.

The labelling of defects by (E) refers to an electron trap and subscript number is refers to
an activation enthalpy below the conduction band. When investigated by Laplace-transform
deep-level transient spectroscopy (L-DLTS), the peak exhibited only one energy level. The
activation enthalpies with the apparent cross sections of the E0.48 defect have been extracted
from the Arrhenius plots shown in Figure 4.44. After analysis of the Arrhenius plot in Figure
4.44, the (Er, Yb) co-doped ZnO defect yielded an activation enthalpy of 0.48 eV and apparent
capture cross sections of 2 × 10−16 cm2. This defect has been observed in undoped ZnO thin
films reported in our previous work in Section 4.1.6 [144]. As previously mentioned this defect
is common to ZnO thin films, and could be attributed to the oxygen vacancies [119, 120, 145].
Finally, we want to mention that we didn’t obtain DLTS results from the other samples,
possibly due to problems arising from instability in the capacitance at low temperature.
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Figure 4.43: DLTS spectra obtained from Pd/(Er, Yb) co-doped ZnO/n-Si/AuSb Schottky diodes, recorded at a
quiescent reverse bias Vr = -2 V, filling pulse voltage Vp = 0.2 V, filling pulse width of 1 ms and rate window of
80 Hz in the temperature range of 50 - 350 K.

Figure 4.44: Arrhenius plots of the defect in (Er, Yb) 2 at.% co-doped ZnO thin films.

4.4.6 Summary

(Er, Yb) co-doped ZnO thin films at different concentrations were successful prepared by
the sol-gel spin coating technique. The surface morphology and structure of the (Er, Yb)
co-doped ZnO were investigated. From the XRD results, the films had a hexagonal wurtzite
structure. The crystallite size decreased as the (Er, Yb) concentration increased. The optical
properties were studied using UV-Vis spectroscopy and the optical band gap was found to
decrease with increasing (Er, Yb) doping concentration. Schottky diodes were successful
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fabricated on undoped and (Er, Yb) co-doped ZnO thin films. The diodes revealed good
rectification behavior. SBH increased with increasing doping concentration while the ideality
factor decreased. The C-V SBH increased after co-doping with (Er, Yb), and the carrier
concentration decreased. The diode on (Er, Yb) co-doped ZnO thin films had one peak in its
DLTS spectrum with an activation enthalpy of 0.48 eV and apparent capture cross sections of
2 × 10−16 cm2. This defect has been previously observed in this study (see Section 4.1.6).
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Chapter 5

Conclusions and future work

5.1 Conclusion

This Chapter presents the general conclusion of the experimental results and future work for
this study.

Rectifying contacts on undoped and doped ZnO sol-gel spin coated thin films were fabricated
by resistive deposition and characterized using current-voltage (I-V) and capacitance-voltage
(C-V) measurements. The effect of rare-earth (Er and Yb) doping on the structure, optical and
electrical properties of the ZnO thin films was studied. The defects on undoped and doped
ZnO thin films were studied using DLTS and L-DLTS.

The SEM and XRD results were similar for all samples in this research study. All the films had
hexagonal wurtzite ZnO structures and the crystallite size varied from one sample to another
depending on the type of dopant or the concentration of the dopant.

For the undoped film, the crystallite size was 48 nm and the thickness 800 nm. The Raman
spectrum exhibited a sharp peak corresponding to the E2(high) mode of the wurtzite ZnO
structure and other small peaks. The UV-vis spectra showed an absorption peak located in the
UV region and the optical band gap obtained from a Tauc plot was 3.23 eV. Alpha particle
irradiation caused decrease in Schottky barrier height (SBH) and free carrier concentration
(ND), increasing the ideality factor and leakage current. The DLTS and L-DLTS techniques
were used to identify the defects in undoped ZnO thin films before and after alpha particle
irradiation. It revealed defects before irradiation with an activation enthalpy of 0.41 eV. The
defect with an activation enthalpy of 0.35 eV below the conduction band was observed after
alpha particle irradiation. The 0.35 eV level was split using L-DLTS and found to consist of
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two defects with activaton enthalpies of 0.53 eV and 0.36 eV.

SEM results of the Er-doped and Yb-doped (both in 3 at.%) showed that the doping increased
the crystallite size and changed the grain to rod-shaped when annealed at 600 ◦C. XRD showed
a peak related to Yb2O3, but no evidence of Er2O3 was found. The crystallite sizes were 42
nm, 51 nm and 54 nm for undoped, Er-doped and Yb-doped ZnO thin films, respectively. The
temperature dependence of the electrical properties of Schottky diodes based on Er-doped and
Yb-doped (both in 3 at.%) ZnO thin films deposited by the sol-gel technique were investigated
over a temperature range of 50 - 290 K in steps of 40 K. The I-V characteristics showed
that an increase in temperature causes an increase in rectification, the leakage current and
Shottky barrier height. However, it causes a decrease in the ideality factor. From the C-V
characteristics, it was found that the carrier concentration and Shottky barrier height were
decreased with increasing temperature. SBH obtained from C-V measurements is greater than
that SBH obtained from I-V measurements. The DLTS and L-DLTS techniques were used to
identify the defects in Er-doped ZnO and Yb-doped ZnO thin films. It revealed defect with
activation enthalpy of 0.41 eV in Er-doped ZnO thin films, and another defect with activation
enthalpy of 0.54 eV in Yb-doped ZnO thin films.

The SEM showed small particles of undoped and Er-doped ZnO thin films. The XRD has
shown the films have hexagonal wurtzite structures and crystallite size decreased with increas-
ing Er concentration. The optical properties of Er-doped ZnO thin films with different doping
concentrations were studied using UV-Vis spectroscopy. The optical band gap increased as
the Er concentration increased. Pd/Er-doped ZnO/n-Si/AuSb Schottky diodes successfully
fabricated by resistive deposition on undoped and Er-doped ZnO thin films. The effect of
Er doping on the electrical properties of Schottky diodes was studied using I-V and C-V at
room temperature. The diodes exhibited good rectification behavior at room temperature. The
Schottky barrier height increased after doping, however, the ideality factor decreased. In order
to study the effect of illumination on the Schottky barrier diodes characteristics, the diodes
had I-V characteristics measured under illuminated and dark conditions. The current values
under reverse bias increased as the diodes exhibited a strong response to the illumination. This
makes these diodes candidates for photodiode or photosensor applications. The DLTS spectra
exhibited one peak in the diodes on the Er 2 at.% and 6 at.%, and two peaks on the diodes on
the Er 0 at.% and 4 at.%.

The XRD of (Er, Yb) co-doped ZnO thin films revealed small particles were 12 nm, 10 nm
and 7 nm for (Er, Yb)co-doped 2 at.%, 4 at.% and 6 at/%, respectively. XRD results showed
that the films have a hexagonal wurtzite structure. The crystallite size decreased as the (Er,
Yb) co-doping concentration increased. UV-vis spectroscopy showed a sharp peak in the
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UV region and a good transmittance in the visible and IR regions. The optical band gap was
found to decreased after co-doped by (Er, Yb). The Schottky diodes fabricated by resistively
deposition on undoped and (Er, Yb) co-doped ZnO thin films had a good rectification behavior.
The SBH was increased by co-doping, however, the ideality factor decreased. The C-V SBH
increased after co-doping by (Er, Yb), and the carrier concentration decreased after co-doped
by (Er, Yb). The diode on (Er, Yb) co-doped ZnO thin films revealed one peak in DLTS spec-
tra with an activation enthalpy of 0.48 eV and apparent capture cross sections of 2× 10−16 cm2.

5.2 Future work

• Further characterization of the native and irradiation induced defects on rare-earth doped
ZnO thin films using DLTS and L-DLTS techniques.

• More research work required to understand the nature of native defects in rare-earth
doped ZnO thin films using the Hall effect technique and photoluminescence spectro-
scopy.

• Study the effect of thickness on the properties of Schottky barrier diodes.

• Study the effect of post-annealing for deposition thin films on structure, optical and elec-
trical properties of rare-earth doped ZnO thin films.

• Study the effect of post-annealing on the defects on undoped and rare-earth doped ZnO
thin films.
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tin, S-J Cho, and H Morkoç. A comprehensive review of ZnO materials and devices.
Journal of Applied Physics, 98:11, 2005.

[3] Chem Klingshirn. ZnO: material, physics and applications. ChemPhysChem, 8:782,
2007.

[4] Siti Salwa Alias and Ahmad Azmin Mohamad. Synthesis of zinc oxide by sol-gel method
for photoelectrochemical cells. Springer, 2014.

[5] Linping Xu, Yan-Ling Hu, Candice Pelligra, Chun-Hu Chen, Lei Jin, Hui Huang,
Shanthakumar Sithambaram, Mark Aindow, Raymond Joesten, and Steven L Suib. ZnO
with different morphologies synthesized by solvothermal methods for enhanced pho-
tocatalytic activity. Chemistry of Materials, 21:2875, 2009.

[6] Peter KT Oldring. Coatings, colorants, and paints. In Encyclopedia of Physical Science
and Technology. Elsevier, 2003.

[7] Klaus Ellmer, Andreas Klein, and Bernd Rech. Transparent conductive zinc oxide: ba-
sics and applications in thin film solar cells. Springer Science & Business Media, 2007.

[8] M Saleem, L Fang, QL Huang, DC Li, F Wu, HB Ruan, and CY Kong. Annealing
treatment of ZnO thin films deposited by sol–gel method. Surface Review and Letters,
19:1250055, 2012.

[9] Honglin Li, Zhong Zhang, Jinzhao Huang, Ruxi Liu, and Qingbao Wang. Optical and
structural analysis of rare earth and Li co-doped ZnO nanoparticles. Journal of Alloys
and Compounds, 550:526, 2013.

100



[10] R Swapna, T SrinivasaReddy, K Venkateswarlu, and MC Santhosh Kumar. Effect of
post-annealing on the properties of Eu doped ZnO nano thin films. Procedia Materials
Science, 10:723, 2015.

[11] Anita Hastir, Nipin Kohli, and Ravi Chand Singh. Comparative study on gas sensing
properties of rare earth (Tb, Dy and Er) doped ZnO sensor. Journal of Physics and
Chemistry of Solids, 105:23, 2017.

[12] Simon M Sze and M. K Lee. Semiconductor devices physics and technology. John Wiley
& Sons, 2012.

[13] Xin’an Zhang, Fusheng Hai, Ting Zhang, Caihong Jia, Xianwen Sun, Linghong Ding,
and Weifeng Zhang. Analysis of the electrical characteristics of the Ag/ZnO Schottky
barrier diodes on F-doped SnO2 glass substrates by pulsed laser deposition. Microelec-
tronic Engineering, 93:5, 2012.

[14] Caiying Mao, Wanjun Li, Fang Wu, Yuanyao Dou, Liang Fang, Haibo Ruan, and Chun-
yang Kong. Effect of Er doping on microstructure and optical properties of ZnO thin
films prepared by sol–gel method. Journal of Materials Science: Materials in Electron-
ics, 26:8732, 2015.

[15] Claus F Klingshirn, Andreas Waag, Axel Hoffmann, and Jean Geurts. Zinc oxide: from
fundamental properties towards novel applications. Springer Science & Business Media,
2010.

[16] A Segura, JA Sans, FJ Manjon, A Munoz, and MJ Herrera-Cabrera. Optical proper-
ties and electronic structure of rock-salt ZnO under pressure. Applied Physics Letters,
83:278, 2003.

[17] Mohamed Henini. Molecular Beam Epitaxy: From Research to Mass Production. El-
sevier, 2018.

[18] SB Kulkarni, UM Patil, RR Salunkhe, SS Joshi, and CD Lokhande. Temperature im-
pact on morphological evolution of ZnO and its consequent effect on physico-chemical
properties. Journal of Alloys and Compounds, 509:3486, 2011.

[19] Hadis Morkoç and Ümit Özgür. Zinc oxide: fundamentals, materials and device techno-
logy. John Wiley & Sons, 2008.

[20] Peter Capper, Safa Kasap, and Arthur Willoughby. Zinc oxide materials for electronic
and optoelectronic device applications. John Wiley & Sons, 2011.

[21] Chennupati Jagadish and Stephen J Pearton. Zinc oxide bulk, thin films and nanostruc-
tures: processing, properties, and applications. Elsevier, 2011.

101



[22] Olga Dulub, Lynn A Boatner, and Ulrike Diebold. STM study of the geometric and
electronic structure of ZnO (0001)-Zn,(0001)-O,(1010), and (1120) surfaces. Surface
Science, 519:201, 2002.

[23] Bart Van Zeghbroeck. Principles of semiconductor devices. 2004.

[24] Bo E Sernelius, K-F Berggren, Z-C Jin, Ivar Hamberg, and Claes Göran Granqvist.
Band-gap tailoring of ZnO by means of heavy Al doping. Physical Review B, 37:10244,
1988.

[25] Ben G.. Streetman and Sanjay Banerjee. Solid state electronic devices. Pearson Prentice
Hall, 2006.

[26] DK Bhattacharya and Rajnish Sharma. Solid State Electronic Devices. Oxford Univer-
sity Press, 2013.

[27] Dirk Vogel, Peter Krüger, and Johannes Pollmann. Self-interaction and relaxation-
corrected pseudopotentials for II-VI semiconductors. Physical Review B, 54:5495, 1996.

[28] V Strelchuk, O Kolomys, S Rarata, P Lytvyn, O Khyzhun, Chan Oeurn Chey, Omer Nur,
and Magnus Willander. Raman submicron spatial mapping of individual Mn-doped ZnO
nanorods. Nanoscale Research Letters, 12:351, 2017.

[29] Fredéric Decremps, Julio Pellicer-Porres, A Marco Saitta, Jean-Claude Chervin, and
Alain Polian. High-pressure Raman spectroscopy study of wurtzite ZnO. Physical Re-
view B, 65:092101, 2002.

[30] S Bouhouche, F Bensouici, M Toubane, A Azizi, A Otmani, K Chebout, F Kezzoula,
R Tala-Ighil, and M Bououdina. Effect of Er+3 doping on structural, morphological and
photocatalytical properties of ZnO thin films. Materials Research Express, 5:056407,
2018.

[31] M Silambarasan, S Saravanan, and T Soga. Raman and photoluminescence studies of
Ag and Fe-doped ZnO nanoparticles. Int. J. Chem. Technol. Res, 7:1644, 2015.

[32] Yin Song, Shengxia Zhang, Chonghong Zhang, Yitao Yang, and Kangyuan Lv. Raman
spectra and microstructure of zinc oxide irradiated with swift heavy ion. Crystals, 9:395,
2019.

[33] Kiyotaka Wasa, Makoto Kitabatake, and Hideaki Adachi. Thin film materials techno-
logy: sputtering of control compound materials. Springer Science & Business Media,
2004.

102



[34] E Manikandan, MK Moodley, S Sinha Ray, BK Panigrahi, R Krishnan, N Padhy, KGM
Nair, and AK Tyagi. Zinc oxide epitaxial thin film deposited over carbon on various
substrate by pulsed laser deposition technique. Journal of Nanoscience and Nanotech-
nology, 10:5602, 2010.

[35] RN Gayen, K Sarkar, S Hussain, R Bhar, and AK Pal. ZnO films prepared by modified
sol-gel technique. Journal of the American Planning Association, 49:470, 2011.

[36] Xiangdong Meng, Bixia Lin, Baijie Gu, Jujie Zhu, and Zhuxi Fu. A simple growth route
towards ZnO thin films and nanorods. Solid State Communications, 135:411, 2005.

[37] R Ayouchi, D Leinen, F Martın, M Gabas, E Dalchiele, and JR Ramos-Barrado. Pre-
paration and characterization of transparent ZnO thin films obtained by spray pyrolysis.
Thin Solid Films, 426:68, 2003.

[38] Ke Sun, Wei Wei, Yong Ding, Yi Jing, Zhong Lin Wang, and Deli Wang. Crystalline
ZnO thin film by hydrothermal growth. Chemical Communications, 47:7776, 2011.

[39] Oleg Lupan, Thierry Pauporté, Lee Chow, Bruno Viana, Fabienne Pellé, Luis K Ono,
B Roldan Cuenya, and Helge Heinrich. Effects of annealing on properties of ZnO thin
films prepared by electrochemical deposition in chloride medium. Applied Surface Sci-
ence, 256:1895, 2010.

[40] G Murugadoss, R Jayavel, and M Rajesh Kumar. Structural and optical properties of
highly crystalline Ce, Eu and co-doped ZnO nanorods. Superlattices and Microstruc-
tures, 82:538, 2015.

[41] T Ivanova, A Harizanova, T Koutzarova, and Bénédicte Vertruyen. Investigation of sol-
gel yttrium doped ZnO thin films: structural and optical properties. Journal of Physics:
Conference Series, 682:012023, 2016.

[42] Irinela Chilibon and José N Marat-Mendes. Ferroelectric ceramics by sol-gel methods
and applications: a review. Journal of Sol-gel Science and Technology, 64:571, 2012.

[43] Alejandra López-Suárez, Dwight Acosta, Carlos Magaña, and Francisco Hernández.
Optical, structural and electrical properties of ZnO thin films doped with Mn. Journal of
Materials Science: Materials in Electronics, 31:7389, 2020.

[44] Rita John and Rajaram Rajakumari. Synthesis and characterization of rare earth ion
doped nano ZnO. Nano-Micro Letters, 4:65, 2012.

[45] Sweta Shukla and Dhirendra Kumar Sharma. A review on rare earth (Ce and Er)-doped
zinc oxide nanostructures. Materials Today: Proceedings, 34:793, 2021.

103



[46] Reza Zamiri, AF Lemos, Avito Reblo, Hossein Abbastabar Ahangar, and JMF Ferreira.
Effects of rare-earth (Er, La and Yb) doping on morphology and structure properties of
ZnO nanostructures prepared by wet chemical method. Ceramics International, 40:523,
2014.

[47] A Balakrishna, Trilok K Pathak, E Coetsee-Hugo, Vinod Kumar, RE Kroon, OM Nt-
waeaborwa, and HC Swart. Synthesis, structure and optical studies of ZnO: Eu+3, Er+3,
Yb+3 thin films: Enhanced up-conversion emission. Colloids and Surfaces A: Physico-
chemical and Engineering Aspects, 540:123, 2018.

[48] Marta Lluscà, J López-Vidrier, Aldrin Antony, S Hernández, B Garrido, and J Bertomeu.
Up-conversion effect of Er-and Yb-doped ZnO thin films. Thin Solid Films, 562:456,
2014.

[49] SD Senol. Hydrothermal derived nanostructure rare earth (Er, Yb)-doped ZnO: struc-
tural, optical and electrical properties. Journal of Materials Science: Materials in Elec-
tronics, 27:7767, 2016.

[50] Shi-Ling Li, Feng-Min Deng, Yong-Kai Ye, Gang Fu, Bing Liu, Feng-Xiang Wang, and
Hai-Long Wang. Optical waveguide and 1.54 µm photoluminescence properties in RF
sputtered Er/Yb-doped ZnO thin films. Thin Solid Films, 596:51, 2015.

[51] Reza Zamiri, Avito Rebelo, Hamid Reza Bahari Poor, and JMF Ferreira. Quantum
cutting effect and photoluminescence emission at about 1,000 nm from Er-Yb co-doped
ZnO nanoplates prepared by wet chemical precipitation method. Applied Physics A,
117:2289, 2014.

[52] Vinod Kumar, Anurag Pandey, Sanjay Kumar Swami, OM Ntwaeaborwa, HC Swart, and
Viresh Dutta. Synthesis and characterization of Er+3-Yb+3 doped ZnO upconversion
nanoparticles for solar cell application. Journal of Alloys and Compounds, 766:429,
2018.

[53] MAM Ahmed, Benard S Mwankemwa, E Carleschi, BP Doyle, Walter Ernst Meyer, and
Jackie M Nel. Effect of Sm doping ZnO nanorods on structural optical and electrical
properties of Schottky diodes prepared by chemical bath deposition. Materials Science
in Semiconductor Processing, 79:53, 2018.

[54] Mustafa A Ahmed, Liza Coetsee, Walter E Meyer, and Jackie M Nel. Influence (Ce
and Sm) co-doping ZnO nanorods on the structural, optical and electrical properties of
the fabricated Schottky diode using chemical bath deposition. Journal of Alloys and
Compounds, 810:151929, 2019.

104



[55] Dieter K Schroder. Semiconductor Material and Device Characterization, Third Edition.
John Wiley & Sons, 2006.

[56] Rolf Enderlein and Norman JM Horing. Fundamentals of semiconductor physics and
devices. World Scientific, 1997.

[57] BL Sharma. Metal-semiconductor Schottky barrier junctions and their applications.
Springer Science & Business Media, 2013.

[58] EH Roderick and RH Williams. Metal-Semiconductor Contacts. Oxford University
Press, 1988.

[59] Simon S Cohen, Gennady Sh Gildenblat, and NG Einspruch. VLSI electronics micro-
structure science. In Metal-Semiconductor Contacts and Devices. Academic, 1986.

[60] Zhen Zhang and John T Yates Jr. Band bending in semiconductors: chemical and phys-
ical consequences at surfaces and interfaces. Chemical Reviews, 112:5520, 2012.

[61] J-P Colinge and Cynthia A Colinge. Physics of semiconductor devices. Springer Science
& Business Media, 2005.

[62] Walter Ernst Meyer. Digital DLTS studies on radiation induced defects in Si, GaAs and
GaN. PhD thesis, University of Pretoria, 2007.

[63] Sheng S Li. Semiconductor physical electronics. Springer Science & Business Media,
2012.

[64] Aniruddh Bahadur Yadav, Kunal Singh, Amritanshu Pandey, and S Jit. Annealing-
temperature effects on the properties of ZnO thin films and Pd/ZnO Schottky contacts
grown on n-Si (1 0 0) substrates by vacuum deposition method. Superlattices and Mi-
crostructures, 71:250, 2014.

[65] Divya Somvanshi and Satyabrata Jit. Analysis of I–V characteristics of Pd/ZnO thin
film/n-Si Schottky diodes with series resistance. Journal of Nanoelectronics and Opto-
electronics, 9:21, 2014.
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