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Abstract

Formation and characterization of the In,Sez/CuO Heterojunctions

In this thesis, we have discussed the formation and performance of y — In,Ses/CuO
heterojunctions from structural, optical, dielectric and electrical point of view. The
heterojunction device is prepared onto glass and aluminum substrates by the physical
vapor deposition technique under vacuum pressure of 10 mbar. To guarantee the
polycrystalline nature and the correct optimization of the y — In,Ses, the substrates are
kept at 250 °C during the evaporation of indium selenide. The X-ray diffraction analysis
on the films and its composers has shown that while the y — In,Ses is of polycrystalline
nature, the CuO is amorphous in its as grown form. The evaporation of CuO onto indium
selenide resulted in strained nature of growth. On the other hand, the optical analysis
which is carried out in the incident light wavelength range of 300-1100 nm have shown
that the energy band gaps of the y — In,Ses and CuO are of direct allowed electronic
transitions type and the formation of the heterojunction is associated with band tails that
extend in the band gap of both materials. The calculated valence and conduction band
offsets are observed to be sufficient to actualize the needed quantum confinement for thin
film transistor fabrication. As a result of the optical analysis, the dielectric spectra for the
vy — In,Se3/CuO heterojunctions are calculated and discussed. From the dielectric spectra,
the optical conductivity parameters are estimated via Drude-Lorentz approach for
conductivity spectra. The obtained optical conductivity parameters presented by drift

mobility, free carrier density, plasmon frequency and electron-plasmon reduced
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frequency all exhibit values that are very attractive for thin film transistor technology. In
addition, the heterojunction device which is prepared onto Al metal substrate displayed
novel parameters presented by resonance-antiresonance phenomena and negative
capacitance effect. These two features are also theoretically studied by the existing
correlated barrier hopping and quantum mechanical tunneling theories. The resonance —
antiresonance effects are analyzed in accordance with the Ershov model for electrical
conduction. Furthermore, the current transport mechanism which is investigated by
means of Schottky-Richardson mechanisms reveal a barrier height that is suitable for

optoelectronic switching characteristics.

Keywords: Terahertz; InSe; CuO; Heterojunction; Plasmon; band offset.
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Chapter One

Introduction and Literature Survey

1.1Introduction and Literature Review

When talking about Semiconductor heterojunctions, we go back almost 50 years ago,
which led to the emergency of many great achievements and many applications. It is the
main title of many of the most advanced electronic and optoelectronic devices, like large-
speed transistors and semiconductor lasers, which are used in information and
communication technologies [1-5]. The heterojunction formed by semiconductors is
important in modern semiconductor industry. A heterojunction can be formed between
two dissimilar semiconductors, these semiconducting materials have different properties
and most importantly different band gaps as opposed to a homo junction, where the high
band gap selected for its transparency of light for the top layer and the low band gap that
readily absorb light for the bottom layer. It is an important and useful base and
advantageous to engineer the electronic energy bands in many solid-state device
applications, like semiconductor lasers and other semiconductor devices, such as solar

cells and transistors[6,7].

Heterojunctions can be organized into two types: the first one is isotype variety (n-n or p-
p) and the second one is the anisotype variety (p-n). Anisotype heterojunction can be
formed between two semiconductors having different types of conductivity and
transparent (higher band gap), conducting substrate. On the other hand, isotype
heterojunctions can be formed between two semiconductors that have the same type of

conductivity [8].



The behavior of a semiconductor junction depends on the energy bands at the interface.
We have three types of heterojunctions that can be organized into semiconductor
interfaces, it appears in figure 1.1: (Type 1) straddling gap formed by one material
having lower E. and higher E, with small Eg (Type Il) staggered gap location of lower
and higher E, are displaced so electron collected at larger E, and detained different space.
(Type I11) broken gap where E. on one side is lower than the E, of the other side so E¢;

overlap with E,at interface.

Conduction Band [CE)

Yalence Band [WV8) 4

Stradding Gap Staggered Gap Broken Gap
(e I {typa N} [ Dy 101)

Figure 1.1: Types of heterojunctions depending on the energy bands

1.2 Applications of Heterojunctions

Many semiconductor materials which are used in the scientific regard are in
heterojunction form, regardless whether it is single-crystal or polycrystalline [8].
Semiconductor heterojunctions have been used as an important application in many solid
state devices, like solar cells, photo detectors, semiconductor laser and light-emitting

diodes (LED) [6].

When talking about carbon-neutral energy source we keep in mind the sun, which is the
largest source of this energy that has not been completely used, and unless solar energy is
harvested with high efficiency are widely used solar cell devices based on inorganic

semiconductors. These devices are of high cost to be economically employable. This is



the main reason for the non-expansion of organic photovoltaic materials and devices,

which leads us to many benefits such as low cost, flexibility and abundant availability.

In last year's, the organic solar cells based on heterojunction (HJ) active layers have
attracted much importance because of the potential low cost, light weight, flexibility
and their applications in large area devices. . Organic HJ solar cells contains conjugated
polymers as electron donor materials and fullerene derivatives as electron acceptor
materials, where it achieve great success in high power conversion efficiency (PCE) by

optimizing the structure of conjugated polymers and device architecture [9].

To get well-controlled fabrication we use semiconductor heterojunctions with ideal lattice
matching. These devices contains modulated-doped high-speed field-effect transistors,
ultra-high-gain and high-speed bipolar transistors, efficient injection lasers and light-

emitting diodes and sensitive photo-detecting structures [10].

In 1963 Herbert Kroemer a prominent scientist suggested the use of heterojunctions
in lasers  field, where population inversioncould be greatly enhanced by
heterostructures. Carriers can be confined and the laser can occur at room temperature
with low threshold, by incorporating a smaller direct band gap material between two
larger band gap layers. Semiconductor diode lasersused in CD and DVD players
and fiber optic transceivers are manufactured using alternating layers

of semiconductors to form lasing heterostructures[7].

In bipolar transistors to have a high forward gain and low reverse gain result, a
heterojunction is used. This is important in high frequency operations (10 to 100 of GHz)

and low leakage currents. This device is called a heterojunction bipolar


https://en.wikipedia.org/wiki/Herbert_Kroemer
https://en.wikipedia.org/wiki/Laser
https://en.wikipedia.org/wiki/Population_inversion
https://en.wikipedia.org/wiki/Diode_laser
https://en.wikipedia.org/wiki/CD
https://en.wikipedia.org/wiki/DVD
https://en.wikipedia.org/wiki/Fiber_optic
https://en.wikipedia.org/wiki/Transceiver
https://en.wikipedia.org/wiki/Compound_semiconductor
https://en.wikipedia.org/wiki/Leakage_current
https://en.wikipedia.org/wiki/Heterojunction_bipolar_transistor

transistor (HBT)[7]. On the other hand, in field effect transistors, heterojunctions are
used to have high electron mobility transistors (HEMT) which can operate at large
frequencies (over 500 GHz). Where the rise of electron mobilities depends on proper

doping profile and band alignment where very small scattering can occur[7].

1.3 Crystal Structure

Staking by two different semiconductors we can form a heterojunction, but the
characteristics of each semiconductor must be considered, some of these characteristics
are electron affinity (qyx), energy band gap (Egy) and lattice parameters (a, b and c). Table
1.1 illustrate these parameters for some materials. In table 1.2 we designed some possible

heterojunctions and calculated the necessary parameters to form a heterojunction device.

Table 1.1: List of semiconductors with suitable properties for heterojunctions design.

Crystal a(A° b(A°) c (A% Eg(eV) qx(eV)

GaN 3.19y 319y 518y 3.17p1] 3402
GaSs  11.0py 957uy  6.39%uy 3.400 3.3023
InS 39405 3.3007 450017
MoO;  3.963 13815  3.690g 2.9815] 6.700g]
Fe,O; 834y 2,461 5.5024)
Cuo 4.6815) 3.42p5  5.132p5 1.3500, 4.0720)
ZnSe 5.66711] 2.80q113 0.19p25
Zns 5.40p1] 3.72u1 3.902)

InSe 4-00[16] 4-00[16] 16.6[16] 1.45[21] 4.60[27]


https://en.wikipedia.org/wiki/Heterojunction_bipolar_transistor

Table 1. 2: Possible heterojunctions designs.

Crystal Mismatch (%) C. thickness (A°) AE(eV) AEq (eV) A E, (eV)
GaN/ Ga,Ss 71.2 7.80 0.10 0.26 0.16
GaN/ InS 18.8 10.4 1.10 0.13 0.97
GaN/ MoO; 19.4 10.2 3.30 0.19 3.11
GaN/ Fe,03 61.7 6.70 2.10 0.71 1.39
GaN/ CuO 6.72 25.4 0.67 1.82 1.15
GaN/ ZnSe 43.6 6.49 3.21 0.37 2.84
GaN/ ZnS 40.9 6.60 0.50 0.55 0.05
GaN/ InSe 58.0 6.50 1.15 1.47 0.32
GaySs/InS 181 1.08 1.20 0.13 1.07
Ga,Ss/ MoO3 180 11.0 3.40 0.45 2.95
Ga,Ss/ Fe,03 32.4 12.6 2.20 0.97 1.23
Ga,S3/ CuO 224 0.76 0.77 2.08 1.31
Ga,Ss/ ZnSe 95.9 2.95 3.11 0.63 2.48
GapSs/ ZnS 105 2.50 0.60 0.29 0.31
InS/ MoO3 0.50 396 2.20 0.32 1.88
InS/ Fe;03 52.7 7.90 1.00 0.84 0.16
InS/ CuO 15.2 11.2 0.43 1.95 1.52
InS/ ZnSe 30.3 9.30 431 0.50 3.81
InS/ ZnS 72.9 3.70 0.60 0.42 0.18
InS/ InSe 48.1 7.80 0.05 1.60 1.55
MoOs/ Fe,03 52.5 7.90 1.20 0.52 0.68
MoOs/ CuO 15.7 10.8 2.63 1.63 1.00
MoOs3/ ZnSe 30.0 9.40 6.51 0.18 6.33
MoOs/ ZnS 26.6 10.1 2.80 0.74 2.08



MoOs/ InSe
Fe,Os/ CuO
Fe O3/ ZnSe
Fe O3/ ZnS
Fe,Os/ InSe
CuO/ ZnSe
CuO/ ZnS
CuO/ InSe
ZnSe/ ZnS
ZnSe/ InSe
InSe/CuO

47.8
143
47.3
544
9.73
39.5
36.6
55.0
4.80
25.5
6.10

7.90
1.10
5.90
4.90
93.0
7.10
7.37
6.90
56.2
14.9
34.9

2.15
1.43
5.31
1.60
0.95
3.88
0.17
0.48
3.71
4.36
0.53

1.28
1.11
0.34
1.26
0.76
1.45
2.37
0.35
0.92
1.10
0.10

0.87
0.32
4.97
0.34
0.19
2.43
2.20
0.13
2.79
3.26
0.43

Tablel.2 demonstrates the properties of the crystal after the installation of the two

semiconductors on each other. When choosing the suitable crystal you should see the

properties of two semiconductors to be installed together like: lattice mismatch (A),

critical thickness (tc), conduction band offset (AE;), energy valance band offset (AE,) and

energy band gap (AEg), where [28]:

-
[

Eliminate S.M

Substrate S.M

Figure 1.2: The shape of the device



A= [2—=| x 100% (1.1)
e
_ Ge
te =5 (1.2)
AE. = qxs — qxe (1.3)
AE; = Egs — Ege (1.4)
AE, = AE, — AE, (1.5)

For thin film transistor technology, AE, must be greater than 0.5 eV. In addition, the

large lattice mismatch is necessary toactualize quantum confinement.

1.4 Problem Statement

The continuously accelerating communication technology is associated with many
complicated problems that are related to electrical response and data transfer. Some
designers went to the developments that improve the performance of data transfer via RF
and microwave signals. Others carried out this issue with the help of combination of
complicated and large size waveguide circuits. However, the recently developed mobile
technology force new findings of low dimensional size very light in weight and reserve
approximately no place on the mobile cards. Such requirements can be satisfied by the

invention of new heterojunction devices being able to carry more than one duty at the



same time. However, such type of heterojunction structures which are known as thin film
transistors have series troubles during the performance because of its low dimensionality.
For these reasons, here in this thesis we aim to fabricate a new type of heterojunction
devices in which quantum confinement is actualized between the interfaced materials and
relatively large energy band offsets to allow electronic transform via interbands between
layers. The heterojunction device is expected to behave as a microwave and light signal
resonators at the same time. It is also expected to behave as a rectifier that carry the
duties of rectifications. The device is also expected to behave as a typical transistor that

carry the traditional duties of the transistors.

In this study will design a heterojunction device through use of the InSe material and
evaporate CuO to form InSe/CuO interface. Alternatively y-In,Ses/CuQ interface is
produced through raising the substrate temperature to 250°C before the heterojunction
created. For this device we will study the optical properties to find the energy band gap in
finally. After that we will handle the structural for this crystal to know the crystalline
family to which they belong. Also study the impedance spectroscopy in two parts:
conductance and capacitance. At the end of this study we will present the electrical

characteristics of this device through studying the current-voltage mechanism.

The thesis will follow the sequence which starts with chapter one which displays the
introduction and literature review taking into account the general features and
characteristics of the heterojunctions. In chapter two, we will explain the basic principle
and theoretical background that will guide this study. In chapter three, the steps of
forming this device will be presented in details and equipment used to obtain the result of

this study will be also reported. In chapter four, The results of the experiments are



reported and discussed. Chapter five is the final chapter, where it deals with the summary

of this study.
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Chapter Two

Theoretical Background

2.1 Crystal Structure and Bravais Lattices

Crystal structure describes the ordered arrangement of atoms, ions or molecules in a
crystalline material. The smallest group of particles in the material that constitutes the
repeating pattern is called the unit cell of the structure. The repeating patterns are located
at the points of the Bravais lattice. The crystal structure and symmetry play an essential
role in determining many physical properties, like electronic band structure and optical

transparency [29].

Bravais lattices or space lattices, describe the geometric arrangement of the lattice
points, and the translational symmetry of the crystal. Also is an infinite array of discrete
points in three dimensional space generated by a set of discrete translation operations

described by [30]:
R = a1n1 + aznz + a3n3 (21)

Where n;j are any integers and a; are known as the primitive vectors which lie in different

directions.

Linear arrays of points can be combined in five distinguishable ways in order to create a
two-dimensional Bravais lattices. These five types of arrangements are: square,

rectangular, hexagonal, centered-rectangular and oblique unit cells.


https://en.wikipedia.org/wiki/Bravais_lattice
https://en.wikipedia.org/wiki/Electronic_band_structure
https://en.wikipedia.org/wiki/Crystal_optics
https://en.wikipedia.org/wiki/Crystal_optics
https://en.wikipedia.org/wiki/Translation_operator_(quantum_mechanics)#Discrete_Translational_Symmetry
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2.2 Hexagonal Unit Cell

Hexagonal system, one of the principal systems of structures to which a given crystalline
solid can be set. Components of crystals in this system are located by reference to
four axis, three of equal length set at 120° to one another and a fourth axis perpendicular

to the plane of the other three.

o—® y=120°
C
41

Figure 2.1: Hexagonal structure unit cell.

To calculate the lattice parameters for hexagonal structure we use [31]:

1 h®+hk+k?
d?pp B a?

(2.2(a))

1 _3(hz+hk+k2)+ 12
dzhkl B 4 a? c?

(2.2(b))

Where, d is interplanar distance, (hkl) are Miller indices of the reflection, a and c are the

lattice parameters.


https://www.britannica.com/science/crystal-lattice
https://www.britannica.com/science/crystal-lattice
https://www.britannica.com/science/crystal
https://www.britannica.com/science/axis-crystals
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The lattice mismatches causes dislocation at is the surface and it is related to the
maximum allowed epitaxial layer, it can be calculated using lattice parameters and

epitaxial relationship [28]:

_de — Qs
A% = X 100% (2.3)

de

Wherea, is the lattice constant of the epitaxial layer and ag is the lattice constant of the

substrate layer.

2.3 The X-Ray Diffraction

In this section, the method of the crystal structure analysis will be described. It is not the
aim and the purpose of this section to give the details of the method but to describe the
basic idea of X-ray diffraction. X-ray scattering technique gives information about
the crystal structure and physical properties of materials and thin films. The properties
and functions of materials depends on the crystal structures, so that the x-ray diffraction
techniques widely used as an indispensable means in materials research and development.
The maximum condition to clarify beam diffracted by atomic planes as shown in figure

2.2 are given by the Bragg equation [32]:
nl = 2dsinf (2.4)

In this equation, nis an integer, A is the wavelength of the incoming x-rays, d is the
interplanar spacing between successive atomic planes and 0 is the angle of the x-ray

beam, that equals the angle of reflection.


https://en.wikipedia.org/wiki/Crystal_structure
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The angle between X-ray beam and detector is set to the reflection condition for a certain
lattice plane that is given by the Bragg equation. The crystal structure is determined by
the Bragg-Brentano geometry in which the crystal is rotated with an angle 6 and the detector

is rotated with 26.

Imcident
beam

Refl ected

beamm
— - By p—
o
—a, -

dsinB

Figure 2.2: Bragg scattering on the lattice surface.

2.3.1 X-Ray Peak Broadening ()

The other structural parameters can be found using Scherrer equation which is a formula
relates the grain size of crystallites, in a solid to the broadening of a peak.The Scherrer's

equation can be written as: [33]:

kA _
Pcosl = h) + 4¢sinf (2.5)

B is the full width of the maximum intensity of peak in radians, @ is the Bragg angle in

degrees, k is the constant related to crystallite shape and is mostly for grain size less than


https://en.wikipedia.org/wiki/Crystallite
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200 nm equal to 0.94 [33], A is the x-ray wavelength and equal 0.154 nm [34], D is the

grain size and ¢ is the strain.

2.3.2 Grain Size (D)

Grain size refers to the size of a single crystal inside a material. A single grain can be
composed of several crystallites. We can refer to equation (2.4) to explain the values of

grain size and equal to [33]:

D 0.94 4
~ Bcosb

(2.6)

f is the full width of the maximum intensity of peak in radians, @ is the Bragg angle in

degrees, A is the x-ray wavelength and equal 0.154 nm [34].
2.3.3 Strain (&)

Strain is defined as "deformation of a solid due to stress”. It is also a measure of
deformation representing the displacement between particles in the body relative to a

reference length [35]. The strain can be written as [36]:

B

€= 4tan@

(2.7)

f is the full width of the maximum intensity of peak in radians, @ is the Bragg angle in

degrees.

Strain is of three types depending on the change produced in a body and the stress

applied. The three types of strain are Longitudinal, Volume and Shearing Strains.


https://en.wikipedia.org/wiki/Crystal
https://en.wikipedia.org/wiki/Bragg_diffraction
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Longitudinal strain is the ratio of the change in length of a body to the original length of
the body. Volume strain: It is the ratio of the change in volume of a body to its original
volume. Shearing strain is the ratio of the displacement of a layer to its distance from the
fixed layer. Strains are caused when too much force is placed on a material, this changes

the properties of the material.
2.3.4 Stacking Faults (SF)

A stacking fault is a type of defect which characterizes the disordering of crystallographic
planes. It is, thus, considered a planar defect. It represents any defect that alters the
periodic sequence of layers, these defects may be a wrong layer inserted into the
sequence, a change of the layer sequence or a different translation between two
subsequent layers, the stacking faults can be determined from the formula [37]:

212 B

Sf =—————
f 45+ 3tan6

(2.8)
p is the full width of the maximum intensity of peak in radians, @ is the Bragg angle in
degrees.

2.3.5 Dislocation Density (o)

Dislocations (8) are types of defects in crystals, it arises when atoms are out of position
in the crystal structure, dislocations usually appears when a stress is applied, and it causes

plastic deformation[38]: It can be calculated from the equation,

15¢ /lines
5=5 ()

=— (2.9)

cm?
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Where ¢ is the strain, a is the lattice constant and D is the grain size of crystallite. In
accordance with this formula, the larger the strain the larger the defect density and the

larger the grain size, the smaller the defect density.

2.4 Optical Properties in Semiconductor

The optical properties of semiconductors play a key role in the development of thin films.
It forms the basis of the technology revolution. It is connected with transitions between
the valance and conduction bands with consideration of interbands transitions. When a
beam of light with intensity I, inter a sample of thickness d, part of the light is absorbed
with absorbance intensity I multiplied by a factor ( € ), where a is the absorption
coefficient. Other parts will be transmitted with intensity I reflected with intensity Ir and
scattered with Is. The mechanism is illustrated in figure 2.3. These intensities can be

written as the following relation [39]:
IOZIA+IR+IT+IS (210)

The coefficients for absorbance(A =1,/1,), reflectance (R =Ig/I,), transmittance
(T =1I3/1,), and scattaring (S = Is/I, )are all add to give the total intensity of incident

light as below:
A+R+T+S=1 (2.11)

Because the scattering part is very small, so equation (2.11) can be rewritten as:

A+R+T=1 (2.12)
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Figure 2.3: The optical mechanisms at the surface of material.
2.4.1 Absorption of Light in Matter

The electrons of atoms vibrate at particular frequencies. When a light wave has the same
natural frequency of an electron, then the electrons of that atom tended to follow the
vibrational motion, and then the electrons will absorb the energy of the light wave and
transform it into vibration motion. During its vibration, the electrons interact with
neighboring atoms in such a manner as to convert its vibration energy into thermal

energy.

The absorption of light provide electrons with kinetic energy and set it free. In the
absorption process, the electrons in the valance band are excited to the conduction band
and leaving a hole in their place forming an electron-hole pair [40]. The value of energy

required to generate electron-hole pair is at least equal to the energy band gap Eq [41].
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2.4.2 Energy Band Gap (E,)

In solid state physics, an energy gap, is the region where no electron states can exist. The
band gap generally refers to the energy difference (in electron volts) between the top of
the valence band (the valence band is the highest range of electron energies) and the
bottom of the conduction band (conduction band is the lowest range of electron energies)
in insulators and semiconductors (shown in figure 2.4). It is the energy required to
promote a valence electron to become a conduction electron, which is free to move
within the crystal lattice and charge carrier to produce electric current. If the valence
band is completely full and the conduction band is completely empty, then electrons
cannot move in the solid; however, if some electrons transfer from the valence to the
conduction band, then current can flow. Therefore, the band gap is a major factor
determining the electrical conductivity of a solid. Substances with large band gaps are
generally insulators, those with smaller band gaps are semiconductors, while conductors
either have very small band gaps or none, because the valence and conduction bands

overlap [42].


https://en.wikipedia.org/wiki/Electron
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Figure 2.4: Semiconductor band structure.

We can find the energy band gap of semiconductor with the help of Tauc's relation [43]:
(aE)Y/? = A(E — E,) (2.13)

Wherea is the absorption coefficient, E = hv is the photon energy, p is a constant related
to the optical transition type and takes value of 2, 1/2, 3 and 3/2 for indirect allowed,
direct allowed, indirect forbidden and direct forbidden electronic transitions, respectively,
A is a constant defined by transition probability and depends on the material properties,
E is the energy, E, is the energy band gap between valance and conduction band. Tauc's
plots (aE)"® with E to get the Eg from the intercept of the E-axis in the linear region of

the absorption with the baseline.
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To derive this equation we started from the energy band diagram shown in figure 2.5:

43
£,
E'.T
hy
0
— =)

Figure 2.5: The energy band gap diagram.
From figure 2.5 the final energy equal to:
Ef = hv — E; (2.14)

Also, the initial and final energy states of the bands are given by [27]:

%
Ef—Eb—-mnz (2.15)
And,
%
E, = o~ (2.16)
e

The electron resides in the valance band up to conduction band when the incident photons

interact with solids, where:
Er = hv — |Ej| (2.17)

Subtract Eg from both sides of equation (2.17) to get:
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Substitute equation (2.15) & (2.16) in equation (2.18) to give:

W k2 h*k?

= hv — E; — 2 (2.19)

Rewrite equation (2.19) in the form:

o E _h2k2+h2k2_h2k2<1>+ 1 520
VT8 T omy 2m,*1_2[m; m;‘l] (2:20)

The state density in an energy range extended from (hv) to (hv+d(hv)) have the form

[27]:
N () d(h) = SR dk 221
( 17) ( U) - (27_[)3 ( . )
Rewrite equation (2.20) to give:
2(hv — E
K2 = (hv g)mr (2.22)

h2

m;, is the reduce mass, where:

mir - (;) + <7ih> (2.23)

Deriving equation (2.22) with respected to (hv), where k is a functional of hv to get :

my
kdke = —d(hw) (2.24)

Substitute equation (2.22) in equation (2.21) to give:
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16m(hv — E;)m,
1% (2m)3

N(hv)d(hv) = (2.25)

By employing equation (2.22) in equation (2.24) in the previous equation (2.25) the state

density equation will be:

16m(hv — E,) m?

N(hv)d(hv) = > 2 d(hv) (2.26)
h* (2m) 2 [2(hv-Eg)m,
h2
Rewriting equation (2.26) in another form:
(E
_em)b) :

N(hv)d(hv) = e (hv — E,;)?d (hv) (2.27)

The absorption coefficient is linearly proportional to the initial and final states density N;

and N, respectively:

a(hv) = A" (hv — E,)"* (2.28)
1
(i
Where A* = ——2" "¢ (2.29)
nch mg
2(m,)?
q*(m,)z
= 2.30
nch?m; (230)

To generalize equation (2.28) rewrite it to become:

(aE)/? = A(E — E,) (2.31)
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2.4.3 Energy Band Tail (E¢)

Band tail states usually exists near conduction and valence band edges. Band tail states
arise as a consequence of materials disorder. They are much important in determining the
electronic properties of semiconductor. It stand out as a result of impurities doping, such
that the impurities levels that leads to forbidden gap deform the valance and conduction

bands.

Transition involving impurity induced band tails exponentially increases the absorption
spectra at photon energy less than energy gab. It is necessary to derive the relation that

conducts the band tails to the absorption coefficient [44] and starting with:
N; = N, ef/Ee (2.32)

Where N is the final state density and Ny is the initial density of the doping .

hv—E,

a(hv) = A JTEs] exp (EE) dE (2.33)

Ey
To solve this integration substitute E-hv in E and we change following variables:

_hv—E
=—Z

x (2.34)

Sub equation (2.34) in (2.33) to have the form:

Ev/Ee

3 1
a(hv) = —Ae"?/Ee(E )@ J xze ™ dx (2.35)

hv+Ev
Ee
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E
V/Ee
1

a(hv) = —Ae%(Ee)(g)(%rﬁ - f X%e_x dx) (2.36)
0

The width of the band tails near the top of valance band or the bottom of conduction band

IS given by:
E = (all‘na)_1 237
e — dhv ( " )

So the equation can be used to determine the width of the band tails and is given by:

o = aget/Ee (2.38)

In(a) = In(ao) + EE (2.39)

e

Where a is the absorption coefficient, E is the photon energy and E. is the energy band
tail. To find E. we plot In () versus E, where the intercept is In (a,) and the slope is 1/E.

from equation (2.39) so that the energy band tail equal 1/slope.

energy gap
€ >
E
\Zand tauls>/

Figure 2.6: Semiconductor band tail structure.
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Fig 2.6 demonstrates the localized states in materials. Localized states are states which
are not extended enough because of materials disorder. There are many reasons that lead
to the formation of these disorders. One of which is the inhomogeneous distribution of
atoms in the semiconductor, in the oxide or both, inhomogeneous interface between
semiconductor surface and oxide, inhomogeneous distribution of impurities doping or

residual ones within the semiconductor, within the oxide, or both at the interface. [45]
2.4.4 Dielectric Spectra

The most important part in studying dielectric materials is that which relates to refractive
index dispersion. The dispersion equation which is used to find the refractive index at

particular optical wavelength is given by the following equation [46]:

Ncomplex =n(Ad) + ik(1) (2.40)

1
= (& + ig;y)2 (2.41)

k(%) is the extinction coefficient, and &, and ¢, is the real and imaginary parts of the
dielectric constants, respectively. The effective dielectric constant &,¢¢ is expressed in

terms of the dielectric refractive index n(4):
Eerr = n*(A), (2.42)
and in terms of the real part &, and imaginary &;,, parts, through the relation,

Eeff = & + iEim (243)
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Squaring both sides of equation (2.40), to write the refractive index n(4) in terms of

& and gy, -

n%(A) — k(1) + i2n(Dk(A) = (&, + igim) (2.44)
By comparing the real and imaginary parts of equation (2.44), we find that:

n?() —k?(1) = ¢, (2.45)
2n(Dk(A) = € (2.46)

The real and imaginary parts of dielectric constant can be written in terms of refractive

index n (4)as bellow,
Er = Eeff — k2 (247)
Eim = 2 Seff k. (248)

An incident electromagnetic wave inside the dielectric material compromises an electric

field [46]:
E, = Eje'(k—»t) (2.49)
Where:
w
k = (?) Neomptex (2.50)

To determine Nompiex, We recall that the electric field has an incident and reflected parts

moves a long +z axis and —z axis, respectively:

E, = E;e'c%Y 4 Ee” @D (2.51)
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From E, we can find the relation between Eg, E; and E».
EO = E1 + EZ (252)

By using Maxwell's equations, we find the second relation between Ey, E; and E;.

VXE=———=—H 2.53
c dt c ( )

Where H, is the tangential magnetic field component, ¢ speed of light, u permeability

coefficient and wis the frequency.
By applying the curl relative to the x-component of the incident electric field:

dE iUw

Equation (2.54) yields:

w w w
Eok = E; ? —E, ? =E, ?Ncomplex (2.55)

From equation (2.55):
Ei—E, = EONcomplex (2.56)

So, the reflection coefficient and the normal reflection condition can be written as:

r =Bl 2.57
E;
=2 (2.58)

From equation (2.52) & (2.56):
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1
E, = EEO(]- - Ncomplex) (2-59)
and,

1
E, = EEO(l + Ncomplex) (2.60)

We can use equations (2.59) & (2.60) to rewrite the normal reflection coefficient

indicated by equation (2.57):

2_(1+n)2+k2

T (1-n)?+k?

_ ‘1 - Ncomplex (2.61)

1+ Ncomplex

Alternatively, the reflectance R in terms of effective dielectric constant &, and

absorption coefficient o can be obtained from the relation,

((@ ~-1)" + kz)

R= (2.62)

- (ngeff + 1)2 + kZ

Where,
p = 2.63
- 47_[ ( " )

We can rewrite equation (2.62) to obtain . ¢from R as follows,

R(wlgeff + 1)2 + sz = (1/geff - 1)2 + kz (264)

By squaring (\/ecs + 1) and (,/€.rr — 1) on both sides, and simplifying the equation

we obtain:
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€ +M corr + k> =0 (2.65)
eff (R—].) eff

This equation is solved to find a formula for €, :

2
_2(R+1)i\/(2(R+1)) 4k
R-1 R-1

Eeff = > (266)

When we look at equation (2.66) we find that the two roots involved, these roots are

squared and separated into two solutions:

2

2
_2(R+1)+\/(2(R+1)) —4k2\
R-1 R-1

Eeff1 = > / (2.67)

2

_2(R+1) \/(2(R+1))2 _ 4k
R-1 R—-1

Eeffz = > (2.68)

2.4.5 Drude-Lorentz Model

Approximating the frequency dispersion of the permittivity of materials with simple
analytical functions is of fundamental importance for understanding and modeling the
optical response of materials and resulting structures. Drude and Lorentz developed a
classical theory of refraction and dielectric constant of materials with frequency of light.
The model is based on treating electrons as damped harmonically particles undergoing

external electric fields[47]. The Drude-Lorentz model describes the dielectric dispersion.
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Starting from the equation of motion for system of particles subjected to a resistive force

during motion, we can establish the equation of motion as below,

my & + moyd—x + mowix = —eE (2.69)
dt? dt

Where v is the damping (resisting) coefficient and is inversely proportional to the
collision time (7), e is the electric charge of the electron and E is the electric field of the
light. The right hand side is the driving force due to the AC electric field of the light, and

the left hand side is the acceleration, the damping and restoring force, respectively.

The interaction of the atoms depends on the frequency w and the time dependent of the

electric field is:
E(t) = E, cos(wt + @) = Ey(exp(—iwt — @)) (2.70)
E, is the amplitude of the time dependent electric field and @ is the phase of light.

The AC electric field will drive oscillation at its own frequency, we substitute equation

(2.69) into (2.70), the solution is:
x(t) = x (exp(—iwt - CD)) (2.71)

Xo1s the amplitude and @' is the phase of the oscillation. We can add the phase factor of
equation (2.70) and (2.71) to the amplitude by both E, and x, to be complex numbers.

We then substitute E (t) =E,e~'tin equation (2.69), and x(t)=x,e~'°t . This leads to:

—Mow?x5e 1t — imyywxye IO + mywylx et = —eE e ¢t (2.72)

Which implies that:
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eE,

Mo

2 2 1
ws — w? — iyw

Xp = (2.73)

The displacement of the electron produce a dipole moment p(t), if N is the number of

atoms per unit volume, the resonant polarization is given by:

p(resonant) = Np = —Nex

_Ne? ! E (2.74)
T my w2 — w? — iyw '

The magnitude of the Resonant 1S SMall unless the frequency is close to w,. The complex
relative dielectric constant &, and the electric displacement D of the medium is related to

Eand P through:
D =¢gE+P (2.75)

We split the polarization into a non-resonant background and resonant term and driven

response of the oscillator:

D = gyE + P(background) + P(resonant) = &yFE + €yxE + P(resonant) (2.76)
The relative dielectric constant is defined by:

D = ¢gy&.E (2.77)
Combine equation (2.74), (2.75) and (2.76) with (2.77) to obtain:

Ne? 1

) =1+x+ > —
oMy w§ — W? — iyw

(2.78)

This can split into real and imaginary parts, to become:
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(W) =1+ o e wo — &7 2.79
) = e (@R — w0 + (r0)? (279)

(W) = Ne? yw (2.80)
T g (@3 — 02)2 + (yw)? '
The generalized form of Drude-Lorentz model is given by the equation [48]:

“ w2,
pei

. 2.81

g””z 1 (W — 0?)? + w?ti~?) (2.81)

i=1

Where i refer to number of linear oscillators , wpe is the Plasmon frequency and equal to:

4mne?
Wpe = (2.82)

m*

n is the free electron density and m” is the effective mass of free electron, w. is the

resonant frequency and vy is the damping rate.

2.5 Impedance Spectroscopy in Semiconductors

Impedance spectroscopy is a method to find the electronic density of states in
semiconductor materials. The method consists in measurement of the charge transfer
resistance, conductance, capacitance and other of a semiconductor interface at different
frequencies, it is a basic tool for studying semiconductor electrodes, it leads to find

information about the structure of the electronic interface.
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2.5.1 Alternating Current Conductivity

In many amorphous semiconductors and insulators, the AC conductivity obeys the

universal and important law, which depends on temperature and relative frequency
(w)[49]:

O4c(w, T) = Aw® (2.83)

Where w = 2rf is the angular frequency of the applied AC field, A is the constant
dependent on temperature, s is the frequency exponent and take value (0 < s < 1) and

also dependent on temperature, it called Jonscher's coefficient.

In particular, the AC conductivity dependence on the linear frequency, when the density

of state n (t) is proportional to 1/t, the relaxation time is given by this relation[49]:
T= Toe(o (2.84)
{ random variable that arises from probability calculation:

¢ =2aR, (2.85)

a is a decay parameter for wave functions employed to describe the localized length of

state andR,is the hopping distance at a particular frequency (w) as given in equation[50]:

U_h_

Where v, is the phonon frequency and equal 1/1.
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In order to explain the behavior of the AC electrical conductivity, we have many models
proposed for amorphous semiconductors. Some of these models are: quantum mechanical

tunneling (QMT) model and correlated barrier hoping (CBH) model [51].

2.5.2 Quantum-Mechanical Tunneling Model (QMT)

Quantum mechanical tunneling is the phenomenon where a particle tunnels through a
barrier. The tunneling phenomenon is majority carrier effect. A tunneling current occurs
when electrons are not able to move over the energy barrier. From classical point of view,
if the electron doesn't have enough energy to move over a barrier the electron cannot
pass. In the limit of large barriers, the probability of tunneling decreases for higher and
wider barriers. The carrier tunnel through a potential barrier if the barrier is sufficiently

thin [28].

The mechanism of quantum mechanical tunneling is employed to explain the AC
conductivity of many semiconductors. To understand the behavior of conductivity as a
function of signal frequency, the conductivity is analyzed in accordance with the existing
theories of electrical conduction. The AC conductivity for this model takes the form [3,

52]:

7T4 2 -1 z 4
0 pn(@) = 57 e*kTa™* (N(Ef)) w RS (2.87)

Where N (Ef) is the density of localized states near the Fermi level, a is the decay

parameter, R, is the tunneling distance and is given by equation (2.86).

On the other hand, the frequency exponent s for the quantum mechanical tunneling

process to dominate takes the form, [50]:
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4
s=1—— (2.88)

In(wtg)

Where 1, is the relaxation time and equal to (10°-107) s. The domination of tunneling

process should be valid at s equal (0.5-1.0).

To derive the AC conductivity for the quantum mechanical tunneling model, we begin

from the general formula for AC conductivity [53]:

2
Ogc(w) = N, f C(T)%P(T)dl’ (2.89)

N, is the number of dipoles, w is the angular frequency, t is the relaxation time, ¢(t) is
the polarizability and P(t) is the probability function that describe the relaxation time.

The first relation of the AC conductivity was expressed in equation (2.83), after that this
equation conducted to hop of electron near the Fermi energy in semiconductors, so in this

case (hopping) N, is the number of carriers, and the polarizability c () is given by [53]:

(eR)?

() =
o 12K,T (cosh (ZZT»Z

(2.90)

R is the hopping distance, Kz is the Boltzmann constant, T is the temperature and

0E = (Er — E;) isthe average separation of energy levels.

The hopping or tunneling rate (I' = 1/t) from a state of energy E;toE; (E>E;) for n-type

is equal to:

OE
I' = vy exp (—2Ra - kB_T) (2.91)
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Vpn = Tl is the photon frequency and « is a decay parameter. Then we can derive t as
0

function of R as below,
dt = 2v,, a exp(2Ra) dR = 2tadR (2.92)

The probability function of distribution of the relaxation time P(t) in equation (2.89) can

be written in another form in the cases of random distribution sites N :
p(1)dt = p(R)dR = 4nNR?*dR (2.93)
By substituting equation (2.90) & (2.92) in equation (2.89):

r[NNpeza)f . w?

- d 2.94
a6K,T T+w2s " (294)

Ogc(W) =

We can write p = [N(E)K5T]" , because the number of carriers for hopping near E; are
given by (N(Ef)KpT) . Also (w?/(1 + w?T?) is like the 8-function at (wt = 1), taking
out R from the integral. The formula of R,, is shown in equation (2.86) so the integral in

equation (2.94) becomes:

f w? dt 7 295
(1+w212)r~2 (2.95)

Substituting equation (2.86), (2.93) & (2.95) in equation (2.94) to get the equation of AC
conductivity:

0, (@) = gesza"S (N(Ef))z w [ln (v—é’)h)r (2.96)

When we compared equation (2.96) with equation (2.87) for the quantum mechanical

tunneling (QMT) model, we see that the both equation agrees with each other.
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2.5.3 Correlated Barrier Hopping Model (CBH)

The CBH is another conduction mechanism which could dominate in semiconductor
devices. In CBH the electron can hop from the barrier, and the conductivity decreases
through the change in the thickness of the barrier . To determine the conductivity by CBH
we used proceed as below [50]:

UL((U) - UH((U)
1 + w?7?

ocpn(w) = op(w) + (2.97)

In this equation, o and oymeans high and low frequency saturation conductivities,

respectively.The random variable { in equation (2.85) in the hopping term is:

{=—o (2.98)

W is the hopping barrier height and equal to:

2e?

meggR

W =Wy, — (2.99)

W is the maximum barrier height, € and €, are the dielectric constants for the material

and free spaces, respectively, and R is the distance between the two neighbor sites.

The AC conductivity for the correlated barrier hopping model in a narrow band limit

(Ag< KgT) is defined as [53, 54]:

3

T 2 6
o(w) = EN g€wRY) (2.100)

Where N the concentration of pair sites, and the hopping distance R, is given by [54]:
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R, = 2¢” (2.101)
@ neeo(Wy + KpTin(wt,)) '
For (CBH) model, the frequency exponent s is equal:
6KzT
s=1 (2.102)

Wy + KzTin(wt,)

From the approximation (A,<«< KzT) vyield to the large value of W, /(KgzT) , then

equation (2.102) becomes [53]:

6K5T
W

s=1 (2.103)

The frequency exponent s for the (CBH) model depends on the temperature in the
linearly relationship (when the temperature increases the frequency exponent will

increase).

When the conductivity depends on high and low frequency values, the correlated barrier

hopping (CBH) model AC conductivity takes the form [52]:

[0qc (@) — 04c ()]
1+ (wt)?

Uac(w) = Ogc (W) + (2.104)

To get an integrated picture for conductivity mechanism, we consider the contribution
from both CHB and tunneling conductivities to the total conductivity through the relation
[50]:

1 1 1

oW 7@ run o (@)can

(2.105)
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2.5.4 AC Capacitance

The capacitance is the ability to store electrical energy. Almost all things, can store some
electrical energy and therefore have capacitance. It is very important part in studying
many amorphous semiconductors and insulators. The AC capacitance depends on
frequency as expressed in Qasrawi modified Ershov equation [50]:

nTn apTy

C(w) = Cy + —
"1+ (- wp)?Td 1+ (a)—a)p)ztg

(2.106)

Where Cy is the static capacitance, a, and a, are the parameters, w, and w, are the
Plasmon frequencies for n-type material and p-type material, respectively, and t,,

T, and T, are the relaxation times.

The Qasrawi modified Erchov equation is derived as below [55]:

Clw) = %Im[Y(a))] (2.107)

Where:

Y = G 2.108
(@) = 57 (2.108)

If heterojunctions have the small signal harmonic current and small signal
voltages! and 8V are proportional to~e™*t. Let us consider the transient current in a

semiconductor device in response to an applied voltage. Since,

V() =V(t)—-V(0—-)=VAO(t) ,then (2.109)
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SI(E) = I(£) — 1(0 =) = [I(t) — [()]6(t) + [I() — 1(0 =)]6 (). (2.110)

Here 6(t) is unity step function, The quantities of "+" and "-" superscripts denote single-

sided values of the discontinuous functions for example: (0 —) = lim,_o V(t),t < 0, let

the transient current equal §J(t) = [I(t) — I()]6(t) so that 6/(t) - 0 as t — .

Substituting equation (2.109) & (2.110) in equation (2.108) and noting

0 iwt __ i
that/__6(t)e™ ==
Y(w) = iwfc?l(t)ei“’t dt (2.111)
0

Separation of real and imaginary parts in equation (2.111) to get the formula of

capacitance:

Clw) = %] 6] (t) cos(wt) dt (2.112)
0

In general:

SJ(t) = CoAVS(t) + 6j(t) (2.113)

Where Cy is the static capacitance and §(t) is the delta function.
Rewriting equation (2.112) in terms of §j (t):

C(w) = C,y + ﬁf:’ 8j(t) cos(wt) dt (2.114)

Integrating equation (2.114) by parts we get,
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0

C(w) = Cy + — f 6]()sm(wt)dt (2.115)

wAV
0

The capacitance equation has two parts (Co and C;). By comparing equations (2.114) &

(2.115);

AV ] sin(wt) dt (2.116)
0

= %f&(t) cos(wt) dt = ! f Sj(t)

If we assume two different frequency domains (w-w,) and (w-w,), where w,, and w,, are
the domain frequencies in the n-region and p-region, respectively [48]and if we rewrite

equation (2.116), it take the form,

1 f dsj (t)

wAV
0

1 0
€= 57 | 87 cos(w = wny)ede = Jsin(@ = wpp)tdt (2117)
0

To explain these considerations, let us consider a simple general type of transient

response composed of negative and positive exponential components:

. t t
dj(t) = AV <an exp (— T—) — ap exp <— T—)) (2.118)

n P
By substituting equation (2.118) in equation (2.117) and integrate we get,

anTy _ apr
1+(w—-wn)?td 14 (a) — a)p)zrzz,

C, = (2.119)

Where C(w) = Cy + C; , so that the final formula for the capacitance in terms of

frequency is:
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anTn ayTy

+ —_
Plt (- w14 (w— wp)zrg

C(w) =C (2.120)

The subscript in the above equation relate to n or p-type semiconductor.

2.6 Direct Current Conduction Mechanism

The current across a metal-semiconductor junction is due to majority carriers. Three
distinctly different mechanisms can exist: diffusion of carriers from the semiconductor
into the metal, thermionic emission of carriers across the Schottky barrier and quantum-
mechanical tunneling through the barrier. The thermionic emission theory on the other
hand postulates that only energetic carriers, which have an energy equal to or larger than
the conduction band energy at the metal-semiconductor interface can leave the barrier
and go to the conduction band and contribute to the current flow. Quantum-mechanical
tunneling through the barrier takes into account the wave-nature of the electrons,
allowing them to penetrate through thin barriers. In a given junction, a combination of all
three mechanisms could exist. The analysis reveal that the diffusion and thermionic
emission currents can be derived and we suppose that there is a flow of electrons in the x

direction [56]:

Jx = f qn(E)vy(E)dE (2.121)

Where J.the current density, q is the charge of electron, n(E) is the density of electrons
and v, (E) is the speed of electron. This integral perform in all free electrons that can

move from barrier to conduction band.
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From statistical physics point of view, the density of particles:

n(E) = g(E)f(E) (2.122)

Where g(E) is the density of states and f(E) is the probability of a selected state energy

E to be occupied.

Both functions can be written as a Fermi-Dirac statistics because the electrons are half

spin particles. Hence,

8V2m 3
9(E) = — m2VE (2.123)
1
kT

Where h is Plank constant, k is Boltzmann constant and Ef is Fermi energy. Only

electron of highest energy (E>>Ef) can move from barrier to conduction band so:

F(E) = expM (2.125)
kT
We can rewrite equation (2.122):
8V2m 3 —(E—-E
n(E)dE = mE\/Eexpu dE (2.126)
h3 kT
The kinetic energy is a function of velocity:
1
E= Emv2 (2.127)

1
VEdE = ﬁmwvzdv (2.128)
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Insert equation (2.128) in equation (2.126):

—(E—-Ep)

8w
n(E)dE = T

T3m 3exp( ) vidv (2.129)

Insert equation (2.129) in equation (2.121):

I = fqvx(E) m exp%vzd (2.130)
8 E
Ix =qux(E)h—Zm3exp( kT)e p( ) v? (2.131)
2 E
I = hgm exp(kT)fvx(E) exp (—k—T) 4nv2dv (2.132)

Because only electron with velocity higher than v, ,,;;, will leave metal, so the integral
over v, start from minimum velocity, and insert equation (2.127) and energy is a function

of velocity component in three dimension so equation (2.132) become:

Jx

_2q Ee\ [ mv2 ® mvy ® muv?2
=13 —m"° exp (kT)f Uy exp [— kT dvxf exp [— /T dvyf exp [— KT dv, (2.133)

Vx,min

To solve this integral we used:

j_w exp(cx?) dx = \/g (2.134)
So that:
= (o (25) 2 |25 (22

dmqmk? Er — E)

Jx = 3 T exp( T (2.136)
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=U
Jx = A™T? exp (ﬁ) (2.137)

Where A™* is Richardson constant and equal:

k%

_ Angmk?

5 = 120m" A/m?k (2.138)

m*is the effective mass. Since,

_ @)
U—E—E = (<p0 ol (2.139)
- r- kT '
and J,, = I/A. Then, the final form for the Richardson Schottky current is:
_ ﬂ)
wxrn2 CI((PO 4TTEYEY
I = AA™T“ exp T (2.140)

Where A is the area of the contact point, T is the temperature, E is the electric field.

We can write equation (2.140) in another form as below:

I = AA™T?VYea%b/kKT (2.141)
1

B , ( el )E VV > 142

Pp = Po 1 47T€0€r \/W ( . )

With ,y and( are integer numbers,y is ideality factor, €, is the permittivity of free space,
&, Is the optical dielectric constant, V' is the applied voltage, w is the depletion width and
@, IS the Schottky barrier height. For y = 0, this means that the theory is Richardson
Schottky type, at y =2 the Trap assisted conduction dominates, aty = 1/2 Poole

Frenckel effect and at y = 3/2 is Childs effect.
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Chapter Three

Experimental Details

3.1 Substrate Cleaning

At first, the glass substrate to be used for thin film deposition is cleaned in several steps
which include the use of alcohol to remove impurities, dust and contaminants from the
surface. The cleaning by alcohol is followed by ultrasonic shaking in distilled water at 70

°C for 30 min and then, the glass substrate drying.

3.2 Thin Film Preparation

The physical evaporation technique (PVD) is used for the formation of the
heterojunction structure. InSe crystals layer were weighed (70mg) and placed in a
tungsten boat (item 1 in figure 3.1) which is fixed inside the system. The glass substrates
are placed on the substrate holder (item 2). The shutter (item 3) which is located
between the boat and substrate is closed. The thickness of the films was measured by a
crystal oscillator thickness monitor (STM-2) (item 4), the resolution of the quarts type
monitor was 0.037A°. The monitor can carry 300 measurements per second [57]. During
evaporation process, the PVD system is closed completely. It then discharged from the
air by rough and turbo molecular pumping. We wait the vacuum pressure till it reached
10 mbar, then the evaporation process begins. The current is raised till suitable
temperature ~800 °C is reached, then the shutter was opened for 8 minutes where the in

situ monitor read 500nm. The shutter was then closed and the system is left to cool.
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Figure 3.1: The VCM evaporation system.

After the hot substrate/annealing system was run to deposit InSe at 250 °C to obtain y-
phase of In,Ses, where it is done by processing the hot substrate/annealing procedure
includes, connecting the system near to the power supply and ammeter, where when we
increase the voltage, the current increases then the temperature will increase, we continue
to do until the temperature reach to 250 °C. The temperature was monitored by k-type
thermocouple attached to temperature reader (MASTCH-6200), the temperature was

fixed at 250 °C for an hour and we take the reading of current, time, temperate and
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vacuum. After the deposition ends, the system was left to cool until it reach room

temperature after ~2.5 hours.

Figure 3.2: The Hot substrate/Annealing system.

With the same evaporating steps, we evaporate CuO films onto glass and y-In,Se;
substrates to get CuO and y-In,Ses/CuO interfaces. The interfaces are demonstrated in

figure 3.3((a), (b) and (c)).

N
B s
i\ Em |
() (b) (©)

Figure 3.3: The geometrical design of (a) y-Iny,Ses, (b) CuO and (c) y-In,Ses/CuO
heterojunctions.
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3.3 Thin Film Analysis

The thin film analysis in this thesis is presented by means of structural analysis using x-
ray, optical using spectrophotometer, impedance spectroscopy and current voltage

characteristics in following subsequent sections.
3.3.1 The X-Ray Diffraction Measurements

XRD measurements were taken using a Rigaku diffractometer with copper anode K,
radiation operating at 40 kV and 15 mA to reveal 600 WX-ray power diffraction. The 6-
20 scan method was employed. The 20 range was 10-70° and the 20 step size was 0.05°
and the scan rate was 1°%min. The x-ray diffraction is used to determine the lattice
structure of y-In,Sez, CuO and vy-In,Ses/CuO interfaces. The system contains a
monochromator, a detector, a slit set and a sample holder. The sample rotates by 26 and
the detector is collect the intensity of the x-ray beam. Also the slits are used in order to
control the size and shape of the x-ray beam. The data are analyzed by using TREOR-92

software.

----------
-
-

4 A Y
X-ray X-ray
source detector
' 0} \26 ;
3 Sample ’:'
‘\‘ stage J
\ ’
Y 4
\\ ,l

-
_____
-------

Figure 3.4: Schematic of x-ray diffraction.
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3.3.2 Optical Measurements

The optical parameters presented by transmittance (T) and reflectance (R) were measured
in the incident light wavelength range of 300-1100 nm with scan speed of 1200 nm/min.
The measurements were carried out using a thermo-scientific evolution 300
spectrophotometer that is linked with VeeMax I 1 reflectometer. The system is shown in
figure 3.5. This system includes wavelengths ranging from UV to near the IR region.
The T% and R% are used to determine the absorption coefficient, interbands transitions,
optical energy band gap and band tails. The dielectric dispersion is also determined. The

data are collected using VISION Pro software package.

Figure 3.5: The UV-VIS spectrophotometer.
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The UV-VIS spectrophotometer as shown in above figure contains the following parts: 1-
detector cavity, 2- measuring hole, 3- light apparatus cavity, 4-normal incidence

reflectometer, 5-referance blinding apparatus and 6-holder.
3.3.3 Impedance Spectroscopy Measurements

The impedance spectroscopy technique was chosen for studying the impedance (2),
resistance (R), reactance (X), parallel capacitance (C,), series capacitance (Cs),
conductance (G) and reflection confection (|r]). All measurements were done as function
of frequency (10 MHz-1.8 GHz) using Agilent 4291B RF Signal Generation Impedance
Analyzer. This technique is used to define the return loss and voltage standing wave ratio

(VSWR). The data are collected and analyzed with the help of MATLAB software.

Figure 3.6: Impedance measurement including Agilent 4291B RF Signal Generation
Impedance Analyzer.
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In this section, we should not forget the basic principle of this system, presented by RLC
circuit. The RLC circuit is an electrical circuit consisting of three basic elements resistor
(R), inductor (L) and a capacitor (C) connected together in series or in parallel, the name
of the circuit is derived from the letters that are used to denote the constituent

components of this circuit.

When resistor, inductor and capacitor are all connected in one complete loop in series
across an AC power supply, the circuit is then called series RLC circuit. In this circuit we
can be impose two or more sinusoidal signals provided they have the same frequency.
The current flowing through the three components remains the same and equal to the
supply current or total current (Is). The supply voltage consists of three parts: the resistor
voltage (VR), the inductor voltage (V) and capacitor voltage (V¢). The voltage for each

branch will be different and the supply voltage is equal to the sum of three voltages [58].

C
H . .L. e i
| |
+——> « L >
Ve Vi Ve
ity = 1, sin wi Y
-4 | P -

Figure 3.7: The series RLC circuit.

The source voltage is given by:

1
V, = Iwl, Ve, = IR, Ve =— 3.1
l w R c=we 3.1

By Kirchhoff’s voltage law we can find the supply voltage [58]:


https://www.electrical4u.com/types-of-resistor-carbon-composition-and-wire-wound-resistor/
https://www.electrical4u.com/what-is-inductor-and-inductance-theory-of-inductor/
https://www.electrical4u.com/what-is-capacitor/
https://www.electrical4u.com/voltage-or-electric-potential-difference/
https://www.electrical4u.com/electric-current-and-theory-of-electricity/
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V—IR+LdI+Q 3.2
S — dt C (')

The final supply voltage for series LRC circuit is gives by:

Vs = ng +(V,—V)2=1JR2+ (X, —X)? =12 (3.3)

Where Z is the impedance of the circuit and depend on the resistance (R)and on
indicative and capacitive reactance (X, X;)[59]. The phase of this circuit is shown in Fig.

3.8.

Z =R + (X, - X, ) A
=y
, X=X - X
'1 al
R

-

Figure 3.8: The impedance triangle of series RLC circuit.

In the parallel RLC circuit (Fig. 3.9), we know that the supply voltage (Vs) is common to
all three components. The supply current (Is) consists of three parts: the current flowing
through the resistor (Ig), the current flowing through the inductor (I.) and the current

through the capacitor (Ic). The total current (Is)is the vector sum of the three currents.
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L B .

Figure 3.9: The parallel RLC circuit.

By using Kirchhoff’s Current law, we can find the current through each branch [58].

Particularly,

1dv V dzv

Jo= — i 3.4

sTkcar T tlae G4

From current triangle we get:

b= e -1 = |(5) +(F-2) =2 35
14 14 14

WhereIR =% IL —X—L, IC _X_C

From R, X; and X, we can find the relation of the current impedance Z which is given

as:

Z= (3.6)

1)2 1 1)?
VB +E-2)
When we look at the final relation of Z in series and parallel RLC circuit, we find that the

indicative reactance(X; ) and capacitive reactance (X,)are shown in it. When
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X, and X.equal zero the impedance equal the resistance ( Z=R), and at this condition the

frequency is called resonant frequency.

3.3.4Hot Probe Technique

The hot probe is a method used to determine the conductivity type of materials. Whether
a semiconductor sample is n (majority carriers are electrons) type or p (majority carriers
are holes) type is determined by this method. For measurements, the sample is attached to
a voltmeter or an ammeter and a heat source. The heat source will cause charge carrier
motion. The heat given from the positive probe creates an increased number of higher
energy carriers which then diffuse away from the contact point. This will cause a
current/voltage difference, where if the voltmeter reading connected to the semiconductor
is positive, the semiconductor sample will be (n-type). This means that the number of
electrons in the material is predominant. When the voltmeter reading is negative, the
semiconductor sample is (p-type).When we did this test on our samples we found: the
CuO sample is p-type, InSe is n-type, InSe/CuO is p-type, y-In,Sesz is n-type and y-

In,Ses/CuO is p-type.
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Figure 3.10: The hot probe device.

3.3.5 Current-Voltage Characteristic Measurements

Keithley 6485 picoammeter and Keithley 235 voltage source are used to determine the
current-voltage (I-V) characteristics. The 6485 picoammeter device can measure very
low currents (100 fA). The current-voltage (I-V) characteristics technique allows
knowing the nature of metal-semiconductor contact or film is fit to be electronic device

and what are the appropriate applied voltages.
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In our experiments, the range that was used for the voltage is from -1.0 to 1.0volts in

steps of 0.01volt.

Figure 3.11: Current-voltage (I-V) measurement including Keithley 6485 Picoammeter
and Keithley 230 Voltage Source.
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Chapter Four

Results and Discussion

In this chapter we discuss the formation nature as well as the optoelectronic properties of
the InSe/CuO interfaces. The analysis of the structural, optical and electrical properties of
this heterojunction will provide information about the applicability of the InSe/CuO in

technology.

4.1 Structural Analysis

We first recall that the current work include the growth of InSe and CuO onto glass
substrates and the growth of CuO onto InSe and y-In,Ses. The latter is obtained by either
annealing the InSe as grown films at 250 °C for one hour under vacuum media of
pressure 10™ mbar or by raising the substrate temperature to 250 °C. The novelty of y-

In,Ses appears in its moderate energy band gap value and well crystallinity.

The X-ray diffraction patterns for as grown and annealed glass/InSe, glass/CuO and
InSe/CuO thin films are presented in figure 4.1. The X-ray diffraction show no sharp
patterns for glass/InSe and glass/CuO meaning the amorphous nature of growth. On the
other hand, vy-In,Se; display sharp diffraction patterns which should refer to a
polycrystalline nature. The X-ray diffraction ofy-In,Ses has three peaks; the first one at
appeared at 26= 19.65°with intensity of 7344 (a.u.), the second peak appeared at 2 8 =
25.6° with intensity of 30695 (a.u.) and the third peak appeared at 2 8 = 28.3° with

intensity of 184225 (a.u.).These peaks are found to correspond to a hexagonal unit cell
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ofy-In,Se; where lattice constant with help of equation (2.2 (b)) are observed to exhibit
values of a= 4.015 A° and c= 18.90 A°. The Miller indices (hkl) for the first, second and
third peaks are (112), (100), (006), respectively. In comparison with similar works, the
lattice parameters of the hexagonal phase are reported to be a = 4.00 A° and ¢ = 19.38 A°,
and the main reflection appeared in the (006) direction [48]. The lattice constants values

and plane orientation are consistent.

1
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Fig. 4.1: The x-ray diffraction patterns for CuO, InSe, y-In,Sez and y-In,Ses/CuO.

The reason beyond the conversion of structure from amorphous to polycrystalline is

assigned to the crystallization and recovery processes in amorphous materials which

indicate that small grains are randomly distribution revealing the high defective structure.

Defective materials are thermodynamically unstable upon annealing, atoms gain extra
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thermal energy that allow it to move and reduce the number of available defects. Such

mechanism strongly affects the grains [60].

Generally, only a partial recovery is possible because the dislocation structures is not
completely removed, but reaches a metastable state that is called a recrystallization.
During recrystallization, larger grains grow and consume the old grain, resulting in a new
grain structure with a less dislocation density[60]. y-In,Sez phase is preferred at 250 °C
because it is believed that at this temperature every In atom is surrounded by three Se
atoms and every Se atom is surrounded by three In atoms. Thus, the formation of y-1n,Ses
indicates that only two of the Se atoms are able to get rid of one of their p electrons and
become three-valent, In this case, the third selenium atom is able to bind only two In

atoms in an angular configuration[61].

Naturally, CuO is amorphous if prepared by physical vapor deposition techniques. The
morphology of CuO is due to the high oxygen vacancy, since the oxygen vacancy is large
compared to Cu, firing technique is usually preferred, this technique is not available in
our laboratory [62]. The oxygen atoms have large number of vacancy and do not locate in
its right place. Therefore it cannot balance with Cu leading random arrangement of

atoms, which make the CuO amorphous [63].

The X-ray diffraction pattern for the y-In,Ses/CuO are replaced on the same normalized

scale with that of y-In,Ses in figure 4.2. As seen from the figure, and table 4.1
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Table 4.1: The structural parameters of y-In,Ses and y-1n,Se3/CuO interfaces.

Spectrum v-1n,Ses v-1n,Ses/CuO
26 (°) 28.3 28.3
Intensity (a.u.) 184225 002751
d (nm) 0.315 0.315
B (x10°rad) 3.48 5.23
D (nm) 42.78 28.52
£x10? 3.46 5.19
SF x10°® 1.32 1.99
(hkI) (006) (006)
a (A) 4.015 4.007
c(A) 18.90 18.90
5x10™ (line/cm?) 3.022 6.812

The maximum peaks, which are observed for glass/y-In,Se; resides at 28.3°and exhibit

intensity value of 184225 (a.u.). Comparing with vy-In,Ses/CuO we find the two

maximum peaks resides at the same angle but the intensity of y-In,Ses/CuO decreased to

2751 (a.u.). A complete evaluation of the observed diffraction patterns is shown in table

4.1. Equations ( (2.4), (2.13), (2.14), (2.15) and (2.16))were used to calculate d, D, = ,SF

and &respectively. As seen from the table, while the lattice constant along the a-axis and

grain size decreased, the dislocation density, strain and stacking faults increased upon

interfacing of vy-In,Seswith CuQ. This behavior is explained by taking into account the

possible ,
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possible reasons like deformation, ionic radius, bonding mechanism, lattice mismatch and
critical thickness effect. Particularly, the ionic radius of In is 0.940A° [64], for Se is
1.84A° [65], for Cu is 0.73A° [66], and for O is 1.38A° [67]. The data suggest that Cu can
replace vacant sites In and O can replace Se leading to the observed decrease in the lattice
constant. However, because oxygen atoms in CuO contain many vacancies This may also
lead to the formation interstitial defect in the arrangement of atoms within the molecule

which explains the increase in €, §and SF values [68,69].

As also seen from figure 4.2 the maximum peak of y-In,Se; become broaden, fell down
and widened after adding CuO. The intensity of the maximum peak of y-In,Ses/CuO
decreased upon CuO interfacing meaning that there is a non-uniform deformation at the
interface. The non-uniform deformation arises from stress that is associated with the

strain values listed in table 4.1[70, 71].

1
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0.6 . 0.4
= 0.2
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0.2 1 In,Se./Cu0
D T J_JLJ \% T T T 1
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26 (")
Figure 4.2: The maximum peaks of y-In,Sez and y-1n,Ses/CuO.
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If the bonding mechanism is taken into consideration, the bond lengths of In-In, Se-Se,
Cu-Cu, In-Se, Cu-Se, Cu-0, In-O are 2.82A° [72], 2.37A° [73], 3.64A°[74], 2.68A° [75],
2.46A°[76], 1.85A° [77], 2.16A° [78], respectively. When comparing bond length for In-
Se and In-O we find that the bond length for In-Se is greater than the bond length for In-
O. Thus, unbonded In atoms would prefer to bond with O as a result of strong interaction.
Also when comparing bond length for Cu-Cu and Cu-Se we find that the bond length for
Cu-Cu is greater than the bond length for Cu-Se so Cu would prefer to interact with

unbonded Se atoms. Because the bond length of In-Se is small so the force in this
molecule is high (F « r—z)leadlng to high orientation and high dipole interaction [79]. The
presence of these newly established interaction forces at the indium selenide-copper

oxide interfaces explains the changes on the mechanical parameters.

The theoretical lattice mismatches between polycrystalline InSe and polycrystalline CuO

are calculated using lattice parameters and epitaxial relationship [28].

Ae — Qg

A=

X 100% (4.1)
ae
Where, as is the lattice constant of the substrate In,Ses equal 4.0 A°[80] and a is the
lattice constant of the epitaxial layer CuO equal 4.26 A° [81]. The lattice mismatches of

q{-|I’le(33/CUO is 6.10%

The critical thickness (t;) between In,Se; and CuO is calculated using lattice parameters

with the help of equation [28]:
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Qe

tc = ﬂ (42)

The critical thickness of y-In,Ses-CuO is 34.9 A°. Based on these values, the interface
formation is sufficiently good to actualize quantum confinement and to form depletion

width.

4.2 Optical Analysis

The spectral data of transmittance (T) for the y-In,Ses (500 nm), CuO (500 nm) and y-
In,Ses/CuO (1000 nm) being recorded in the wavelength (A) range of (300-1100) nm
appears in figure 4.3. As it is shown in the figure, the transmittance of y-In,Ses slightly
increased with increasing incident light wavelengths until a highest transition value of
63.6% at 650 nm is reached. After this value of wavelength, the transmittance decreased
reaching value of 53% at 834 nm where it then tends to remain constant. The
transmittance spectra for CuO is increasing with increasing A. It reaches a value of 27.1%
at 560 nm. Above 560 nm, the transmittance slightly decreased and then remain constant.
On the other hand, the T% of y-In,Se3/CuO initially grows until a value of 15% at 576
nm is revealed. In the range of 576-644 nm, the T% remain constant. Above 644 nm, the
T% decreased in small range and then immediately increased for all A values greater than
792 nm. In general, the T% for y-In,Ses, CuO and y-In,Se3/CuO have the same behavior
approximately for all A< 600 nm. But for A>600 nm, the T% exhibit different behavior.
In addition, the T% values for y-In,Ses is higher than that of CuO and CuO is higher than
that of y-In,Se3/CuO, such behavior is ascribed to the thickness of the heterojunction as

well as the crystalline nature and the energy band gaps of the materials [82].
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Figure 4.3: The transmittance spectra for y-In,Ses, CuO and y-In,Ses/CuO interfaces,
respectively in the range of 300-1100 nm.

On the other hand, the reflectance (R) spectra for y-In,Ses; which is illustrated in Fig.
4.4 slowly increases with increasing light wavelength until a value of 13% is reached at
434 nm. for larger A value, R% decreased with increasing A reaching a minima at 584
nm. Further increase in A value increases R%. when A exceeds900 nm, R% tended to
remain constant. The spectra of y-In,Ses3/CuQO heterojunction displayed two maximum at
392 nm and 632 nm and one minima at 510 nm, for A greater than 900 nm, R% values
tended to remain constant again. However, CuO exhibit an increasing R% in the range of
(300-700) nm. For CuO andy-In,Ses/Cu0, at A>>700 nm, R% decrease with increasing A

values.
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Figure 4.4: The reflectance spectra of y-In,Ses, CuO and y-1n,Ses/CuO interfaces,
respectively in the range of 300-1100 nm.

The optical absorbance (A) which is calculated from the measured from R and T spectra

by the equation [83]:

A% = 100% — T% — R%, (4.3)

is shown in figure 4.5. The figure display a full picture for the light dynamics on the films
surfaces. The A% of y-In,Se; remain constant in the incident photon energy range of
(1.0-2.0) eV. The A% increases with increasing energy for values of E above 2.0 eV. The
A% of CuO is lower than that of y-In,Se; and follow the same behavior in the range of
(1.0-2.1) eV. The A% constant slightly increases above 2.2 eV. For y-In,Ses/CuO has the

highest value of absorbance. It increases in the range of (1.0-1.5) eV, then it remains
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constant in the range of (1.5-2.3) eV. For all energy values larger than 2.3 eV, A%
sharply increases. Possible reasons for the enhanced absorption for the y-In,Ses/CuO
heterojunction are the lattice mismatch between the two layers, the inability of electron-
hole recombination at the interface due to the crystalline nature, defects and sample

inhomogenuities as we observed through structural analysis [82].

Looking at the E-axis, we find that the absorbance nearly reaches zero in low energy
region. This indicates the presence of band tails which causes band transition. The
interband processes lead to transition of holes and electrons from level to level though the

energy band gap [82].

Reasons for these bands could be the electric field that result from free moving charges
(externally charge) and bound charges (internally charge), the scattering of electrons at

interface and the electron-phonon interaction [82].
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Figure 4.5: The optical absorbance verses photon energy range of 1-4 eV for the y-In,Ses,
CuO and y-In,Ses/CuO films.

It is worth noting that in this part of thechapter , whilethe measured
transmittance (T%) and reflectance (R%) spectra will be presented as functions of
incident light wavelength (1), the absorption coefficient spectra will be presented as
function of incident photon energy (E). The reason for this way of presentation is the
fact that both of T% and R% are determined geometrically by measuring the transmitted
or reflected intensity of light which results from light spectrum of wavelengths passing
through a grating slit system (exhibiting space divisions in nanometers). The calculation
method of the absorption coefficient is reached through geometrical extraction of the
transmitted and reflected light intensities. On the other hand, because the analysis of the

calculated absorption coefficient spectra depend on the quantum mechanical derivation
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of the energy bands, which get use from the incident photon energy, the
absorption coefficient spectra will be presented as function of energy.
As complementary information, the absorption coefficients (o) was determined from the

relation [84]:

2.30264
o@=—— (4.4)

Where d is thickness. Absorption coefficient (o) represent foundation to design
optoelectronic devices. The relation between the absorption coefficient (o) and the
incident photon energy (E) is represented in figure 4.6. It is clearly observed that the

absorption coefficient values are very similar to that of previously described absorbance.

12
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« (10* Cm™)
[=]
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Figure 4.6: The absorption coefficient (o) as a function of photon energy in the range of
1.0-4.0eV.
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The calculated absorption coefficient (a) is used to get information about the changes in
the energy band gap of the studied materials. To find the energy band gap, the Tauc's

relation is employed [44, 85]. It take the form:

(aE)Y? « (E — Ey) (4.5)

Where E is the photon energy and p takes values of 1/2, 2, 3 or 3/2. Touc's plots (a E)**

with E to get the Eg4 from the intercept of the E-axis in the linear region of (aE)Y/? — E
variation. To apply this relation we plot (aE)?, (aE)*2, (aE)® and (aE)*® versus E as
shown in figure 4.7. To find the energy band gap, we choose the power or the value of p
that gives most linear fit which pass through widest range of data, and when we look to
figure 4.7 we find that the most linearity at p equal 2.The values of energy band gap (Eg)

which are calculated with the help of Fig. 4.8, are displayed in table 4.2.

In one of the published works, the value of Eg4 for y-In,Se; is reported to be 1.55 eV [86],
in another work, the value of Eq4 was 1.92 eV [87]. Literature data also reported a value
of 2.1 eV [88] for y-In,Se; The latter one coincides with the value we determined as 2.1
eV in this work. This difference in energy band gap values form one work to another
maybe due to defects, and degree of crystallization.. In addition; the incomplete bonds at

the interfaces of the heterojunction leads to change in energy band gap [89].
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Figure 4.8: The values of energy band gap for y-In,Ses, CuO and y-In,Se3/CuO films.

In an attempt to observe the presence of energy band tails or interband transition in the y-

In,Ses, CuO and y-In,Se; /CuO we have used the equation:

a = agexp (—) (4.6)

Where plotting In (a) versus E, we find that the intercept is In (ag) and the slope is 1/E¢

from equation (4.6).



73

10.4
CuO
o M
10
9.8 -
5
= 9.6 4 In,Se,/Cu0O
E
9.4
9.2 4
° ¥ !
In,Se,
8.8 r r r r T
1 1.1 1.2 1.3 1.4 1.5 1.6

E (eV)

Figure 4.9: The values of energy band tail for y-In,Sez, CuO and y-1n,Ses/CuO films.

It is clear from the calculated values of energy band tails which are shown in Table 4.2
that Ee is larger than the band gap of y-In,Ses and band gap of CuO. This indicates that
there is no band tails in these two materials and the observed decay in a value in the
incident photon energy range (1.1-1.6) eV, may be due to the presence of second energy
band gap in the materials. However, the interface exhibit E. values less than Eg4 indicating
that there may exist some band tails in interface boundaries. The presence of band tails at
the interface or in the depletion region of the heterojunction could have resulted from the

bond formation Cu-Se and In-O at the junction surface.
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Table 4.2: Energy band gap and energy band tail values for the heterojunctions.

Sample Eq (eV) Ee (eV)
y-In;Se; 2.1 7.68*
CuO 1.1 1.80*
v-1n,Ses/CuO 1.8 0.75

*Cannot be assigned as band tail. Probably they represent secondary band gap

The optical picture becomes clearer for the y-In,Ses/CuO through the calculation of

energy band offsets. . The conduction (E.) and valance (E,) bands offsets of this structure

are [90]:

AE. = qXinse — 9Xcuo (4.7)
AEy = |Eganse) = Eg(cuol (4.8)
AE, = |AE, — AE,| (4.9)

Where qy is the electron affinity. It exhibit values of is 4.07 eV [91] and 4.60 eV [92],
for CuO and InSe, respectively. The energy band gap value for CuO is 1.35 eV [91] and
for InSe is 1.45 eV [93]. From these data, theAE_is equal 0.53 eV, AEis 0.1 eV and AE,
is 0.43 eV.The band offset leads to quantum confinement. The quantum confinement
affects the electron-hole recombination rates [94] as well as emission mechanisms [95].
The difference between the theoretical and the experimental data of the valance band
offsets can be assigned to the low crystal symmetry, large lattice mismatch, different

particle size and different strain values [96].
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To expand the possible application of this structure dielectric properties are investigated.

To determine the effective dielectric constant (sefr) We used the equation [97]:

R = (‘/eeff - 1)2 + kz
(1/86ff + 1)2 + k2

(4.10)

eff Nas an equation in two terms the first term is the real part (=) and the second term is

imaginary part (sim)[98,99]:
87’ = Eeff — k? (411)

L

The components of the effective dielectric constant are
Seff = & + igim (413)

Where both terms are given in terms of extinction coefficient (k), with:
al
k —

= (4.14)

The spectra of real and imaginary parts of the dielectric constant are shown in figure 4.10
and figure 4.11, respectively. From figure 4.10, in the frequency domain of (270-500)
THz the real part of the dielectric constant for y-In,Se; slightly decreases with increasing
incident light frequency F. In the higher frequency domain, &, increases with increasing F
till a value of 4 is reached at 669 THz. After this frequency the &, remain constant with
the minimum value of 3.5. Similarly, for the CuO, &, increases with increasing F
reaching a value 7.5 at 416 THz. For higher frequency values, s, decreases till 850THz is
arrived where it then remain constant. When we look to y-1n,Ses/CuQO curve we find it

exhibit mediatevalues between those of y-In,Sesand CuO.
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Figure 4.10: The real dielectric constant for y-In,Ses, CuO and y-1n,Ses/CuO films in the
range of 300-1000 THz.

On the other hand, the imaginary part of dielectric constant is shown in figure 4.11. When
we look at this figure we find that the maximum value of &;,,for y-In,Se; to be ~1.1 at
974 THz, and the minimum value 0.4 at 1000THz for CuO, but when we formed the

heterojunction y-In,Ses/CuO theg;,,,has a mediate value ~0.8 at 986 THz.

The imaginary part of dielectric constant is modeled by Drude-Lorentz model which

connected with incident the light frequency by the relation [48]:

k

e = Z Wpei® (4.15)
m (w3 — ©2)? + w?Ti™2) '

i=1
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Where k is the number of possible linear oscillators. In this experiment k = 4 .t is the
electron scattering time,ae is the resonant frequency,wpe is the Plasmon frequency given

by the relation:

4mne?
pe = |— (2.16)

Where n is the density of free electrons, the modeling also allow determining the values

of drift mobility (u) through the relation,

S 417
p=— (4.17)

To find =i, we need to find the effective mass of y-In,Sez, CuO and y-In,Se3-CuO where
the effective mass (m’) is equal:

m =( (Me(InSe))™*+(m(Cu0))™) *for y-In,Ses-CuO

m =( (Me(InSe)) ™) for y-1n,Ses

m = ((m (Cu0))™)*for Cuo

Here m, of InSe , InSe/CuO and m of CuO are 0.156m, [100], 0.056 m, and 0.089m,
[101] respectively. In addition, the values of T, we, wpe, N and p are found with the help
of equation (4.13). The values are tabulated in table (4.3). The correlation between the

theoretical and experimental solutions can be observed from the colored plotting in figure

4.11.

The tabulated data show the presence of resistive force as the damping coefficient

y = v~ for y-In,Ses is 1.0 (fs) and for CuO is 1.67 (fs) , the interface is dominated by
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that of CuO. The higher damping coefficient in CuO is assigned to amorphous nature of
films. The amorphous films have random grain distribution which make the electronic
motion hard. Reasons of damping are the collision of carriers with impurities, phonons

and other carriers [99].

It is also seen that, the free carrier density fory-In,Ses are 9x10*" cm™ and for CuO it is
7.5x10*® cm™when they wave interfaced, the density reduced to 2.0x10*". The reason
beyond these decrement is the recombination at the interface between the n-type and p-

type materials.

1.2

300 400 500 600 700 800 900 1000
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Figure 4.11: The imaginary dielectric constant for y-In,Ses, CuO and y-In,Ses/CuO films
in the range of 300-1000 THz.
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Table 4.3: The fitting parameters of Drude model for the y-In,Ses, CuO and y-In,Ses/CuO heterojunctions.

v-1n,Ses CuO v-In,Se3 CuO
'.rirr,*‘,.f’:rirr,ﬂr 0.156 0.089 0.056
7,(fs) 1.00 0.70 0.60 0.60 0.60 025 0.20 0.20 0.60 050 0.30 0.20
n(x10"”cm®  9.00 250 100 370 750 100 100 100 200 500 59.0 75.0
wei(X10"°Hz) 150 2.00 4.70 5.95 240 530 7.00 9.00 250 5.40 550 6.90
wpei (GHZ) 143 238 4.76 9.15 545 6.30 6.30 6.30 355 561 610 6.88

u(em?/Vs) 112 7.88 6.76 6.76 118 5.03 395 3.9 188 156 6.27 941




80

Table 4.3 shows that the scattering time at femto second level for CuO is shorter than that
of y-In,Ses. The scattering time depends on the crystalline nature and number of free
carriers in the materials. The shorter the scattering time, the larger the electronic friction
in the material. Since in accordance with the tabulated data the free carrier density in
CuO is much larger than in y-In,Ses , then the interface is strongly affected by the this
large amount. However, due to the pn junction formation, some of the free holes
recombine with electrons at the interface to form the depletion layer in the junction and
others are not able to be screened due to the quantum confinement and lattice
mismatches. The amorphous nature of CuO is a main reason for the short scattering time
that resulted in this degree of freedom for charge carrier motion. The scattering time
strongly affects the drift mobilities of the materials. As seen from the figure forming the
heterojunction increased the drift mobility from 11.2 and 11.8 to 18.8 cm%Vs upon
interfacing. This value of drift mobility is large enough to nominate the y-In,Ses/CuO

heterojunction device for use as thin film transistors.

4.3 Impedance Spectroscopy

When dealing with electrical current and its entry and exit from the material, the type of
current inside or outside the material, is an important issue that should be considered.
There are two types of current conduction mechanisms called DC and AC conductions.
The DC conduction is dominated by thermionic or variable range hopping or tunneling.
In the AC conduction, the current is given as time dependent and, thus, the lifetime of the
current maybe short. Therefore the electron cannot response to the electric field resulting

from this current. In this case, the electron either complete its motion, shake in its place
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or not to feeling the behavior of the electric field. The impedance spectroscopy is an

important tool that help exploring the AC signal processing mechanism through devices.

The hybrid device design of the Al/ CuO/C, Al/ CuO/Au, Al/y-In,Ses/C, Al/y-InySes
[Au,Al/y-In,Ses/CuO/Au and Al/y-In,Ses/CuO/C were actualized by evaporating the
materials onto Al substrates. The Al film thickness was 0.5 pum. The carbon past and

coated Au metal were used as the Schottky point contacts.
4.3.1 Conductivity Spectra

At first we will show the conductance , to understand the behavior of the conductivity as
a function of frequency, we have analyzed the electrical conductivity assuming the
domination of quantum mechanical tunneling (QMT) and correlated hopping conduction
mechanisms, which are explained in chapter two section 2.5.3. To estimate the

correlation between experimental and theory, a fitting template was designed.

To understand this model let us see figure 4.12, when we look at this graph we find that
the conductance increase with increasing frequency, where the maximum value of the
conductivity is 1.4x10° (Qcm™) at 1154 MHz and the minimum value is 2.5x10°® (Qcm™
1y at 14 MHz. This behavior of the conductivity due to the increase of frequency lead to

an increase in free carrier density and to increases the conductivity of the device [102].

Looking at the same figure, we find that it consists of two colored curves (pink and blue).
The blue colored curve represents the experimental conductivity and the pink colored

curve represents the model that has been applied to it.

All this study was based on the equation of AC conductivity for an electron undergoing

quantum mechanical tunneling in which conductivity is given by [50]:



82

4

o, w=oe’kTa™ (N(Ef))2 wRY (4.18)

tun 2 4

In this equation N(E;) is the density of localized states near the Fermi level, o is a
parameter for wave functions employed to describe the localized length of state and R,,is
the hopping distance at a particular frequency (w).R,,is given by the equation[50]:
Yp
In(2)

R, = 4.1

Where v, is the phonon frequency and equal to 6.5x10"s™ [11] for y-In,Ses, and 1.8x10"

s [11] for CuO.

The fitting of the AC conductivity (a(w) « w*) using equation (4.18) takes into account
the density of localized states near Fermi level. The optimized and fitting of the
experimental data are obtained assuming the validity of the parameter shown in table
(4.4).The increasing of conductance with increasing frequency when the value of s being
in the range from (0.5-1.0) indicates the probable phenomenon of tunneling effect in the

materials.
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Figure 4.12: The conductivity spectra for the Al/CuO/C tunneling devices.

On the other hand, for Al/CuO/ Au device, the conductivity spectral behavior which is
presented in Fig. 4.13 is different. As seen in the figure one note the conductivity
decreases with increasing frequency exhibiting low frequency conductivity value of
6.9x10° (Qcm™) at 118 MHz and the high frequency conductivity value of 3.13x10°
(Qcm™) at 1748 MHz. The reasons for this behavior of conductivity is ascribed to the

correlated barrier hopping [50].

The hopping phenomenon occurs when the conductivity decreases with increasing
frequency and the value of S less than 0.5. The AC conductivity in this case is given by
the correlated barrier hopping conduction (CBH) equation which is explained in chapter
two section (2.5.3) [50]:

o, (w) — oy (w)

4.20
1 + w?t? ( )

ocpu(w) = oy(w) +
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Where oy and o are the high and low frequency saturation conductivity, respectively,

and z is the relaxation time and given by the equation [50]:
T =10® (4.21)

Where 1, is variable having a value ranges of (10°- 107s) and ¢ is based on the

probability calculation and equal to:

{ =2aR, (4.22)

The total experimental conductivity is explained when both transport mechanisms are

taken into account [50],

1 1 1

5(@)  Toan(@)  Tepn (@)

(4.23)

0 200 400 600 800 1000 1200 1400 1600 1800

F (MHz)
Figure 4.13: The conductivity spectra for the AI/CuO/Au hopping devices.
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When we look at the conductivity curve of Al/ y-In,Ses/Au and Al/ y-In,Ses/C in figure
4.14, we note that the curves of conductivity are like the behavior of both
conductivities(tunneling and hopping).In Al/ y-In,Ses/Au the conductivity initially equal
2.9x10°(Qcm™) after that it increases with increasing frequency exhibiting value of
1.07x10® (Qcm™) and finally it decreases reaching a value of 9.03x10°(Qcm™). Also in
All y-In,Ses/C, the conductivity initially equals 4.44x10™(Qcm™) then increases to

7.46x10*(Qcm™ and decreases to 1.2x10°°(Qcm™).

®)

0 500 1000 1500 0 500 1000 1500
F (MHz) F (MHz)

Figure 4.14: The conductivity spectra for the (a) Al/ y-In,Ses/Au, (b) Al/ y-In,Ses/C
tunneling-hopping devices.

Figure 4.15, the same behavior for Al/ y-In,Ses/CuO/Au, the conductivity started in

1.02x10%(Qcm™) then increased to 7.9x10° (Qcm™) and finally decreased to become
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6.1x10° (Qcm™). For Al/ y-In,Ses/CuO/C the conductivity started in 4.1x10™*(Qcm™)

then increased to 5.6x10*(Qcm™) and finally decreased to become 3.15x10°(Qcm™).
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Figure 4.15: The conductivity spectra for the (a) Al/ y-In,Ses/CuO/Au, (b) All y-
In,Ses/CuO/C tunneling-hopping devices.

The fitting parameters that produce the experimental conductivity are displayed in table
4.4. In accordance with the table, the value of N(Ey) for Al/ y-In,Ses/ Au is less than the
value for Al/ y-In,Ses/ C, the same behavior for Al/ CuO/Au and Al/ CuO/C,
respectively, but when we look at Al/ y-In,Ses/CuO/ Au and Al/ y-In,Ses/CuO/ C we note
that both samples have the same value of N (Ef). The same observation apply for T,
c,.(H) and o,.(L) where the values for each one vary by type of contact point for each
device structure. Such behavior is assigned to different work functions of Au and Carbon.

The work function of Au is 5.34 eV while that of Carbon is 5.1 eV. In addition, the Au
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metal with the electronic configuration can reach higher orbital's in CuO or in y-In,Se;
leading to orbital overlapping and hence it causes strong bonding and less localization in
density of states N(Ef). When the heterojunction is formed, the depletion region at the vy-
In,Ses/CuO interface becomes more important due to the complex crystalline- amorphous
interface. For this reason N(E;) remain constant and are extremely high compared to not

interfaced materials.



88

Table 4.4: The fitting parameters of conductance model for the Al/ y-In,Ses/Au, Al/ y-In,Ses/C, Al/ CuO/Au, Al/ CuO/C, Al/y-
In,Ses/CuO/Au and Al/y-In,Ses/CuO/C  heterojunctions. . .

Al/ y-Iny,Ses/ Au - Al/ y-InSes/ C - AlI/CuO/Au  Al/CuO/C  Al/ y-In,Ses/CuO/Au Al/ y-1n,Se;/CuO/C

S 0.54 0.54 0.54 0.54 0.54 0.54

N(Ef) x10%° (ev-iem™3) 6.50 20.0 1.50 560 200 200
T x 107°(s) 3.90 2.80 6.00 10.0 9.70 2.70

6,c(H) X 1073(Q2cm) ™1 9.60 0.10 4.00 - 27.9 0.12

6..(L) x 10~*(Q2cm) 1 12.0 7.40 0.80 - 80.0 0.05
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4.3.2 Capacitance Spectra

The results of the capacitance spectra discussed in this section relate to measurements of

series connections. The connections of the RLC circuit was discussed in section 3.3.3.

As seen from figure 4.16, For Al/CuO/Au device, we note that the capacitance started
from the negative value -208 nF , then it increased to -3.15 nF at 86 MHz and after this
value of frequency the capacitance is mostly remain constant in all the spectra range. The
reasons for the negative capacitances was previously assigned to the non-equilibrium
interfacial states which force electron conduction by hopping from interfacial to the bulk
states, and is also attributed to the existence of the deep and shallow trap states at the two

interfaces [50].

In order to give the complete picture of the capacitance and the discontinuity in the
values of capacitance spectra, we have analyzed the electrical capacitance through
assuming the domination of the Ershov model that take into account the monotonic
variations in the transient currents. The model is explained in chapter two section (2.5.4)
[50]. It can be summarized by the relation,

nTn apTy

C(w) = Cy + —
U1+ (0 — wp)?73 1+ (a)—wp)ztzz,

(4.24)

Where Co is the static capacitance, a, and ayare the parameters, w, and wpare the
Plasmon frequencies for n-type material (y-In,Ses) and p-type material (CuO and v-
In,Se3/CuO), respectively, and 74,7, and 7, are the respective relaxation times and
assumed to be equal. In this section, we will talk about two solutions: the first one when

the parametersa,, and a,are variables and the other solution when they are assumed to
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exhibit a value of one. On the other hand, when the capacitance spectra of Al/ y-
In,Ses/Au and Al/ y-In,Ses/C which are shown in figure 4.17 are considered, we see that
the capacitance in both figures is nearly following the same behavior but with different
values. For Al/ y-In,Ses/Au the capacitance started from the positive value and equal 10.3
nF, then, the capacitance increasing sharply with frequency 66.2 nF and directly
decreasing with frequency to become -35.5 nF, after that the capacitance increases to
reach -0.852 nF at 299 MHz, and the final behavior mostly remain constant to reach 1800
MHz . The behavior of Al/ y-In,Ses/C is the same but the first value of capacitance is
equal to 10.6 nF. The capacitance increases to 14.6 nF, then it will decrease to become -
23.6 nF, and thereafter it increases to -0.701 nF at 211 MHz. Above 211 MJZ, the
capacitance remains constant in all the studied range. This decline and rise in the values
of capacitance which forms top and bottom (or peak) called resonance and anti-resonance

phenomena.

The resonance is established when all the circuit parameters (L, R and C) are balanced
and working in equal harmony. In that state, the efficiency of the circuit is very high and
very little power is needed to get sustain oscillation at its given frequency. In resonance
the current flows freely in the loop and builds to a large quantity, very sharp, high Q and
narrow resonances. Thus, the capacitance is very high and changes from negative to
positive [103].In anti-resonance case, the circuit parameters are not balanced. In that
state, the efficiency of the circuit is very low and very high power is needed to get sustain
oscillation at its given frequency. In the anti-resonance case, the little current flows in the
loop and builds to a low quantity, very sharp, low Q and narrow resonances, so the

capacitance is very low and changes from positive to negative [103].
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Figure 4.16: The capacitance spectra for the Al/CuO/Au devices.
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Figure 4.17: The capacitance spectra for the (a) Al/y-In,Ses/Au and (b) Al/y-In,Ses/C

devices.
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In addition, the Al/y-In,Ses/CuO/Au and Al/y-In,Ses/CuO/C, have the same behavior of
capacitance spectra. For Al/y-In,Ses/CuO/Au, the capacitance spectra which are shown in
figure 4.18 reveal a resonance profile in the frequency domain of 110-126MHz, and an
anti-resonance profile in the frequency domain of 127-131MHz. For Al/y-In,Se3/CuO/C,
the capacitance spectra exhibit a resonance profile in the frequency domain of 7-29MHz,

and reveal an anti-resonance profile in the frequency domain of 216-221MHz.
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Figure 4.18: The capacitance spectra for the (a) Al/ y-In,Ses/CuO/Au and (b) Ally-
In,Ses/CuO/C devices.
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Assuming that a,, and a,in Eqn. 4.24 are fixed and equals one, the experimental data are
reproduced through substituting the fitting parameters which are shown in Table 4.5 and
Table 4.6. The behavior of capacitance appears to be insensitive to the a, and a,
parameters. Alternatively, the solution was also obtained assuming their variety. The
reproduced experimental data were obtained by the help of the tabulated data. In
accordance with the table, the value of 7 for Al/ y-In,Ses/ Au is greater than that for Al/ y-
In,Ses/ C, the same behavior for Al/ y-In,Sez/CuO/Au and  Al/ y-In,Ses/CuO/ C,
respectively. When we look at the values of w, we note that nearly all samples have the
same value. For w, the values for Al/ y-In,Ses/ Au and Al/ y-In,Ses/ C are close but the
values for Al/ y-In,Ses/CuO/Au and Al/ y-In,Ses/CuO/ C are different. The difference in
the parameters for the same sample can be assigned to the difference in the work function

of contact point (Au and C).

Physically, the above mentioned model can explained as follows. The capacitance is
directly proportional to the dielectric constant. The dielectric constant represent the
degree of polarization. When an alternating electric field is incident into the material, the
electric dipoles oscillate in response to that field. When the frequency of the dipoles is
larger than the AC signal frequency, the dielectric constant is in the static mode and no
capacitance change can be observed. As the dipole frequency become close to signal
frequency, all dipoles start responding to the alternating current signal. At particular
signal frequency (w) equal to that of the materials dipole frequency (wyor wy) all
dipoles oscillate with the field and no free charge can be observed. In this case, the
capacitance should reach very high values (infinity). When the value of w become much

larger than that of the dipole, the dielectric constant (capacitance) decrease reaching a
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constant frequency independent value and start not feeling the signal’s frequency. This
phenomena is known as typical resonance phenomena. However, because our
heterojunction is composed of two materials that contains two opposite type of charges,
the point of discontinuity in the capacitance appears when the signal frequency (w)
exhibit values close to both of wyand w,, . Particularly, while one material has all
positive charges being completely polarized, the other one of negative charge is also
completely polarized. Such condition forces no charge to move between the two layers

causing the appearance of the discontinuity in the capacitance.
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Table 4.5: The fitting parameters of capacitance model for the first solution (a, and a, are valuable) for the Al/ y-In,Ses/Au, Al/ y-
In,Ses/C, Al/ CuO/Au, Al/y-In,Sez/CuO/Au and Al/y-In,Ses/CuO/C heterojunctions.

Al/ y-In,Ses/ Au  Al/ y-InSes/ C - AI/CuO/Au  Al/ y-1n,Ses/CuO/Au Ally-IngSes/CuO/C

To = Tp, = T,(x10785s) 10 6.80 2.0 10.0 4.00
w, (x108Hz) 7.3 7.00 75 7.50 1.00

w, (x108Hz) 8.5 8.00 1.0 8.00 13.0

a, 0.70 0.23 0.30 0.65 0.54

0.40 0.40 10 0.10 0.20
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Table 4.6: The fitting parameters of capacitance model for the second solution ( a,,a, are fixed and equal 1) for the Al/ y-
In,Ses/Au, Al/ y-In,Ses/C, Al/ CuO/Au, Al/y-In,Ses/CuO/Au and Al/y-In,Ses/CuO/C heterojunctions.

Al/ y-In,Ses/ Au - Al/ y-In,Ses/C Al/CuO/Au Al/y-In,Ses/CuO/Au Al y-In,Ses/CuO/C

Ty = Tp = T,(x10755) 7.00 2.00 90.0 6.00 2.10
w, (x108Hz) 7.30 7.50 0.17 7.50 1.00

w, (x10®Hz) 8.50 8.80 1.50 8.20 14.0
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4.4 Current Conduction Mechanism

The geometrical design of the Al/y-In,Ses/CuO/Au diode is shown in the inset of
figure 4.19. The current voltage characteristic curve which was recorded with the help
of a Keithley characterization system is displayed in figure 3.11. As can be seen from
figure 4.19, for an applied forward voltage we note that the current jumped in two
places, from low level current injection "off" mode to high level current injection "on"
mode. At 0.123 volt and the current ratio "on/off" of this jump is equal to 15.8, and
the second jump at 0.146 volt and the current ratio is 1.55. When voltage is reversed

the reverse current tend to remain constant or slightly increase with decreasing

voltage.
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Figure 4.19: The current voltage characteristics for Al/y-In,Ses/CuO/Au diode.

To explore the current conduction mechanism of the I-V characteristics, the
theoretical approaches given in chapter two were employed. Particularly, the In (1)
versus In (V) plots which are shown in figure 4.20 indicating the effect of Richardson

Schottky conduction which means that the current conduct through the thermionic
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emission of charged particles over the barrier height of the diode. Figure 4.20 (a) and
(b) shows the linear relationship between the current and voltage in the forward and

reverse injection direction, respectively.
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Figure 4.20: The relation between (a) In (Is) vs In(Vs) and (b) In(l;) vs In(V,) for Ally-
In,Ses/CuO/Au diode.

The Richardson Schottky mechanism takes the form [104, 105] :

I = AA™T?VY ed%P/KT (4.25)
TNz (VY
) q )2
_ i 4.26
Pp Do n (47-[6081' <\/W) ( )

Here, q is the electron charge, V is the applied voltage, 1) is the ideality factor, T is the
temperature (300 K in our case),K is the Boltzmann’s constant, A**=120 m*, A is the
area (0.0183cm? ) and m~ is an effective mass of v-In,Se3/CuO and equals to

0.056mo. With 1) being identity factors, [ and yare integers, &, is the permittivity of
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free space, =, is the optical dielectric constant and equal 3.428 (Fig. 4.10 ) for y-

In,Ses-CuO, w is the depletion width and ¢, is the on biased Schottky barrier height.

The relation between In(l) and V*? in figure 4.21 ((a) and (b)) is investigated to
determine the value of depletion width for the crystal (w) and the value of energy

barrier height to the electron flow ¢, by equation (4.27).

When we plot In (I) versus the square root of V, we got a direct relation. For

Richardson Schottky n, 1) =1 and y =0 so that:

I 12 (\V
() = g () (L (427
AA*°T? kT kT \4mee, w

From (4.27) relation we find that the intercept is equal to kq—T<pO, and the slope is equal

1/2
to —i( e ) (L) . From these relations we determine the value of the
kT \4meqe, Vw

Schottky barrier height from intercept and the depletion width from slope.

From figure 4.21 (a) the values of depletion width (w) is 5.96x10” cm and the energy
barrier height (¢, ) is 0.307eV. For the reverse part (b), the values of (w) and (¢,) are
equal to 9.95x10”" cm and 0.285eV, respectively. The value means that the electrons
will always need an energy greater than 0.307 eV during forward biasing, and greater
than 0.285 during reverse biasing to be able to overcome the energy barrier height
through the Electric Field Assisted (Tunneling). The barrier height obtained through
foreword biasing is larger than reverse biasing probably due to the electronic

transform from amorphous to polycrystalline.
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Figure 4.21: The relation between (a) In (I5) vs V&2 and (b) In(l,) vs V,*? for Ally-
In,Ses/CuO/Au diode.

When carbon is used as a contact point for y-In,Ses/CuO crystal to become Al/y-
In,Ses/CuO/C diode, we find that the 1-V characteristics for this diode are shown in
figure 4.22. For an applied forward voltage we note that the current jumped in one
place only at applied voltage 0.13 volt, and the current ratio of this jump is equal to 6.

When voltage is reversed the reverse current slightly increases with decreasing

voltage.
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Figure 4.22: The current voltage characteristics for Al/y-In,Ses/CuO/C diode.

To explain the values of (w and ¢,) for this diode, we repeated the analysis as in
figure 4.23, for the forward bias the depletion width is 5.58x10°cm and the energy
barrier height is found to be 0.158eV. However, for the reverse biasing condition, the
values of w and ¢, are 5.57x10°cm and 0.238eV, respectively. These values means
that the electrons will always need an energy value greater than 0.158 eV in forward
and greater than 0.238 in reverse to be able to overcome the energy barrier height

through the electric field assisted (Tunneling).

Comparing these results for energy barrier height with others experiments, we find
that the values for energy barrier height for InSe/CdGa,Se, is equal 0.75 eV [106], for
Au/InSeis 0.76 eV [107], for Al/InSe/C is 0.53 eV [105], and equal to 0.78 eV for
Al/InSe/BN/Ag [108]. On the other hand, to compare the value of depletion width in
our experiment with other experiments we find that the values of depletion width for

Al/InSe/C is 64 nm [102], and for InAs/InSe layer is 694 nm [109].
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Figure 4.23: The relation between (a) In (If) vs V¢** and (b) In(l,) vs V,** for Ally-
In,Ses/CuO/C diode.

The values of the depletion width and energy barrier height give us impression of
having electric field assisted DC tunneling mechanism and it is the same mechanism

which was seen in AC impedance, and they are complementary physics and not new.

The device is Schottky/pn/Schottky, so it is important to draw the energy band
diagram for the device. For glass, Al/y-In,Ses/CuO/(Au,C) interface, the band gap
was estimated using equation (4.8). In accordance of the data in table 4.7, the
conduction band offset for glass, Al/y-In,Ses/CuO/(Au,C) is calculated by using

equation (4.7). Eventually, for the valance band offset, equation (4.9) was used.



103

Table 4.7: The calculated band gap, conduction and valance band discontinuity for vy-
In,Ses/CuO heterojunction.

AEg (eV) AEc (eV) AEv (eV)

v-1n,Sez-CuO 1.00 0.47 0.53

To draw the band diagram of y-In,Ses/CuO heterojunction is displayed in figure 4.24,
we need to define the energy band gap for In,Seswhich is experimentally found to be
2.1 eV and for CuO is 1.1 eV. The electron affinity of In,Se; and CuO are 3.6 eV
[110] and 4.07 eV [91], respectively. Also the work function for In,Se; and CuO are
4.35 eV [111] and 5.13 eV [112], and for Au and Al are 5.34 eV [113] and 4.23 eV

[114], respectively.

The measurement of valance band edge shift for the mentioned samples, which are
shown in figure 4.24. The valance band splitting value for the studied samples are

large enough to nominate the interface for use as thin film transistors.
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Chapter Five

Conclusions

In this work a new class of InSe and CuO based devices are produced and
characterized. This device has been formed to study several aims. At first, CuO has
been evaporated on InSe to form InSe/CuQ. After studying the characteristics of this
film and because this film has amorphous structure it was redeposited at 250 C° to
obtain polycrystalline phase. As a result of hot substrate y-In,Se; was formed. For y-
In,Ses/CuO device we studied the structural, optical and electrical properties
represented by crystalline nature, grain size, strain, dislocation density and, optical
absorption, energy band gaps and tails as well as conductivity, capacitance and
current-voltage characteristics. The structural analysis for the y-In,Ses/CuO interface
revealed hexagonal structure with lattice parameters of values of a= 4.007 A° and c=
18.90A°, Stacking Faults (SF) of values of 1.99x10%and dislocation density of
5=6.81X10™ (line/cm?). On the other hand, the optical analysis revealed energy band
gap value of 1.80 eV and valence and conduction band offsets of values of 0.23 and
0.77 eV, respectively. The electrical properties for this device was studied after
depositing Au and C as contact points to form Al/ y-In,Ses/CuO/Au, Al y-
In,Ses/CuO/C, Ally-In,Ses/Au, Ally-In,Ses/C, Al/ CuO/Au and Al/CuO/C device
structures. Generally, the AC current conduction in the devices was dominated by
conductance the quantum mechanical tunneling and correlated barrier hopping. It was
also observed that DC current conduction mechanism are dominated by the
Richardson Schottky mechanism. The main transport mechanism of these devices
were dominated by the electric field assisted thermionic emission of charge carriers

through a depletion width ~ 5.58x10°cm and an energy barrier height ~ 0.238 eV.



106

The results of the electrical analysis of the device nominate it for use as wide
spectrum photo detectors, microwave and light signal resonators at the same time and
the devices are also expected to behave as a typical transistor that carries the

traditional duties of the transistors.

Even though many of the characteristics were clearly investigated, still the “on/oft”
current ratio need to be improved to make this type of devices more effective. One
other major problem we faced is the amorphous nature of the oxide layer. Still efforts
must be spent to convert the CuO to polycrystalline phase. This will tack the material

to a single phase and will unify its optoelectronic behavior.
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