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Abstract

In this thesis, we attempted to improve the optical and dielectric performance of InSe thin
films through doping of copper into the structure of InSe. The InSe thin films which are
prepared by the thermal evaporation technique under vacuum pressure of 10”> mbar onto
glss substrates were structurally and optically characterized by means of X-ray diffraction
and optical spectrophotometry techniques. The doping content in the films was scanned by
the energy dispersive spectroscopy technique. Undoped and Cu-doped InSe thin films with
doping content of 1.5 at% and 3.0 at% were studied and analyzed. The EDX analyses has
shown that while the formed fims preferred the InSe monophase in the presence of Cu
In3oSeyo is preffered. It was observed that at this level of doping the amorphous nature of
the films is not altered. However, the optical transitions which revealed energy band gap
values of 1.38 eV for the undoped films is charged from indirect to direct type upon doping.
The doping of 3.0 at% increased the value of energy band gap by 29% and decreased the
width of the energy band in InSe by 76% mndicating better optical performance. In addition,
the doping with 1.5 % improves both of the dielctric and conduction properties. The
dielectric constant at resonance energy increased from 12 to 15 and the drift mobility

increased from 45 to 55 cm?/Vs upon doping.
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Chapter One
Introduction and Literature Review

InSe thin fims are one of the famous research materials as it plays role in many
technological applications. The materials itself is photovoltaic and exhibit energy band gap
of ~1.4 eV. It has been widely used in the fabrication of microwave sensors [1], as a multi-
level switching phase change nano-pillar device [2] and as ultrathin and flexible
optoelectronic device [3]. It was demonstrated that nano-layers of InSe photodetectors,
designed on rigid SiO,/Si substrate and on flexible polyethylene terephthalate (PET) films,
are capable of conducting broadband photodetection from the visible to near-infrared
region (450-785 nm) with photoresponsivities of 12.3 AW™' at 450 nm (on SiO2/Si) and
3.9 AW at 633 nm (on PET) [3]. In addition, InSe is reported to follow the footsteps of
graphine in displaying pronounced potential for the production of ultrathin optoelectronic

devices [4].

Nanostructured InSe thin films are obtainable by the thermal evaporation technique
under a vacuum pressure of 107 Pa [5]. They are also reported to be prepared by
using metal-organic chemical-vapor depositon (MOCVD) [6] and by the electron
beam evaporation techniques [7]. One of the most important troubles that the InSe
nano-layer based devices suffers from is the amorphous nature of its as grown type,
the very low density of free carrier concentration, the ability of the energy band gap
tuning [8] and the surface roughness of the films. All these parameters lower the
effectiveness of the InSe based devices. The carriers available for conduction in these

devices are relatively low. Such property makes the current values low and lead to
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high biasng voltages. These optoelectronic devices can then work in passive mode
only. In addition, the energy band gap tuning helps in extending the absorption region
of the InSe to wider range of visble and IR light spectrum. Several trails have been
carried out to overcome these problems. As for example, quantum confinement on
InSe nanosheets allowed tuning the energy band gap in the range of 1.20-1.47 eV [8],
post annealing at 150-200 °C improved the crystalline and photovoltaic properties of
the films [9], Doping with Gd, Ho and Dy highly affected the recombination centers
in the InSe material [10], Cd doping alters the photoconductivity and Ilattice
parameters of the hexagonal InSe thin films [11] and  hydrogen implantation

drastically lowered the energy band gap from 1.5to 0.97 eV [12].

The copper ionic radius (Cu)*is 0.53°A which is larger than that of Se (0.50 °A) and
that of Indium (0.94°A). The crystal structure of Cu is monoclinic while that of Se
and indium are hexagonal and teﬁ*agona], respectively. Thus, the doping of InSe with
Cu which is studied here in this thesis for the first time is expected to derive a new
features based on these structural types. It is expected to create new impurity level
and alter the band structure of InSe. As supportive example, the optical absorption
coefficient for thermally deposited and heat treated Cd-doped InSe films i the
spectral range of 0.8 to 1.8 eV is affected by Cd impurities. For these samples, one
observes a defect-induced tail at the lowest photon energies, a roughly exponential
behavior of the absorption edge at intermediate energies, and a power law

dependence at the highest energies [13].
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In this thesis, we will discuss the Cu doping effects on the structural and optical
properties of InSe. Light doping process will be actualized so that degeneracy effects
are prevented. In the second chapter of this thesis, the theoretical background needed
to easify the understanding of the results is mentioned and discussed. In the third
chapter, the instruments used for carrying out the experiments are shown. The
working principles of these units are also reported. In addition, the fourth chapter
discusses the main results and the related discussions that explains the effect of
copper doping on the properties of InSe. In the final chapter, the concluding remarks

are reported.
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Chapter Two
Theoretical Background

2.1 X-ray Diffraction Technique

X-ray diffraction (XRD) is a powerful technique for characterizing crystalline materials, It
provides information about structures, phases, preferred crystal orientations, and structural
parameters. For example, average grain size, crystallinity, strain, and crystal defects. X-ray
diffraction peaks are produced by constructive interference of a monochromatic beam of X-
rays scattered at specific angles from each set of lattice planes in a sample. The distribution
of atoms determines the peak intensities within the lattice. As a result, the X-ray diffraction
pattern is the imprint of periodic atomic arrangements in a material. The technique of X-ray
difftaction pertaining to the fields of pharmaceuticals, forensic science, geological
applications, microelectronics, and glass manufacturing, as well as in corrosion analysis

[14].

X-ray diffraction technique is used to obtain structure of crystalline materials under various
conditions like temperature, pressure, electric and magnetic field [15]. From the intensive
peaks we determine positioning the unit cell dimensions. This process is called indexing.

Miller indices (hkl) are necessary to be assigned for each peak to index [16].

Twisted layers resemble crystal lattices, which under certain circumstances are able to lead
to a phenomenon known as Bragg’s diffraction. This diffraction occurs when radiation
having a wavelength comparable to successive crystallographic planes is scattered by

different lattice planes that remain separated by the o interplanar distance. Therefore,



5@

depending on the wavelength of the incident wave (A), these scattered waves are able to
mterfere constructively according to the Bragg’s law:

mA = 2dsiné 2.1

Where A wavelength in nm, d a lattice spacing in nm and m is a positive integer (m = 1, 2,

K) and @ is the scattering angle [17].

! A N LY
Incident Ditfracted
beam N beam

\ 2'

@ @@ @@ @@

Fig. 2.1: Bragg's Law for X-ray diffraction [18].
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Table 2.1 The 14 lattice types in three dimension [19].

System Number of lattice Restrictions on
conventional cell axes and
angles
Triclinic 1 a|FarFas
0Py
Monoclinic 2 aj#ar#as
a=y=90"#p
Orthorhombic 4 ajFa#a;
o=p=y=90°
Tetragonal 2 aj=a)#a3
o=p=y=90°
Cubic 3 aj=az=a3
o=p=y=90°
Trigonal 1 a;=ax=as

oa=P=y<120°90

Hexagonal 1 a|=as#a3
a=p=90°
v=120°

The general lattice is triclinic, and there are 13 special lttices. These are grouped for
convenience into systems classified according to seven types of cells as illustrated in table
2.1, which are friclinic, monoclinic, orthorhombic, tetragonal, cubic, hexagonal, and
trigonal. The division into systems is expressed in table 2.1 in terms of the axial relations
that describe the cell [19]. The X-ray diffraction patterns of an amorphous material such as
a glassconsists of broaden peaks, when viewed on the plane normal to the incident X-ray

beam [19].
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2.2.1 Derivation of Tauc’s equation

The optical energy band gap and the predominant electron transition mvolved in the
absorption process can be determined by the dependence of optical absorption coefficient
on the incident photon energy. This relation is known as Tauc’s equation [20]. The

absorption coefficient spectra of the films were calculated with the help equation:

_(1-Rgiass )1 -Rrum)e™*?
T e 22
(- RgiassRritme Je

Where d is the thickness of the sample. The optical absorption coefficient (a) is calculated

using the relation [21].

__ (hw)(transition probability /volume time) 23
total intensity )

o= (flm)(:’g-.f] 24

To solve the equation, we need an expression for (P;—s) and 1. (P is quantum mechanical

transition rates from initial to final state, defined by golden rule.
2m 2
(Pimsp) =5 My |"p(h) 25

Where p (hw) is the density of final states and Mjris a matrix element describing the effect

of external perturbation which couples the initial and final states defined as:
My =—Ap 2.6

With m, the mass of free electrons, pthe electron momentum defined as P = ihVand
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A is the vector potential of the incident field and expressed as
Alr,t) = Ao(expi(k.r - cut)) 2.7

Where A, is the initial potential at =0, while the exponential is the Taylor expansion which
is ignored when A=A, in the electric dipole approximation ([k. r] term is very small ~

107%), so the interaction Hamiltonian simplifies to;
Mif = €. Ephoton 2.8

Where, r is the electron position vector measure from the center of mass of atom, e is the
electron dipole moment (pe), and €photon is the amplitude of the light wave. According to the

dipole approximation, the electric field of light waves is equal to [22]:

E

hoton: = iwA, 2.9

The interaction Hamiltonian and the wave functions of the initial (y;) and final () states

must be known in order to describe the perturbation of the system due to the light irradiance

[23].
P:(r) = Fu (e 2.10(a)
Y (1) = Zup(etrm 2.10 (b)

Where u; and ur are the envelope wave finctions for the initials and final states,
respectively, V is the volume normalization, and k; and krare the wave vectors for the initial
and final electron states, respectively. Substituting the wave functions and the perturbation

Hamiltonian into the matrix element, we get
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Mip =3 [ur@)e ™ (gp000m- €,) us (r)e™emd3r 2.11

The electric dipole moment of the transition (Mjf) caused by light is different for every
material With the interaction matrix solved, the remaining part of the quantum mechanical
transition rate is g(hw). The density of states which is equal for a parabolic band is given by

[24],

g(hw) = 2= (2—:‘—) 2 (hw) /2 2.12

Here (hw) is the energy and m* is the effective mass. The above equation evaluated at
mitial and final states to get the joint density of states. Assuming a term based on

conversation of energy which state as [25],

2
(ﬁK) 2.13

how =

Where Eg is the energy band gap and p is the reduced electron- hole mass. Thus, for Photon

energies less than hw and above hw, the density of states term is zero. So g (hw), becomes

g(hw) = 5 () * (hw - E,) "2 2.14
Now getting back to I

|E?| =

2l S

]ﬁl = “’—C A|° 2.15

§1°|"’
glo
2

Rewriting o using equation (2.3) and simplifying the equation and putting the constants into

a constant B we get:
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1
< plog) " 2.16
hew
(ahw)? = B*(fw — E,) 2.17

2.2.2 Fresnel’s equations

When an electromagnetic plane wave strikes the interfice between two media of a
dielectric with indices of refraction n; and m, both reflected and refiacted waves are

generally produced. The angles of reflected and refracted waves are expressed by snell’'s

law [26]:
n; sinf; = n, sin 6, 2.18
where n; is indices of incident beam , n, indices of transmitted beam, 6; angle of incident

beam and f,angle of transmitted beam.

2
From the Maxwell equations, a dispersion relation k? = s(%) is obtained relating the time

variation with the spatial variation of the perturbation. In general, the wave vector k and the
dielectric constant € are complex quantities, that i,k =k, — ik,and & =g, —ig,. It is

useful to define a complex index of refraction as [27]:
0 e\ _ .
Ai=k(S)=n—ik 2.19

For isotropic materials, k; and kare parallel and,

g =n? —k? 2.20(a)
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g, = 2nk 2.20(b)
With the converse equations,

n? = ~[e, + (e +£2)"/7 2.21(a)
k? = 2[—&, + (e + £1)1/?) 2.21(b)
Where kis the extinction coefficient

In order to construct relation between the measured reflectance and optical constants, we

obtain the following derivation, since At normal incidence, r = ﬁ through equation
t
(2.18),s0
=y
R=r? = (1’11—) 222
—=+1
ny
Since ni=1(air and film), then n=n; and for normal incidence conduction
Substituting equation 2.19 in R gives us
_ n?=zn+1+k? _ (n-1)%+k?
T on242n+1+kZ - (n41)24k2 2.5
Where,
-
k= - 2.24

We see that in the low frequency limit n=k and that n and k are both large we can rewrite

equation (2.23) in the form



12@

Ee 225
Then,
R(n? + k% + 2n) = (n? + k? — 2n) 2.26
(Rn? + Rk? + 2nR) = (n? + k? — 2n) 2.27
n(R—-1)+k*R-1)+2n(R+1) =0 2.28

We divide equation 2.28 by (R-1) then it becomes,

n? + k2 + ZnE =0 2.29(a)

Let 2-p SO
R-1
n?+2nD+k*=0 2.29(b)

This equation is solved to find a formula for n:

n_—zn_-tv’ 4D*—4k” 2.30(a)

2

_o(R+1 J Ritlz K2
n= Pt 4Gt 2.30(b)

2

When we look to equation (2.30) ,we find the two roots involved, these roots are squared

and separated in two solutions:

R+1 R+1.2 .2
o)+ 4 P-4k

2.31(a)




13@

g BELY., ’ 4 (Bth2_ g2
n = (R-—1) R—1 2.31(h)

2

Since n = [e -l r; Where €ory and p,.. are the effective permittivity and permeability,

respectively and for nonmagnetic material (i, ;-=7). Thereforen = [z, ..
eff eff

Wheree, ., = £, —ig;, , & and g, are the real and imaginary dielectric constant which

can be written as [28]

Eim = 2.[Eerr K 2.32(a)
ET = Eeff — kz 2-32(b)

2.3 Drude- Lorentz Model

In the generalized Drude-Lorentz model, a number of simple poles having complex weights
describe the permittivity in the complex frequency plane, which is a physically relevant and
mathematically simple approach: By construction, it respects causality represents physical
resonances of the material, and can be implemented easily in numerical simulations [24]. In
Drude-Lorentz model, a group of atoms (N,) per unit volume represent a dielectric material
distributed in a vacuum. A field of electrons surround the atoms that themselves assumed to
move in a vacuum around the atoms to which they are attached [30-].The equation of

motion that describes the electron motion is expressed as follows [31].

d%x dx 2
M=+ moY - +myw;x=-eE 2.33

Where my is the electron mass, x is the electron displacement, v is the damping coefficient,

e is the electron charge, and E is the electric field. The former equation left side involves an
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accelerating, damping, and force restored terms. On the other hand, the right side includes

the driving force term.

We transact with an incident light electric field with a frequency the electric field is time

dependent and introduce by the following equation [26]:
E (t) = Eocos(wt+ ¢) = EoRe (exp(—iwt—¢ ) 2.34

Where E, and ¢ are the electric field amplitude and the light phase, respectively. The AC

electric field brings on oscillation that have form,
X(t) = Xo Re(exp(—iwt — ¢")) 2.35

Where X, is the amplitude of the electron displacement, and ¢' is the oscillation phase. We
can substitute ¢ and ¢' into electric field and displacement amplitudes. Moreover, E, and X,

must be complex numbers. By inserting the equations of the electric field (2.34) and the
expected displacement performance (2.35) in the equation of motion (2.33),

_n,’om.’ZXoe- iml_]'rno,ywxoe- it +],nongoe-im1=_eEoe-iﬂ)t

The previous equation entails,

eEp

Xo=-——2— 2.36

wi—w?—iyw
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A time dependent dipole moment p(t) results from the frequency variant displacement
amplitude denoted in equation (2.36), participates in the resonant polarization induction.

Polarization is defined as the dipole moment per unit volume.

Presonant =Np= -NeX 2.37

2
Ne 1 oy
My w2 —w?—i

0 Wp—w?-iyw

N i the number of atoms per unit volume. Equation (2.37) illustrates that polarization
maximizes when the electric field frequency approaches ®,. This implies that the
oscillation is ignored except if the incident light frequency is consistent with the material
natural frequency ®,. Electric displacement D of a solid is polarization and electric field

dependent [31].

D=¢y E+P 2.38

As we said before, oscillations are ignored unless @ = w,. Thus, polarization can be

categorized into a resonant and non-resonant parts.

D= 8‘f)E'*'Pbackgrr.mncl +Presonant 2.39 (a)

D= g9 E+ €0} E +Presonant 2.39 (b)

Where y is the electric susceptibility. In our seeking for the imaginary dielectric constant,
the material is postulated to be isotropic. Isotropic expression proposes that the material
possesses the same characteristics in all directions, and having no preferred axes. With this

assumption, the electric displacement can be redefined as
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D=¢g,&E 2.40
Where & is the relative dielectric constant. By employing the previous equation (2.40), the
dielectric function described by the Drude-Lorentz model can used to obtain the dispersion

relation [20]:

2
£ ()TN ool |y Wpet 2.41

E{w?tiwy) S (wl—w?)+iwy;

2
Where i refer to the relative peak. wpe = ’4:::3 is the electron bounded plasma frequency.

n and m* are the free electron density and the effective mass of free electrons, respectively.
we bemng the reduced resonant frequency, and y is the damping rate. This model enables
taking advantage of semiconductors at optical frequencies and searching for a possibility of

an optical plasmon existence in that range.

This formula can be rearranged, in order to separate the real and imaginary dielectric

constants. €1 and &; are then obtained to be,

E]((D)_ IHHW) 2.42 (a)

2
£2(0)=E =) 2.42(b)

Eomg (m -co2)2+ym
By utilizing an mcoming light of frequency ®, which is compatible with the material
natural resonant frequency wp, the assumption ® = wp » y can be stated. (wf,-mz) term can

be roughly approximated to 2mpA®[32].
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Static dielectric constant £y can be clarified as the relative dielectric constant &, at @ = 0,
which designate the low frequency material permittivity in the presence of static electric

fields

2
£1(0)=gg=1+yr—5— 2.43

omgw3

The high frequency permittivity can be indicated by the relative dielectric constant at o=

0,

gr(c0)=e=1+Y 2.44

By subtracting the last two equations (2.43) and (2.44),

Ne?
Est ~Exp= 2.45
0mg w‘z,

Where i refer to the relative peak. w,, =\/W"'/m“is the electron bounded plsma
frequency, n and m* are the free electron density and the effective mass of free electrons,
respectively, we being the reduced resonant frequency, and y is the damping rate. This
model enables taking advantage of semiconductors at optical frequencies and searching for

a possibility of an optical Plasmon existence in that range.
2.4 Interbands

In a semiconductor at low frequencies, the principal electronic conduction mechanism is
associated with free carriers. A new conduction process can occur when the photon energy
increases and becomes comparable to the energy gap. A photon can excite an electron from
an occupied state in the valence band to an unoccupied state in the conduction band. In this
process the photon is absorbed, an excited electronic state is formed and a hole s left

behind [27]. Photon states can go through interband transitions, in a direct analogy to
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electronic transitions in semiconductors. Such photonic transitions have recently been
demonstrated experimentally in silicon micro-ring resonators. (We note that such a
transition is different from the adiabatic wavelength conversion processing that the

transition involves at least two photonic states [33].

Urbach’s rule During this transition process, if these electrons encounter disorder, it causes
density of their states p(hv), where hv is the photon energy, tailing into the energy gap. This
tail of p(hv) extending into the energy band gap is termed as Urbach tail. Consequently,
absorption coefficient o(hv) also tails off m an exponential manner and the energy
associated with this tail is referred to as Urbach energy and can be calculated by the

following equation:
a(hv) =aoe:qa(*;u—") 2.46

Where ao is a constant, ‘hv’ is the photon energy and Eu is the Urbach energy [34].
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Chapter Three
Experimental Details

3.1 Substrate cleaning

The glass substrates were cleaned using alcohol in order to remove dusts and contaminants
from the out surface. Then, the samples were shaked i ultrasonic media at 60 °C for 20

min. The substrates were dried and inserted into the evaporation system.
3.2 Preparation of Cu doped InSe thin films

The InSe was weighted and the copper wire of 13.5 cm lengths and 70 mg of mass was cut
to small pieces. Then the pieces of Cu and 0.15 grams of InSe were mixed with the pestle
until it forms an apparently a homogeneous mixture. The mixture was located into tungsten
boat which is already prepared for evaporation of the doped films. The boat containing

(fig3.1) powder were fixed inside a vacuum thermal evaporator prior to film deposition.

The physical vapor deposition system was used to grow the doped films. The glass
substrates were located on the metal plate 20 cm above the source (item 2). There is a
movable physical shutter control (item 3) above the evaporation source and under the
substrates. It is used to avoid the random evaporation and to ensure uniform conditions
throughout the whole duration of the deposition process. The system was closed and
allowed to evacuate the air till the vacuums pressure reaches 10 mbar. Then, the shutter
was open, the substrates and the quartz crystal monitor are exposed to the vapor. When the
shutter was closed, the grown films thicknesses were about 1.0 pum. The thicknesses of the
films were measured during evaporation by a crystal oscillator thickness monitor (item 4)
that rely on the daOmping of an oscillating quartz crystal microbalance (QCM) through

nertial loading to mOeasure frequency shifts. QCM is used as the sensor.
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Fig. 3.1: The 600 VCM evaporation system

3.3Thin Film Analysis
The x-ray difffaction, scanning electron microcopy, energy dispersive x-ray spectroscopy

and ulraviolet - visible light spectrophotometry techniques were used to characterize the

films.
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3.4 X-ray diffraction

The structure of the films can be explored using the diffraction principle of the
electromagnetic waves. By using Bragg equation to described diffraction process, in which
the Miller indices of the crystal planes, the lattice constant and crystal structure are
determined [35]. When a continuous beam of X-ray is incident on the crystal, the beam
reflected from the upper surface travels closer than the one reflected from the lower
surface. When the path difference is an integral multiples of the incident wavelength, a
constructive interference will occur satisfying Bragg's law [36]. The obtained XRD data
was carried out using Rikago Miniflex 600 diffractometer that consists of the following

parts, as shown in Fig. 3.2:

1- Source of X-ray, with a wavelength equal to 1.5405 °A.

2- Collimator, which is a device for restricting the wavelength range.

3- Holder for the films.

4- Radiation detector.

5- Signal processor.
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Fig. 3.2: Rikagu Miniflex 600 diffractometer.

3.5 Scanning Electron Microscopy (SEM) measurements

The scanning electron microscopy (SEM) with COXEM 200 instrument in our lab, is
exploited to characterize the surface morphology thin films. SEM technique involves a
focused beam of electrons in order to scan the surface of the samples based on the principle
that secondary electrons will be produced by inelastic collisions of energetic primary
electrons, which are then ejected from a sample since they are attracted to a grid under low
potential and then accelerated by a higher potential toward the detector. The field emission
gun creates the primary electrons with energy range from few keV to 50 keV. The
secondary electrons have energies lower than that of the primary electrons by a factor of
thousand. Thus, the electrons are emitted from a region that is a few angstroms from the
surface of the sample. The emitted electrons signals are used to plot an (x-y) positionng in

a form of matrix. Samples to be imaged, the beam is focused by a magnetic lens and then
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raster-scanned on a surface [37]. In particular, the SEM images with 30000 and 60000

enlargements were recorded for our samples.

Fig. 3.3: The scanning electron microscope device.
3.6 Energy-dispersive X-ray spectroscopy (EDX)

The atomic contents of the films were recorded by using an energy-dispersive x-ray
analyzer attached to the SEM system. In this technique, the composition of the sample
elements is determined depending on the X-ray generation in which a unique set of
characteristic x-ray for each element is produced and sorted depending on its energy. The
system consists of x-ray generator e,g: semiconductor, solid-state detector, electronics and
software. When the X-ray photon impinged the semiconductor, the electrons are knocked
out from the semiconductor and produce a small current. The energy of the original X-ray

can be cakulated by measuring the current. Then, revealing a spectrum of the number of X-
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rays detected at each energy. From the spectrum, the weight of each element can be
determined. In our work, regions of 6 X 6 mm’ were scanned and the ratios of In, Se, Ga

and S atoms were determined.
3.7 Optical Measurements

A thermo- scientific Evolution 300 spectrophotometer that is equipped with VeeMax II
spectrophotometer (Fig 3.4) was used to measure the optical transmittance and reflectance
of the thin films. The measurements were carried out at normal incidence of (15°) in a
wavelength range of (300-1100 nm) and scanning speed of 1200 nm/ min. The data were

collected and manipulated with Vision-I software program attached to the system.

The optical band gap, interband transitions, absorbability, dielectric spectra and optical
conductivity were determined from the transmittance T% and reflectance R%

measurements.

Fig. 3.4: The UV-VIS spectrophotometer.
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Chapter Four
Results and Discussion

4.1 SEM and compositional analysis.

The scanning electron microscopy and energy dispersive X-ray spectroscopy analysis for
the films under study were carried out using Coxem 200 equipped with EDAX unit. The
scanning electron microscopy did not reveal any resolvable morphology or structure
indicating the large degree of randomness and small crystallites. As appears in the inset of
Fig. 4.1 (a), even for large magnifications no grains or crystallites were observed. On the
other hand, the EDX spectra which is shown in Fig. 4.1 (a), (b) and (c) for the undoped and
Cu-doped indium selenide thin films reveal the existence of glass (SiO2: NayO:MgO:CaO)
and indium, selenium and copper atoms only. No other foreign impurities were detected in
the spectra. The appearance of Au peaks resulted from the surface coating to prevent
electron contaminations. The results of the EDS analysis is shown in Table 4.1 While the
undoped samples display approximately stoichiometric composition of indium selenide
with some selenium deficiency, the doped samples displayed atomic content of 1.41%
and 3.00%. The samples doped with 1.41 at. % Cu exhibit an empirical formula of the type
In3oSezo (Inp9Sezo) . For the samples doped with 3.00% Excluding the Cu content one may
fin the empirical formula In;;Segg. This form of Indium selenide which is achieved via Cu
doping was previously obtained by heating a mixture of indium and selenium in an
evacuated (5. 5x1 0°Torr) glass capsule. The temperature of the system was elevated
stepwise. In the first stage the capsule was heated at 513 K for 2 h. Then the temperature

was raised to 653 K and heating was continued for 4 h. Finally, the temperature was raised
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to 823 K and the capsule was heated for 14 h and quenched to room temperature. Bulky
In3oSe7o prepared by using this technique was observed to be of amorphous nature [38].
Optical band gap of thin film form of these samples which exhibit thickness of 250 nm is
found to be 1.42 eV. The features of this material is rarely observed in literature and only a

few articles can be found on InzpSey films [39].
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Fig. 4.1 The energy dispersive X-ray spectroscopy for (a) undoped and (b) 1.5 at. % doped and (c)
3.0 at. % cupper doped indium selenide thin films.
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sample Inat.% Seat.% Cuat% Se/In ratio
Undoped 516 484 0 0.94
Doped-1 28.93 69.66 141 241
Doped-2 31.00 66.00 3.00 2.13

4.2 Structural properties

Pure indium selenide and copper doped InSe thin films are subjected to X-ray diffraction
analysis. The X-ray diffraction patterns which are illustrated in Fig 4.2 display no intensive
peaks which indicate that the films are of amorphous nature. This result is consistent to
literature date which indicate that InSe films grown onto glass substrate at room
temperature by vacuum evaporation technique are amorphous in nature[40]. In addition,
Figd.2 also demonstrates the amorphous nature of the doped films. The appearance of the
amorphous nature may be due to the statical occupation of the indium sites by In and Se
which implies that there are In-In, In-Se and Se-Se near-neighbor correlations in the films.
This leads to the presence of more than polymorphic phases of InSe which may lead to the
random atomic distributions that on average display the amorphous nature [41]. It is also
possible to assign the amorphous nature of InSe to the existence of more than polyphase of
InSe at the same time. It is mentioned that InSe could exhibit a, B, y and & polymorphic
phases depending on the meltng temperature. For evaporation temperatures less than
500°C hexagonal o-ImSe;z is preferred [42]. Raising the temperature to 650 °C usually kads
to the appearance of B-phase of ImSe;. When the temperature exceeds 650 °C y-phase

appears [43]. When the film comprises all these phases at a time, highly disordered material
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is expected. The inability of Cu to play role i the structure maybe due fto it is low doping

level.
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Fig. 4.2 XRD pattern of InSe, InSe doped with 1.50 at% Cu and InSe doped with 3.00 at% Cu thin
films at room temperature.

4.3 Optical analysis

The spectral data of transmittance (T), reflectance (R) and the absorption coefficient (o) for
the Cu doped InSe are studied using ultra-violet visible light spectrophotometry technique.
The thickness of Cu doped InSe film is1.0 pm. As it is readable from Fig, 4.3, the InSe thin
films which are grown onto glass substrates are highly transparent in the spectral range of

500-850 nm. The transmittance spectra of InSe doped with 1.50 at% Cu films slightly
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increases until it reaches value of 37% 634 nm, after that it nearly remains constant
between (635-73 nm). In that range it increases rapidly. The transmittance spectra of InSe
doped with 3.00 at% Cu films slightly increases in the range of 500-680 nm. It then
decreases and reincreases, following the same trend of variation like that of samples doped

with 1.50 at% Cu.

100

90 -

70 -

60 4

0k . ot T T T T
300 400 500 600 700 800 800

A (nm)
Figure 4.3: The transmittance spectra for InSe, InSe doped with 1.50 at% Cu and InSe doped with
3.00 at% Cu.

On the other hand, the reflectance spectra (R) for Cu doped InSe samples, which are shown
in Fig 4.4, folows four stages of variations. Firstly, it shows wavelength independent
reflectivity of 18% in the region (300-600 nm), then it increases reaching 30% at 700 nm.
In the third region, it continues decreasing until A reaches 900nm. In the region of 900-1100

nm it reincreases. In spite of having the same thickness, both of the InSe doped with 1.50

1000
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at%o and 3.00 at% exhibit different reflectance spectra which display peaks at different
positions. The doped InSe with 1.50 at% Cu exhibits one peak, at 722 nm. The doped InSe

with 3.00 at% Cu exhibit two peaks, namely, at568 nm and 808 nm.
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Figure 4.4: The reflectance spectra for InSe, InSe doped with 1.50 at% Cu and InSe doped with
3.00 at% Cu.

In order to get additional knowledge about the optical properties of the Cu doped InSe, the
absorption coefficient spectra of the films were calculated with equation (2.2).The equation
is described in the theoretical part for absorption due to multilayer plotted as function of
incident photon energy. The relationship between the absorption coefficient (o) and the

incident photon energy (E) is illustrated in the Fig 4.5.



31@

14 - 05
— 041
121 E o3/
2 0.2+
- |
10 -
= 0.0 :
E . v
s 8 10 1.1
= E (eV)
8 g
4.
2.
0' - T T

1.0 1.5 2.0 25 3.0 3.5 4.0
E (eV)

Figure 4.5: The relation between absorption coefficient (a) and the incident photon energy in (V)
for InSe, 1.50 % Cu doped InSe and3.00% Cu doped InSe.

As it is also readable from the figure, the absorption coefficient (o) for InSe increases with
increasing incident photon energy. It is shown in the inset of the figure, that the decay in «
values for the doped samples is faster than that of undoped ones. Such behavior indicates
strong attenuation in the band tail which leads to the formation of interbands. Interbands
usually forms from inhomogeneities and high defect concentrations in addition to the
incomplete bonding at the surface [44]. The absence of the interband in the presence of Cu

should be assigned to the vacancy filling and the completeness of the bonds [45].

The ionic radius of In"is 0.94A that of Cu*? is 0.53 A [46,47]. It means that Cu™ ion can
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replace vacant sites of In*® forming CuSe bonds. These bonds are expected to occupy
places of unbonded regions. In this case, defect density decreases. Calculations of the
interband transition widths (Ee) in accordance with Urbach’s rule that are illustrated in Fig
4.6, reveal interbands of widths of 0.59, 0.13,0.14 eV for the undoped samples and sample
doped with Cu of content of 1.50 at% and 3.00%, respectively. The decrease i the
interband width is also ascribed to that completed bonding owing to the vacancy filling by
Cu in sites of In.The electronic configuration of In, Se, and Cu are, 4d'® 55%5p',3d'® 4¢%4p*,
and 4s’3d°, respectively [48,49,50], the Cu atoms with the unfiled 4d orbitals can easily
overlap with 4p orbitals of selenide atoms leading to the formation of these band tails. The
data of E. suggests that Cu atoms reduce the width of the band tail through vacancy filling

and orbital overlapping.
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Figure4.6: The In (u)-E variation for InSe, doped InSe with 1.50 at% Cu and doped InSe with 3.00
at% Cu.

To determine the energy band gap from the absorption coefficient spectra, (aE) P versus
photon energy, E, in accordance with Tauc’s equation [51], (oE) P = (E -Ey) were plotted.
The value of p determines the type of the band gap. It has four values which can be 2 for
direct allowed, 1/2 for indirect allowed, 1/3 for indirect forbidden and 2/3 for direct
forbidden electronic transtions. To know the types of band gaps for the films understudy,
the (¢EY’, (0E) ', (aE) '°, (0F) 2 were plotted versus the photon energy. The plots which
linearize the widest range of data were considered. As the ough comparing (¢E) >-E and
(aE) '”* —E plots we observed that for undoped samples and those doped with 1.50 at% Cu,
the most appropriate fitting refers to the indirect allowed transition energy band gap with

values of 1.38 and 1.50 eV, respectively. For the sample doped with 3.00 at% Cu, the
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most appropriate fitting (Fig 4.6) refer to direct allowed transition energy band gaps of

valie of 1.65 eV.

Literature data reported valuie of 1.4 eV for indirect gaps of pure InSe [52], and value of
1.5-1.6 eV direct band gap. [53] On the other hand, for H- doped InSe the direct band gap
value is reported to be 0.9 eV [54], for Cd doped InSe direct band gap value of 1.47 eV is
reported. [55] The electronic band structure of InSe is consisted of indium s -like
conduction bands(Ec) minimum and p -like valence bands(E,) maximum with the direct
band gap located at Z point of the Brillouin zone [56,57]. The representative band scheme
of the InSe near band edges is depicted in the inset of Fig 4.7for comparison. The top of Ev
of InSe is constructed by Se pz-like orbital [57] (ie., as the inset shown in Fig 4.7) whereas

the valence-band splitting may come from the Se px - and py-like states of InSe [58].



350

1800
(o] [+]
1600 -
1400 { ° 2
N 1200 - FIG | Rhombobadral Bnlkouin sonc of 1 InSe
— Q [+]
S
._I}
e 1000 -
"'g InSe
X 800 - |
w
3
=~ 600 4 o
¥ 1.50%
400 -
200 -
o L L] L] L] L
1.0 1.5 2.0 25 3.0 3.5 4.0
E{eV)
Figure 4.7: The (oE)*- E varrition for InSe, doped InSe with 1.50 at% Cu and doped InSe with 3.00
at% Cu.

In accordance to the Brilliouion zone of InSe which belog to rohombohedral space group
C3V 5SR3md. InSe exhibit direct band gap at the z point and becomes indirect if exposed

to pressure [59].Demonstrations of the band structuer of InSe is presented in the inset of

Fig 4.8.
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Figure 4.8: The («E) - E varrition for InSe, doped InSe with 1.50 at% Cu and doped InSe with
3.00 at% Cu.

The dielectric constant consists of two parts: real and imaginary. The real part of the

diekctric constant is calculated using & =g, —k? where k i the extinction
coefficient. k =% and & being the effective dielectric constant spectra &,¢p = &, + ig;,
[60,61]which are determined from the reflectance and transmittance data with the help of
Fresnel equations (2.22) that arrive at the result, where (n? = Eerr)- & Spectra are presented
in Fig 4.9. As shown from the figure, InSe shows one peaks at 1.78 eV. However, doped
InSe with 1.50 at% Cu and doped InSe with 3.00 at% Cu has peaks of values of 1.74 eV

and 1.54 eV, respectively. By comparing these values with those obtained for the band

gaps. The values of the band gap are not close to what resulted fiom the dielectric spectra.
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The band gaps for InSe, doped InSe with 1.50 at% Cu and doped InSe with 3.00 at% Cu are
1.38, 1.50 and 1.68 respectively. It means that the dielectric dispersion can’t be accounted
for direct or indirect transitions from the valance to the conduction band. It is also
observable that the doping of copper into InSe increase the value of the dielectric constant.
Particularly, while the dielectric constant show maxima of value of 12, 15 and 13.5 for
samples doped with 1.5% and 3.0% copper. The resonance peak which appears at 1.78 eV
was previously observed in InSe and assigned to the direct allowed transitions from the
valence to the conduction band of InSe at energy of 1.81 eV [62]. The peak which appeared
at 1.54 eVmay be ascribed to the transitions in B-CuS which displayed energy band gap of

1.54 eV when deposited at substrate temperature of 150 °C [63].
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Figure 4.9: The real part of the dielectric constant.
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The imaginary part of the dielectric spectra is shown in Fig 4.10. It is clear from the figure
that &im always increase with increasing photon energy reaching a maximum near 3.0 eV. It
is also evident from the figure that the higher, the doping the larger the &, value. This
behavior mostly arises from the presence of more free electrons that are associated with the

increase doping content.

To reveal information about optical signal quality, modeling of generalized Drude-Lorentz
equation for the imaginary part of the dielectric constant was made. The using of Drude —
Lorentz model assuming set of five linear oscillators was sufficient to produce the
experimental data, the influence of damping forces whose coefficients (y) are inversely
proportional to the collision times (1) of free charge as shown in the equation (2.22). is
obtained. By using the effective masses for InSe and Cu, the experimental data were
reproduced. The effective mass of InSe and Cu are 0.143m, [64] and 1.2m, [65],
respectively. The effective mass of Cu doped InSe is determined by using(m*)™! =
(Mipse) ™t + (mp,) ™t The estimated values are presented by, the collision time (t;), free
charge carriers (n;), angular frequency (w;) and the drift mobility (u=et/m) are tabulated in

table 4.2.
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Figure 4.10: The imaginary part of dielectric constants for InSe, doped InSe with 1.50 at% Cu and
doped InSe with 3.00 at% Cu. The black colored lines are fitting of the Drude —Lorentz equation.

As may be read from the table, with increasing number of oscillators (k=1,2, ..., 5), the
scattering time decrease indicating an increase i the damping coefficient valuies. This
increase is accompanied with increase in the fiee carrier density, decrease in drift mobility
and increase n the Plasmon frequency. This behavior is ascribed to the in abilty of the
oscillators or dipoles to align with the incident light signal, thus it leaves the charge carriers
free. On the other hand , for k=1 remarkable increase in the values of reduced frequancy
from 1.7x10'° Hz to 0.6x10'°Hzin the free carrier density from 5x10'6 to 1x10'7 cm>,in the
drift mobility value from 43 cm?/Vs to 55 cm?/Vs and in the Plasmon frequency from 0.35

to 0.52 GHz s obtained upon doping InSe with 1.5% Cu increasing the Cu content further,
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decreases the fitting parameters slightly indicating that the optimum doping should be near
1.5% only .the fitting parameter which are obtained here are much high than those reported

for InSe films coated on to Au and  yttrium thin film substrates[66].
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Chapter Five
Conclusion

In this work we have studied the copper doping effects on the structural, optical and
dielectric properties of indium selenide thin films. A copper doping content of 3.0at % was
sufficient to change the natwre of the band transitions from indirect to direct allowed
electronic transitions without altering the amorphous nature of the fims. The formed films
preferred the chemical interactions that for ms InygSesoin the presence of Cu .Cu doping
also succeed in reducing the width of the band tails which already exists in the band gap of
InSe. In additiona blue shift in the energy band gap value from 1.38 to 1.50 eV is achieved
upon doping InSe with Cu of atomic content of 1.5 at%. The band gap reached vale of
1.74 when Cu content is increased to 3.0 at%. Moreover, doping of InSe with copper is
observed to enhance the dielectric property significantly, the dielectric spectra shifts toward
lower energy values as a results of Cu-Se interactions. Furthermore, the modeling’s of the
imagnary part of the dielectric spectra with the Drude-lorentz approach for optical
conduction have shown that all the conduction parameters presented by scattering time at
femto second level drift mobilty, free carrier density and Plasmon frequency are all
increased upon insertion of 1.5 at% Cu into the structure of InSe making it more

appropriate for optoelectronic applications.
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