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Thickness and Post Annealing Effects on the Structural, Optical and
Dielectric Properties of Copper Oxide Thin Films

Abstract

In this work, the thin film thickness and the post annealing effects on the structural,
compositional and optical properties of copper oxide thin films are explored by means of
X-ray diffraction, energy dispersive X-ray spectroscopy and ultraviolet-visible-near
infrared light spectrophotometry techniques, respectively .Particularly, various thin films of
copper oxide, which exhibit thicknesses in the range of 50-1000 nm were produced by the
physical vapor deposition technique (thermal type) under vacuum pressure of 10° mbar.
The films thicknesses effect on the crystalline nature and the optical transmittance,
reflectance, absorbance as well as energy band gap .The dielectric spectra are determined to
identify the most appropriate thickness for optoelectronic applications. It is observed that
while films of thicknesses of 50 — 100 nm exhibit indirect allow electronic transition band
gap, films of larger thicknesses exhibit direct allowed transition energy band gap. In
addition, the analysis of the absorption coefficient spectra in the low absorption region have
shown that the 1000 nm thin film has band tail . The deposited 1000 nm thin film was also
annealed invacuum at 250 °C temperature .The effect of annealing temperature on
structural, optical and dielectric properties was studied using different characterization
techniques. The XRD analysis confirmed the enhanced crystallinity of the 1000 nm thick
sample. The optical band gaps of the annealed 1000 nm CuO thin film was measured to be

3.30 and 2.30 eV, and it exhibit no band tail after annealing. On the other hand, a dielectric



Vi

constant spectrum which is carried out in the energy range of 1.1-4.0 eV exhibit decreasing
values with increasing sample thickness. The imaginary part of the dielectric spectra is
modeled in accordance with the hole-plasmon interaction to reveal the optical conductivity
parameters. The evaluated parameters have shown that the CuO thin films can be employed
as optical resonators with relativity acceptable optical conductivity suitable for visible light

communications.
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Chapter One
Introduction and Literature Survey

1.1 Introduction and literature survey

CuO thin films are semiconductors which attracted attention due to its potential
applications in optoelectronics. They are also used as gas sensors and transparent
conducting devices [1]. CuO thin films have the potential to be employed as solar cells [2].
Copper oxide films have advantages such as non-toxicity, low cost, abundantly available
and comparatively simple to form oxide layers [3, 4].

The structure of CuO is monoclinic. In this structure the tetra molecular cells have lattice
parameters of values of a=4.692 A, b=3.4283 A , ¢=5.1370 A and B=99.546 [5,6]. To
improve the physical and electrical properties of CuO various doping agents were used. As
for example, Ni-doped and undoped CuO films were prepared onto glass substrates using
spin-coating technique [7]. Various doping concentrations (2, 4, 6, and 10 %) on these films
were used. The polycrystalline nature of growth revealed a discriminatory increase along
the (-311) (111), and (002) plane orientation directions. In addition the atomic force
microscopy studies revealed that the surface morphologies of the films were not regular.
The conglomerations of particles on the surface were also defined by scanning electron
microscopy images. On the other hand, the electrical properties of CuO were explored by
using a Hall Effect technique. It is reported that the hole mobility increased and free charge
carrier concentration decreased with increasing Ni concentration. In addition, the increase

in the band gap value from 2.03 to 2.22 eV upon doping CuO with 10 % Ni was observed

[7].



CuO thin films were prepared by different methods some of which are listed below:

(1) Spray technique [8]: using spray pyrolysis technique to deposit CuO thin films onto
glass substrates for molar concentrations of 0.1, 0.2 and 0.3. The formation of
polycrystalline CuO thin films are reported to be monoclinic structure with grain sizes in
the range of 35 - 54 nm .It shows improved crystalline nature of deposited films with
increasing molar concentration. It was also reported that a decrease in micro strain and
dislocation density can be achieved with increasing molar concentration (M). The
microstructure of the thin film intended at 0.1 M displayed needle like grain growth while
0.2 M and 0.3 M CuO films had a pored structure. The EDAX spectrum was used to define
the distribution of copper and oxygen in the samples. The richness of copper in the
prepared samples was associated with increasing molar concentration.

(2) Radio frequency (R.F.) [9]: magnetron sputtering process using copper oxide target
under argon (Ar) pressure, have been used to produce the anatase phase copper oxide thin
films. It is seen that crystallization increases slightly with the increased thickness of film.
The slow growth of crystallite sizes was supported by atomic force microscopy (AFM)
images for the as-grown films and increasing thickness. By increasing thickness, the
resistivity of CuO films was increased. The optical properties of prepared thin films were
studied about the absorption and transmission spectra. The energy band gap was found to
be in the range of (2.25 eV - 2.60 eV) as the film thickness increased from 20 nm to 200
nm.

(3) Cold spray technique (CS) [10]: This method is totally different from other coating
processes because of the use of low temperatures where low temperature aids in retaining

the original powder chemistry and phases in the coating, with changes only due to



deformation and cold-working. CS process produced a deposition free of oxides and other
inclusions to any metal surface, and due to compressive stresses, the dense uniform deposit
of any thickness with wrought-like microstructure are obtained [11].

(4) Chemical solution deposition (CSD) method with layer variation [12]: is a wet-
chemical process that has been used to design a wide variety of amorphous and crystalline
oxide thin films. CSD technique is recently gaining momentum for the fabrication of
electrolyte materials for solid oxide fuel cells (SOFCs) due to its cost-effectiveness, high
yield, and simplicity of the process requirements. With regular operation at quiet liquid
surface, film formation is also very uniform [13].

(5) Sol-gel technique [14]: Sol-gel method is one of the well-established synthetic
approaches to prepare novel metal oxide (NPs) as well as mixed oxide composites. This
method has potential control over the textural and surface properties of the materials. Sol—
gel method mainly undergoes in few steps to deliver the final metal oxide protocols and
those are hydrolysis, condensation, and drying process. Sol-gel methods have often been
used in combination with physical deposition techniques, the formation of the hybrid oxide,
occurring during the annealing step [14]. Sol-gel methods of synthesis of nonmaterial’s
(materials of which a single unit is sized between 1 to 1000 nanometers) present many
advantages, the preparation of hybrid oxides taking advantage from the ease of doping [15].
(6) Molecular beam-epitaxy method (MBE) [16]: Molecular beam epitaxy takes place
in high vacuum or ultra-high vacuum (108-10"'2 Torr). The most important aspect of MBE
is the deposition rate (typically less than 3,000 nm per hour) that allows the films to
grow epitaxially. These deposition rates require proportionally better vacuum to achieve the

same impurity levels as other deposition techniques. The absence of carrier gases as well as



the ultra high vacuum environment results in the highest achievable purity of the grown
films.

(7) Chemical vapor deposition (CVD) [8]: is a parent to a family of processes whereby a
solid material is deposited from a vapor by a chemical reaction occurring on or in the
vicinity of a normally heated substrate surface. The resulting solid material is in the form of
a thin film, powder, or single crystal.

(8) Thermal oxidation [8]: Thermal oxidation of copper used to control the formation of
photovoltaic active cupric oxide (CuQO) phase against the cuprous oxide (Cu20) phase. The
thermal oxidation of copper is governed by the outward lattice diffusion and grain
boundary diffusion of copper ions at the interface. The lattice diffusion favors the formation
of CuxOphase whereas grain boundary diffusion favors the formation of CuO phase. This
method controls the phase formation of copper oxide to obtain more photoactive material
that is CuO [17].

(9) Electrodeposition [8]: is a well-known conventional surface modification method to
improve the surface characteristics, decorative and functional, of a wide variety of
materials. Electrodeposition is one of the cheapest processes to deposit copper oxide thin
films. Copper oxide was electrodeposited on the copper substrate and gold plated glass
substrate in an electrolyte bath containing 0.2 M CuSQO4.5H,0, 3 M lactic acid and NaOH.
A Potentiostat/Galvanostat with silver chloride electrode (Ag/AgCl) as a reference
electrode was used for elctrodeposition. From visual inspection it was found that copper
oxide film was black and adherent on copper substrate. In gold coated glass substrate
copper oxide film was also black but bonding between the substrate and copper oxide film

was not good. The SEM study reveal that the films become more compact and grain sizes



of copper oxide films decreases at more negative potentials in deposition potential range.
EDS analysis shows that percentage of oxygen in the copper oxide films increases with
more negative potentials at the deposition potential range. It was found that with increase of
time more adherent and uniform film thickness occurs [18].

(10) Thermal evaporation deposition method : Others studied Structural, and
optoelectronic properties of thin films fabricated by thermal evaporation ,and as such
thermal evaporation was quickly ruled out as samples prepared by this method have
lower values of carrier concentration n and mobility p[19].

1.2 Applications

CuO has been used in solar cell research. At the University of Shiga, CuO layers were spin-
coated at 100 nm thick on fluorine doped tin oxide (FTO) substrate. It was concluded that
the formation of higher quality CuO thin films may improve future CuO cell efficiency
[20]. Semiconductor oxides are a promising alternative to silicon-based solar cells because
they possess high optical absorption and are composed of low cost materials [21]. Also,
CuO has been used as a hole transfer layer and barrier layer for dye-sensitized solar
cells [22], active layer in various types of solar cells [23], passive layer in solar-selective
surfaces. It would make a good selective absorbing layer because of its high solar

absorbance and low thermal emittance.

1.3 Problem statement

Copper oxide is a promising material which can be employed for photovoltaic issues owing

to its energy band gap. However, the crystalline nature and large transparency of these



films make the absorbability of this material to visible light relatively low. To overcome
this trouble various techniques were employed. However, none of these techniques was
able to provide sufficient information about the absorbability of this material. For this
reason, here in this work, we aim to engineering the optical properties of this material,
through thickness and annealing control. The optimal thickness of these films will be
determined. In addition some of the prepared samples will be annealed in vacuum media.
The two methods, thickness, and annealing in vacuum will provide the information about
the best method to prepare the films and use them in optoelectronics. CuO films are
deposited onto ultrasonically cleaned glass substrates at room temperature using the
thermal vapor deposition technique. Then the film thicknesses are controlled by thickness
monitor in steps .Each cycle is proposed to different thickness. The thickness is valid in the
range from 100-1000 nm. Some of the samples are subjected to X-ray diffraction
measurements. All samples are subjected to optical transmittance and reflectance
measurements at normal incidence. Thereafter, samples of highest optimized thickness are

annealed in vacuum at 250 °C temperature.



Chapter Two
Theoretical Background

2.1 Crystalline nature

Crystal structure is the manner in which ions, atoms, or molecules are spatially arranged. It
IS a unique arrangement of atoms in a crystal. It is one of the most important parts of
materials science and engineering as many properties of materials depend on their crystal
structures. The amorphous structure is random arrangement of atoms. The important of
semiconductors arises from the serious realization of the properties of amorphous
semiconductors which require not only knowing with one special field of science or
engineering, but a detailed knowledge of results from the collective fields of chemistry,
physics, metallurgy, and electrical engineering. Although the amorphous semiconductors
compared with that of crystalline materials, and much fundamental experimental and
theoretical work remains to be done, still much developed thought has been set up to the
subject over the past 10 years and great step have been made in understanding the basic

principles [24, 25] .
2.2 The X-ray diffraction

The X-ray diffraction (XRD) technique is used to explore the crystallography. The
interference pattern of X-rays scattered by crystals can be inferred from the geometry

shown in Fig. 2.1



Figure 2.1: Deriving Bragg's Law using the reflection geometry and applying trigonometry.

The constructive interference occurs only when:

nA=AB + BC (2.1)
But as: AB=BC, So:

niA = 24B (2.2)

sinf = AB/d (2.3)

AB =dsinf (2.4)
Inserting into equation (2.2):

nA = 2dsinf (2.5)

Here n is 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 between incident x-ray beam and

surface of film, which should be equal to the angle of reflection [26].



The grain size was calculated from Scherer's formula [27]:

0941
o pcosb

(2.6)

2.3 Optical properties of metal oxide

Light reflected from the different interfaces of thin films can be in phase or out of phase. It
produces constructive (adding intensities) interface patterns or destructive (subtracting

intensities). These intensities can be written in the following relation [28]:

IO =IA+IR+IT+IS (27)

Where |, is the intensity of incident light beam, I, is the absorbed intensity, It is the
transmitted intensity, Ir is the reflected intensity and Is is the scattered intensity as shown

in Fig.2.2.

The coefficients for absorbance (A = 1,/1,),reflectance (R = I /I,),transmittance (T =

I+/1y), and scattaring (S = Is/I, ), equation (2.7) can be reedited,

A+R+T+S=1 (2.8)

Because the scattering part is very small, equation (2.8) is rewritten as:

A+R+T=1 (2.9)
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Incident
Reflected
I Abs=orbed
Transmitted

i

Figure 2.2: Light reflectance, transsmitance and absorbance

2.3.1 Absorption of light in matter

Absorption depends on the state of electrons in materials. All electrons are known to
vibrate at their natural frequency (specific frequencies). The electrons of the atom will
become excited and set into a natural vibrational motion when light (photons) interacts with
that atom with the same natural frequency. the electrons of the atom interact with
neighboring atoms during vibration and convert this vibrational energy into thermal
energy. The intensity of the photon flux decreases exponentially with distance through the

semiconductor according to the following equation [29]:

Ir =1y exp (—ad) (2.9)

we can obtain absorption coefficient (a) :

a= A—(Z;“) (2.10)

Where A = log I,/I; and represent absorbance, d is the thickness of thin film.
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2.3.2 Energy Band gap (Eg)

Electrons in an isolated atom have discrete energy levels, but when atoms are brought
together, these degenerate energy levels will split into many levels due to the atomic
interaction; the levels may be treated as a continuous band of allowed energy states because
they are so closely separated. The two highest energy bands are the valence band and the
conduction band. The valance and conduction bands are separated by a region which
designates energies that the electrons in the solid cannot possess due to the quantum
selection values. This region is called band gap (Eg). Bonds between atoms in a
semiconductor are only reasonably strong. Thus thermal vibrations may break some bonds.
Then , the electron which is injected from the valence band into the conduction bands is
now a mobile negative charge carrier, and the atom from which the electron grows is left
with a negative charge deficiency, i.e. a positive net charge, also called a hole. The

mechanism is illustrated in Fig 2.3.

CONDUCTION BAND
(Empty)

Energy Gap
Eg

VALENCE BAND
tFull)

Insulator Semiconductor Metal

Figure 2.3: Energy band gap of Insulator, Semiconductor and Metal
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To find the energy band gap of semiconductor, from absorption coefficient spectra the

Tauc's relation is employed [30]:

(aE)Y? = A(E — E,) (2.11)
Where: (o) is the absorption coefficient,

E = hv (Photon energy), h: Plancks constant.

(p) is a constant related to the optical transition type and takes values of 1/2, 2, 3 or 3/2,
where 1/2 refer to direct allowed transitions, 3/2 assigned for direct forbidden transition, 2

indicate indirect allowed transitions and 3 means is indirect forbidden transition.
(A) is a constant determined by transition probability and depend on the material properties,

(E4) is the energy band gap between valance and conduction band.

~107% &y
Conduction
band

"Bands" are Valence

composed of band

closely spaced

Drhl‘tEﬂ/E !

a Irteratormic distance

Figure 2.4: Energy band gap diagram.
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To derive equation (2.11) , we follow the energy band diagram which is shown in Fig.2.4

Initial energy, E, =——

Where mg,, is effective mass of electron (e) or hole (h).

Final energy, Ef = hv — E;

The initial and final energy states of the bands are given by [29]:

H2k?
E,—E, =
foe 2m}

(2.12)

(2.13)

(2.14)

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

photons interact with solids, where:
Ef = hv — |E{|

Subtracting E, from both sides of equation (2.15) we get:
Ef —E; = hv — E; — |E|

Substituting equations 2.13 and 2.14 into (2.16) one obtains:

R k2 R k2
=hyv—E, ———
omy Ve 2m;,

Rewriting equation (2.17) in another form:

hv—Eg

*

Rk Rk h2k2< 1 ) 1
mp,

= + =
2my;  2my 2 \m}

(2.15)

(2.16)

(2.17)

(2.18)
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and recalling that the density of states in an energy spectrum extended from (hv) to

(hv+d(hv)) have the form [31]:

N(hw)d(hw) = Sk 2.19
v V) = (27_[)3 ( )
Rewriting equation (2.18) gives,
2(hv — E
12 = (hv g)mr (2.20)

hZ

my is the reduced mass of electrons and holes and equal to

mir = (ﬂlle) + <Tih> (2.21)

Deriving equation (2.20) with respected to (k) and (hv):

2m

2kdk = hzr d(hv) (2.22)

Substituting equation (2.20) & (2.22) in equation (2.19) to give:

lém(hv — E;)m,
h?(2m)3

N(hv)d(hv) = (2.23)

By inserting equation (2.20) and equation (2.22) in equation (2.23) the density of state

becomes,
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16m(hv — E ) m?
N(hv)d(hv) = > S d(hv) (2.24)
h*(2m) J(Z(hv — Eg)mr
h? P
Rewrite equation (2.24) in the form:
3
2m, () 1
N(hv)d(hv) = @m)> 2:2;32 (hv — E;)?d(hv) (2.25)

Since the absorption coefficient is linearly proportional to the initial and final density of

states Njand Nf, respectively thus,

1/2

a(hv) = A*(hv — E,) (2.26)
* * l
q?(Zrhe)®
Where 4* = ( A f) (2.27)
nchsmg
To generalize equation (2.26) rewrite it to become,
(aE)YP = A(E — E,) (2.28)

Where p is a constant related to the optical transition type and takes the values of 1/2, 2, 3
or 3/2, where 1/2 refer to direct allowed transitions, 3/2 assigned for direct forbidden
transition, 2 indicate indirect allowed transitions and 3 means is indirect forbidden

transition [32].
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2.3.3 Energy Band Tail (Ee)

Materials which have localized states that extends in the band gap, display an exponential
type of decay in the absorption coefficient spectra. The distribution of the band tail in the
energy band gap is shown in Fig.2.5. In the low photon energy range, the spectral
dependence of the absorption coefficient (o) and photon energy (hv) is known as Urbach

empirical rule, which is given by the equation [29]:
o = ayet/Ee (2.29)

Where «, is a constant and Ee is energy of the band tail, it is often interpreted as the width
of the band tail states due to localized states in the normally band gap that is associated
with the amorphous or low crystalline materials. Taking the logarithm of the two sides of
the last equation, hence one can get a straight line that reveals the tails width through the
equation,

In(a) = In (a) + EE (2.30)

e

At different wave length, we can draw In(a) versus E, and obtain E, from 1/slope.

\ e /
E

E.

\iand tai 'S>/

Figure 2.5: Semiconductor band tail structure.
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2.3.4 Dielectric Spectra

The refractive index for optical materials is the most important part in dielectric solids. It
depends on the wavelength of the incident optical beam. The refractive index- optical

wavelength relationship is found by using the dispersion equation [33]:
Ncomplex =n) + k(1) (2.31)

Where N¢omprex CONtain real and imaginary parts of dielectric constant (&, &; ), n(A) is

refractive index and k(1) is extinction coefficient equals Z—i [34].

The effective dielectric constant &, is equal square of the complex refractive index N(4)

The effective dielectric constant ¢, is expressed in terms of the real (e,) and imaginary

(&im) parts where,
Eeff = & t & (2.33)
Squaring both sides of equation (2.31), to write the refractive index N(¢4) in terms of &, and
Eim
n2() — k2 + i2n(Dk(A) = &, + igyy (2.34)
By comparing the real and imaginary parts of equation (2.34), we find that :
n?(A) — k%) = &, (2.35)

2n(D)k(A) = g (2.36)
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The real and imaginary parts of the dielectric constant as a function of incident wavelength

can be written in terms of €, and o

al\’
Er = Eeff — (E) (2.37)

Eim = \[€eff (%) (2.38)

To derive the effective dielectric constant from the measured transmittance and reflectance

we turn the attention to the light interaction with matters.

The reflection coefficient and the normal reflection can be written as:

R = &I 2.39
From Maxwell's equations:
1
E, = EEO(l - Ncomplex) (2.40)
1
E, = EEO(1 + Ncomplex) (2.41)
Rewrite the normal reflected indicated by equation:
2
_ 1- Ncomplex _ 1+ n)z +k*? (2.39)
1+ Neompiex (1-n)%+k?
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We find the reflectance R in terms of effective dielectric constant &, and absorption

coefficient data a.

(=1 +#7)

R = > (2.40)
(1/£eff+1) +k2
Where,
= 2.41
Y (241)

We can rewrite equation (2.40) in the form,

R(Zorr +1)" + RK? = ((feor, — 1) + K2 (2.42)

squaring (\/e.rs + 1) and ({/ecry — 1) on both sides :
R(eess + 2 [ecrr +1) + RE? = (gopp — 2 Jecrs + 1) + k?
Reerp + 2R \[ecrs + R+ Rk? = 57 — 2\[ecrp + 1 + k2
€erf(R—1) +2/ec/f R+ D +Kk*(R-1D+(R-1)=0

2./€crr(R+ 1)
21/€eff(R + 1)
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At high optical wave length A, k become very large value then the number 1 will be
ignored, and the reflectance R is totally 100%, in this case the low value of energy will be

reflected, and the rest will enter.

2R+1)
Eeff + W-F k=0 (243)

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

2(R+1) 2(R + 1))?
“TR-1 J—r\/( R—1 ) — 4k*

2

Eeff = (2.44)

When we look to equation (2.44) we find the two roots involved, these roots are squared

and separated in to two solutions:

2(R+1) 2(R + 1)\
| +J( R—1 ) —4K*

Eeffl = > (2.45)

2(R+1 2(R + 1))?
ERN [

Eeffz = > (2.46)
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Lorentz Model for Dielectrics

The lorantz classical theory is based on the classical theory of interaction between light and
matter and is used to describe frequency dependent polarization due to bound charge. The
binding between electrons and nucleus are supposed to be similar to that of a mass — spring
system. Material polarization is incorporated into the constitutive relations. Drude Lorentz
model relates the imaginary part of the dielectric constant with the incident light frequency

(w) by the relation:

2
WHe W

(we - w) wie )

(2.47)

€im

Where w ,,, = /4mne2/m*, is electron bounded plasma frequency, t , w,, n and m* are
being the free charge carrier scattering time, the resonance frequency, the free charge
carrier density, and the free electrons effective mass . The drift mobility of electrons which
results from the incident electromagnetic field interaction with the CuO samples may be

also estimated from the ¢;,,, spectra (u= et/m¥*) [35].
Plasmas

In a plasma, however, the electrons in the “cloud” are far enough from each other and from
the ionized nuclei that they do not collide, statistically speaking (the plasma has a very
small value of mean free collision time) [36]. Plasmon’s is an excitation of collective
charge-density fluctuations [37]. Free electrons can efficiently emit or absorb plasmons
excited in a thin conductor, giving rise to multiple energy peaks in the transmitted electron
spectra separated by multiples of the Plasmon energy [38]. Localized surface Plasmon

(LSP) resonances are the oscillations of collective electrons that can be excited by light on
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the surfaces of metallic nanostructures. The optical energy is confined to nanoscale
volumes by the LSP resonances with potential for high-density integration of optical
components [39, 40]. Plasmonic nanodevices are used for performing the second-order

spatial derivative of light fields [41].
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Chapter Three
Experimental Details

In this chapter, we report the experimental details, procedures, devices and techniques used
for measurements. Namely, the thermal vapor deposition technique, the X-ray diffraction
technique (XRD), the UV-VIS-NIR spectroscopy technique and annealing processing

technique are explained.
3.1 Samples preparation

The glass substrates were ultrasonically cleaned by washing it with water and detergent.
Then, the glass substrates were left in H.0, water for 20 minutes at 60° C. The distilled
water was shacked in an ultrasonic machine for 20 minutes .\We used the cleaned substrate
to deposit a 50, 100, 250, 500 and 1000 nm thin films from copper oxide powders by using
the thermal vapor deposition system which is shown in Fig.3.1 .In this technique material

atoms are physically transported one by one from the heated crucible to the substrate [42].
During the deposition we applied the following steps.

(1) Put the substrate on the substrate holder.

(2) Close the system, the shutter, vent and chamber.

(3) Turn on the main power.

(4) Turn on the roughing pump and wait until the vacuum pressure reaches 10 mbar.

(5) Turn on the turbo pump molecular and wait until the pressure reaches 10~° mbar.
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(6) Open the water cycling to the thickness monitor.

(7) Check the connections between the software and the system which is responsible of

controlling the thickness monitor.

(8) Start the evaporation by increasing the current at a slow rate. When material melts, open

the shutter and keep the evaporation rate constant.

(9) When the required thickness is reached, close the shutter and turn off the current.

(10) Wait for the current system cooling, and then turn off the pumps sequently.

(11) Wait until the pressure reaches 400 mbar and open the system.

The annealing of films was actualized with the help of an annealing apparatus which is

installed in the thermal PVD system shown in Fig.3.1:

Figure 3.1: a) Thermal evaporation system b) Annealing system, item1 (tungsten), 2 (CuO
films) and 3 (thicknesS monitor)
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The annealing system is composed of Nickel-chrome heating wire of 25 Q resistance being
installed in glass tubes surrounded by stainless steel plates. The temperature is controlled
by K-type thermocouple. The proposed films are annealed at 250" C for one hour under

vacuum pressure of 10~5 mbar.

Illustrative example of the obtained CuO samples is displayed in Fig 3.2. The obtained

films are white yellow colored.

Figure 3.2: Sample of copper oxide thin film (500 nm).

3.2 X-ray diffraction technique

The diffraction principle of the high energy electromagnetic wave is employed to explore

the structure of films. Bragg equation is used to describe the diffraction process by
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determining the Miller indices of the crystal planes, the lattice constant and crystal structure
[43]. 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. A
constructive interference will occur when the path difference is an integral multiple of the

incident wavelength, by applying Bragg’s law [42].

XRD measurements were taken using a Rigaku diffractometer with copper anode Ka
radiation operating at 40 kV and 15 mA in a 20 range of 10-70° and the 20 step size of
0.05° and the scan rate was 1°min. The system is composed of a monochromator, a
detector, a slit set and a sample holder. The sample rotates by 26 and the detector collected
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 collected by a software package attached to the system. The

schematic of the technique is shown in Fig.3.3. The XRD unit is shown in Fig.3.4.

X-Ray / \ Detector

Tube
\
Incident Diffracted
beam beam optic

optic

Figure 3.3: Schematic of x-ray diffraction
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Figure 3.4: The X-ray diffraction technique (XRD)

3.3. Optical Measurements

The dependence of the optical properties presented by transmittance (T%) and reflectance
(R%) were measured in the incident light wavelength range of 300-1100 nm under scan
speed of 1200 nm/min on a thermo-scientific evolution 300 spectrophotometer that can be
linked with VeeMax II spectrophotometer which is shown in figure 3.5. This system
includes wavelengths ranging from UV to the NIR region. The T% and R% spectra are
used to determine the absorbability, interband transition, optical energy band gaps, band
tails and dielectric dispersion. The data are collected and analyzed by using VISIION pro

software package.
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Figure 3.5: The UV-VIS spectrophotometer.

3.5 “Hot probe” technique

The “Hot probe” technique is a way to know if the semiconductor material is n-type or p-
type, by using soldering iron and a standard multimeter. The technique contacting a
semiconductor wafer with a “hot” probe such as a heated soldering iron and a “cold” probe.
We connected the positive terminal of the meter and the negative terminal to the cold
probe. Both probes are sensitive to current meter, if the meter obtain a positive current
reading, the material is n-type, if it yields a negative current, it is a p-type semiconductor
material. The thermal gradient created and the high-density carriers are generated, which
diffused to the lower temperature end of the low carrier density [44]. For an n — type

semiconductor, positive voltage created because the electrons diffuse out by concentration
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gradient. On the other hand, for a p-type semiconductor negative voltage is generated
because holes are exited and diffused out from the hot end to the cold end. Fig3.6 shows the

set-up of technique.

Figure 3.6: Hot probe set-up

Our samples shows negative reading which is mean that the CuO films is p-type as shown

in Fig.3.7.

Figure 3.7 : Hot probe result
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Chapter Four
Results and Discussion

4.1 Structural properties

The results that arise from the X-ray diffraction measurements on CuO thin films with
thicknesses in range 50-1000 nm are discussed in this section. Fig. 4.1 shows the X-ray
diffraction patterns for the copper oxide thin films. The figure did not show any intensive
peak in all copper oxide films, which means that the copper oxide is amorphous in nature

regardless of the film thickness.

4000

3500 4

3000 4

2500 -

2000 4

Int.(a.u)

20(°)
Figure 4.1: XRD patterns of Copper Oxide films measured at room temperature.
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The reasons for the amorphous nature of growth of CuO can be investigated from its phase
diagram. The calculated phase diagram of CuO revealed preferred growth of copper
monoxides phase cubic lattice when grown from melt kept at temperatures below 600° C.

In the melt temperature range of 600° C < T <730° C the monoclinic Cu.O start

formation. If the melt temperature exceeds 730° C, the tetragonal CusO4 appears [45].
However, the tetragonal phase of copper oxide hardly stabilizes. The presence of these
three phases at a time in the films causes polymorphic structure and due to the high random

orientations of the different types of structures, the amorphous phase becomes preferable.
4.2 Energy dispersive X — ray Spectroscopy (EDS)

To understand the physics beyond the amorphous nature of formation, we have measured
the energy dispersive X— ray spectroscopy for CuO films of thickness of 1000 nm. These
films were first deposited onto Al substrate to prevent the mixing between the atomic
contents of glass and CuO. The spectra are shown in Fig.4.2. Generally, the morphology of
the film surface is homogenous. However, some rarely observed rectangular grains which
are assigned as point — 2 in Fig.4.2 (a) appeared on the surface. The EDS spectra which
were taken from different regions has shown that, the spectrum that appears in Fig.4.2 (b)
and (c) contain CuO, Au and Si in its structure. The atomic content measurements reveal
the empirical formula Cu 4950 Os0.50 for point [1]. Point [2] include SiO> as a glass piece on

top of film and the Cu 4231 Os7.69 and Cu 1.36 O .
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Figure 4.2 (a): SEM image for as grown 1000 nm copper oxide film. (b) and (c) Are the
EDS for the as grown 1000 nm copper oxide film from points 1 and 2 respectively appeared
in Figure 4.2(a).
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Other trials which are not shown in the figure have shown that the films deposited onto

glass have high tendency to form Cu20sand CuzO instead of CuO .

The statistical analysis assures the belivements about the reasons for the amorphous nature

of growth.

4.3 Optical properties

In order to study the effect of layer thickness on the optical properties of CuO films, the
transmittance (T%) and reflectance (R%) of CuO whose thicknesses are 50, 100, 250, 500,
and 1000 nm are recorded in the wavelength (1) range of 300-1100 nm. The thickness of
the CuO layers plays a crucial role in the optical properties. The data are presented in Fig
(4.3) and Fig.(4.4) respectively. As indicated in Fig.(4.3),the 50 nm film is highly
transparent in all range of light spectrum. For the other samples, in the range of 300-900
nm, the transparency decreases with increasing film thicknesses .1t is also readable that at a
thickness of 50 nm, the transmittance increased with increasing incident light wavelengths
in the range of 300-400 nm, then, it remains constant in all the studied range. For samples
of thicknesses of 100 nm and 250 nm, the transmittance almost remains constant in all the
studied range. On the other hand, for samples of thicknesses of 500 nm, T% spectra show
three regions. In the range of 300-530 nm transmittance increased with increasing incident
light wavelengths. In the range of 530-700 nm it slightly decreased with increasing incident
light wavelengths. In the NIR region, T% remains constant. We noticed that with increasing
thickness, the transmittance decreased in visible light region. Also the Fig.4.3 exhibits
interference patterns after the thickness exceeds 250 nm and reaches 1000 nm. The

transmittance spectra shows oscillatory behavior due to interference between the wave
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fronts reflected from the bottom and top surfaces of the thin film. So we can conclude that
as the thickness of thin films increases, the interference becomes more pronounced, and the
numbers of fringes increased. Such type of films are reported to exhibit a very high
electrical conductivity and high visible light transparency with considerable practical

applications as solar cells and as other transparent electronics [46].
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Figure (4.3): Transmission spectra of the CuQ thin films measured at 300 K in the
wavelength range of 300 to 1100 nm.

On the other hand, the measured reflectance spectra are presented in Fig (4.4). The figure
shows an increase in reflectance values with increasing thickness for samples of thicknesses
of 50, 100, 250 nm. But it shows different behavior as the thickness is increased to 500 and
1000 nm. The interference becomes more pronounced and deep for thicker films. This
behavior can be referred to the morphological and grossness dependent multiple absorption
and reflectance caused by the atomic vibrations in the 500 and 1000 nm CuO thin films

[47]. The interference between light waves entering to the film with those which are
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reflected from the bottom of the film is another reason for the apparent of interference

patterns in R% spectra.

12

1000 nm
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Figure (4.4): Reflection spectra of the CuO thin films measured at 300 K in the
wavelength range of 300 to 1100 nm at normal incidence.

We also note that with increasing thickness, the transmittance decreased in visible light
region, while reflectance increased. On the other hand, Fig.(4.5) illustrates absorbance
spectra for (CuQ) films of thicknesses of 50, 100, 250, 500 and 1000 nm. As thickness
increase, the absorbance spectra shift up. The absorbance values for all the deposited films,
which were calculated from transmittance and reflectance data using the relation A =1 -T —

R, are highly dependent on the film thickness.
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Figure (4.5): Absorbance spectra of the CuO thin films measured at 300 K in the energy
range of 1.1to4.1eV.

It is observed from Fig.4.5 that the deposited thin films display high absorbance values in

the UV region of the electromagnetic spectrum which remarkably decreased as the incident

light wavelength tends towards the near infrared (NIR) region. The none zero absorbance

values event in the NIR region indicate the applicability of this material in solar cell

technology.

In order to get better understanding of CuO films behavior, we analyzed the absorption
coefficient spectra (o). The absorption coefficient values are determined using equation

(4.2).
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q = 22309 (2('1303) (4.2)

Where A is absorbance and d is film thickness, the calculated o values as function of the
incident energy E are shown in Fig.4.6. It can be seen that in the spectral range of 4.1 — 3.8
eV, the 50 nm film (Fig.4.6 (a)) have relatively high absorption coefficient compared to
thicker samples. According to Tauc and Chopra [48], it is possible to separate three distinct
regions in the absorption edge spectrum of semiconductors. The first is the weak absorption
region which generally originates from defects and impurities, the second is the exponential
edge region, which is strongly related to the structural disorder of the system and the third

is the high absorption region that determines the optical energy band gap [49].
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Figure 4.6: Absorption coefficient Vs E of Cupper Oxide thin films.
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In general, the absorption coefficient values in the ultraviolet region are larger than those in
the visible light region and decreased when NIR region is reached. This behavior may be
assigned to the shrinkage of the optical energy band gap [50]. Fig.4.5 shows that the optical
absorbance in the UV region and visible light region (VIS) region can be increased by
increasing thickness. The absorption coefficient spectral analysis indicates the presence of
long and wide band tails of the centered states in the low absorption region [48]. It is also
noticeable that the a-spectra for films of 50 nm thick sharply decrease, with decreasing
incident photon energy. It exhibit values less than 1000 cm™ as photon energy reaches 3.5
eV. The CuO sample which exhibit thickness of 100 nm follow slower trend of variation.
Generally, above 3.0 eV the thicker the film Fig.4.6, the smother the slope of the a — E

spectra.

In order to obtain more detailed information about the optical band gap energy (E,) of the

films, the absorption coefficient spectra were analyzed in accordance with Tauc equation

4.3).

(aE)'/P = B(E — E,) (4.3)
the respective (aE)? , (aE)?®, (aE)Y?, (aE)Y® versus E variations were plotted and
compared .The best fit of the data for all samples of thicknesses larger than 100 nm
(Fig.4.7(c),(d) and (e)) was obtained for (a.E)?—E variation indicating that the band gap
is of direct allowed transitions type. Our fitting procedure which is based on the linearity
that cover the widest possible range of data. From the fittings which is shown in Fig 4.7 (a)
and (b) we have observed that films of thicknesses of 50 and 100 nm exhibit an indirect

allowed transition type band gap .This behavior could be due to the morphology of the
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films which may contain more than one type of composition in its structure. It was reported
that the CuO forms valence band states in Cu 3p®, 3d'°, 4s!, and in oxygen 2s2, 2p*. The
minimum energy splitting btween the valence and minimam of conduction band is 2.17 eV
for Cu0, 2.62 eV for CuO and 1.34 — 1.50 eV for CuzO4 [51]. It is also metioned that
while Cu20 is a direct band gap semiconducter, CuO of indirect type. In contrast to these
types, CuszO4 exhibit both types of energy band gaps .Transitions in CuO take place from
Cu 3d x_, ,0 2p to Cu 3d ,_,.. The three dimensional of character of the p — orbital make
the indirect transitions more preferable [51]. Since the CuO grow, in amorphous nature. It
Is possible to think that this material contain more than structural phase in it is composition
. These structural phases display different optical absorption bands that result in more than
one type of energy band gap and more than one band gap in the same film material . The

calculated band gaps are shown in table table 4.1 .
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Figure 4.7 (a): Energy band gaps investigation for the 50nm CuO thin films
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Figure 4.7 (b): Energy band gaps investigation for the 100nm CuO thin films
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Figure 4.7 (c): Energy band gaps investigation for the 250nm CuO thin films
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Figure 4.7 (d): Energy band gaps investigation for the 500nm CuO thin films
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Figure 4.7 (e): Energy band gaps investigation for the 1000nm CuO thin films.
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In the low absorption region, semilogerthemic curve fitting was used to obtain the band

tail, that is defined as the width of the localized states avaliable in the optical band gap that

affects on the optical band gap structure and optical transitions [52]. The band tail is

determined by equation (4.4):

Ln(a )—In(ay) = EE

Figure 4.8 shows the variation of In(c) versus photon energy for all thicknesses of CuO

thin films. The value of band tail were calculated from the slope of the solid best fit lines

The obtained values are given in Table 4.1.

CuQ 500 nm vy =0.3596x + 17.077

1.82
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15.0 . . : : . .
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Figure 4.8: Ln(a) — E variation in the low absorption region for band tail investigation of

the CuO thin films.
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Table (4.1) : The band gaps and band tails of the CuO thin films.

E l(ev) 270 1.90 3.26 3.20 3.00
Eg2(V) 140 1.10 2.60 2.68 2.50
E, (V) - e | e 0.33

In accordance with the preceding analysis, the electronic transitions between the valence
and conduction bands are found to be direct and indirect - allowed type. For samples of
thickness of 50 and 100 nm, the band gap is indirect and it decreases with increasing
thickness, but for samples whose thicknesses are 250, 500 and 1000 nm, direct allowed
transition type is found. The optical band gap also decreases with increasing thickness. This
can be further explained from the three—dimensional quantum size effect leading to a
decrease of band gap with increase of particle size, which is well known for colloidal
semiconductors [53]. It was observed that increasing the thickness of the films increases the
absorbance due to scattering losses. This suggests that the defects in thinly films take place
during formation of the films [54]. So, as a result of an insufficient number of atoms,
unsaturated bonds are being produced [55]. These bonds are responsible for the formation
of some defects in the films, and these defects produce localized states in the films. The

thicker the film, the wider the localized states in the optical band gap [54], for our
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amorphous case, we believe that the extended band tails in the energy band gap is the main
reason for the gap attenuate .The thicker the sample , the wide band tail distributions. Such
property leads to shrink in the optical band gap we have observed. The shift of absorption
edge can be attributed to the difference in grain size or carrier concentration [56]. It had
been reported that the absorption edge shifts with the Fermi level to a higher energy in

accordance with the formula
h% _ 3
Ec — Ef = AEp= (8—@)(;)2/3712/3 (4.5)

With m; Dbeing effective mass of electrons in the conduction band and n is the number of
charge carriers in the conduction band [57]. Since the density of localized states in the
conduction band increases with increasing thickness, the band gap shrunk by an amount of

AE,,.
On the other hand, the energy band tail must be equal or less than energy band gab over

two (E,.< Eg/z) so we can conclude that the 2000 nm film, have no band tail.

4.4 Dielectric dispersion

The dielectric dispersion properties of the studied films are calculated from the reflectance
and absorption coefficient data with help of the previously described equations in the
preceding chapters. The real (£r) equ.(2.37) and imaginary (€im ) equ.(2.38) components of
the effective dielectric constant are determined to obtain detailed information about optical
signal quality and dispersion within the films. Fig.4.9 displays the real part of the dielectric

spectra. The figure illustrates thickness effect on the shape of the dielectric spectra.
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Particularly, for films of thicknesses of 50 and 100 nm, the dielectric constant values
linearly increases with increasing incident photon energy. When the CuO film thickness
reaches 250 nm, the nonlinear trend of variation appears. The dielectric constant values
exhibit a change in the trend of variation upon energy increasing at 2.80 eV. Further
increase in the film thickness to 500 nm caused a minimum in the dielectric spectra at 2.55
eV. On the other hand, duplicating the thickness (1000 nm) make &, spectra exhibit three
minima at 1.39, 2.72 and 1.24 eV. Two resonating peaks of maximum dielectric constant
value are also observed at 2.11 and 3.30 eV. The Energy band gap of Cu20 is 2.1 — 2.38
eV, defective Cuz0 is reported to reveal resonance peak due to oxygen vacancy which
oscillate at 1.39 eV [58] .The value of resonance energy being 3.30 eV is assigned as
optical gap for CuO phase [59] .The value of energy being 2.7 eV was observed for the
transition in the conduction band of Cu .The conduction band in Cu changes to half width
from 2.7 eV to 3.2 eV when interfaced with CuO to form tetragonal phase [60] .The value
of energy being 1.24 eV is also assigned to the oscillation of O atom against Cu through

direct transition in the three dimensional p — states [61].
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Figure 4.9: Real parts of the dielectric constant of the films measured with energy

The imaginary part of the dielectric constant which is shown in Fig.4.10 can be used to
provide information about the optical parameters. As seen, the 1000 nm thick film exhibits
two resonating peaks centered at 850 THz (3.52 eV) and 480 THz (1.99 eV). Films whose
thickness is 500 nm has also two resonating peaks centered at 840 THz (3.47 eV) and 355
THz (1.47 eV). The frequency response of many materials can be described by using Drude
Lorentz model, it usually shows strong dispersion around the resonant frequency [62]. This
model is chosen to investigate the advantages of the films as optical conductors [63]. Drude
Lorentz model relates the imaginary part of the dielectric constant with the incident light

frequency (w) by the relation [62],
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2
W pe W

h (02 - 02)° + w2t -2)

Eim (47)

This equation provides information about single resonating peak of the dielectric constant.
For coupled resonance ¢, is obtained through the programming of the equation assuming
generalized form of Lorentz model (Lorentz —Drude model).

k
E oo
pei
€ = 4.8
m (Wi - mz)z + w2T; ~2) ( )
=1

The model is based on treating electrons as damped harmonically bound particles subject to
external electric fields [64].
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Figure 4.10 (a): Imaginary part of the dielectric constant of the 50 nm CuO film measured
in the frequency range of 300-1000 THz.
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Figure 4.10 (a): Imaginary part of the dielectric constant of the 50 nm CuO film measured
in the frequency range of 300-1000 THz. (b) for 100 nm and 250 nm, and (c) for 500 nm
and 1000 nm.
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Table 4.2 reports the results of the Drude — Lorentz modeling of the imaginary part of the
dielectric spectra for the studied films. In accordance with the table, for samples of
thicknesses of 50 nm and 100 nm, where the electronic transitions are indirect type, the
scattering time () , the free hole density (n) , the drift mobility (u), the dc conductivity (o)
and the Plasmon frequency (w,.;) all decreased with increasing thickness, the decrease in
the optical conductivity parameters for the two samples may be assigned to the increased
random distribution of grain in the amorphous sea. Namely, with increasing thickness, the
amount of randomly distributed atoms increases. As the material become denser, the
probability of random collisions becomes more pronounced and the free holes are lost due
to the random collisions. It is expected that since the increased thickness shrunk the energy
band gap, and increased the optical absorbability, the optical conductivity was expected to
increase [65]. However, as the table shows, the optical conductivity decreases. One possible
reason for this action is the strong recombination of the free holes of CuO with the
unbounded atoms at the surface of the films. In this case the number of free carriers
available for conduction abruptly decreases. The sudden decrease in the free hole density

attenuate all the other optical parameters.

In cesium oxide the increase of cobalt impurities was observed to induce the formation of
new recombination centers which leaded to optical conductivity decreasing [66]. The same
behavior can be accepted for our observation. On the other hand, for the samples which
exhibit direct allowed transitions, increasing the thickness increases the scattering time and
drift mobility as well. These two parameters indicate that a less electronic friction has take

place in the samples owing to larger thickness values. This behavior may be assigned to the
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external energy provided for the electron as a result of the no need for phonon assistance to
reach the conduction band. The higher the kinetic energy of electrons, the shorter longer the

scattering time as the holes can move longer distances.

The conductivity provides a measure of how fast an electron can flow through a material, it
is defined as [67]:

o =nqu
Where q is the charge and p is the carrier mobility in the medium and n is the charge carrier
concentration/density. Also, ¢ = % , Increasing thickness lead to decreasing in

imaginary part of dielectric constant so decreasing in conductivity .
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T (fs)

3.00 0.40 1.00 0.50

1.00 0.70 0.30 0.50

0.50 0.50 0.20 0.40

0.65 0.73 0.55 0.27

0.90 0.50 0.50 0.27

Wi (x 10°Hz)

1.00 2.90 6.30 6.50

150 2.90 5.25 6.50

2.90 4.80 6.00 7.00

150 2.48 5.25 6.50

3.05 5.10 5.40 6.30

n(x 107 ecm™)

1.00 1.50 8.60 13.00

0.40 050 9.00 9.0

1.80 3.00 5.00 7.00

0.25 043 150 25

0.35 0.40 1.00 1.00

u(em?/"e)

59.27 7.90 19.75 9.88

19.76 13.83 5.93 9.88

9.88 9.88 3.95 7.90

12.84 14.42 10.87 5.83

17.8 9.90 9.90 5.30

o pc= (nx p)q

Wpei (GHz)

0.95 18.96 271.8 205.5

0.63 0.77 1.85 2.27

0.13 11.06 85.39 142.3

0.40 0.45 1.89 1.89

0.28 47.4 31.6 88.48

0.85 1.09 141 1.67

0.05 9.92 26.09 21.32

0.32 0.41 0.77 0.99

0.099 6.34 15.84 8.48

0.37 0.40 0.63 0.63

Table 4.2 : The computed parameters of the Plasmon-electron interactions in the CuO thin films.
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In the table 4.2, the symbol (i) indicates the number of oscillation, for (i=1) the main

oscillator is leader, and it the most important oscillator.

4.5 Annealing process

In an attempt to improve the optical properties through converting the structure of CuO

films to polycrystalline, the films were annealed at 250 °C for one hour in vacuum media.

4.5.1 Structural properties

In accordance with Fig.4.11, annealing the samples successfully converted it to
polycrystalline. As seen in Fig.4.11, the 250, 500, and 1000 nm samples exhibit peaks at
27.85° ,28.05° and 28.10°respectivly. These peaks become clearer and sharper when
thickness increases. Table 4.3 shows the effect of sample thickness on the peak position
and broadening. Although the number of observed peaks for a particular sample is
insufficient to optimize a real solution for the possible structural phases, but the observed
peak is still comparable with the literature data. The position of the observed peak
suggests that it is assigned to cubic phase of the Cu.O. Studies on single crystalline CuO
nanowiers have shown that the peak reflections near 28° relate Cu.O with plane
orientation in the (110) reflection direction [68]. The calculated grain size which is also
tablated in table 4.3 increased with increasing films thicknesses. The increase in the grain
size with increasing thickness as a result of the annealing process can be explained in the
light of the previously reported literature data on similar materials. Works on ZnO
assigned the increase in the grain size to the increased roughness [69]. The roughness is

reported to increase the tensile stress [70] which affects the lattice parameters
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Table 4.3: The analysis of X-ray measurement

Thickness 20 Intensity(w/m?) B (rad)x10~3 D(grain size)nm

250 nm 27.85 1748 1.744 85.52

500 nm 28.05° 1459 1.570 95.07

1000 nm 28.1° 1523 1.099 135.82
2.8
2.1 -

250 nm
14 T
100 nm M
HH%’"&MH‘**‘M‘T%HMH*J*
T 500 nm

0.7 TEO nm

0 T T T T T T

10 20 30 40 50 60 70
20(")

Figure 4.11: XRD patterns of Copper Oxide films annealed at 250 °C by using evaporation

system
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4.5.2 Optical properties

In order to study the effect of temperature on optical properties of copper oxide thin
films, the transmittance T% and reflectance R% of 1000 nm CuO were recorded in the
wavelength (A) range of 300-1000 nm thick after annealing the samples at 250 °C . As
seen in Fig 4.12, the value of the optical transmission of the annealed samples are less
than those of the as grown. The T% values mostly decreases upon annealing, due to the

increased roughness that is associated with crystallinity of the films.

100

1000 nm

80 -

60 -
annealed

%T

40 1

20 -

0 T T T T
300 500 700 900 1100

A{nm)

Figure 4.12: Transmission spectra of the CuO thin films as grown and annealed at 250 °C
in the wavelength range of 300 to 1100 nm.

It can be observed that, curve of the 1000 nm thick sample exhibit interference fringes

with more pronounced peak at 360 nm.
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On the other hand, the reflectance decreased upon annealing as shown in Fig.4.13. Since
the surface roughness is inversely proportional to the reflection coefficient, the presented
spectra can be regarded as a confirmation of the belief that the roughness caused the

reduction in the transparency.

11

<« As grown

%R

+«— Annealed

300 400 500 600 700 800 900 1000 1100
A{nm)

Figure 4.13: Reflection spectra of the 2000 nm CuO thin film annealed at 250 °C

Fig. 4.14 shows the variation of absorption coefficient with the photon energy for CuO at

1000 nm thickness for sample annealed at 250°C . It can be noticed that below 3.4 eV, the

absorption coefficient of annealed sample, shift up on as grown sample.



56

1000 nm
0.8 1 As grown
1, 06 AnnLaled
-
L
3 0.4
0.2 4
0 T T
11 1.6 21 26 31

36 41
E (8V)

Figure 4.14 : Absorption coefficient spectra of the 1000 nm CuO thin film annealed at
250°C .

To determine the value of the energy band gap after annealing . The Tauc equation was

employed again. The fitting of Tauc equation which is illustrated in Fig.4.15 reveal the

band gab values which are listed in table 4.4

15

1000 nm

=y
o
N

As grown—, '

Annealed

(oE (x10* em™! .ev)?

Figure 4.15: Energy band gaps investigation for the 2000 nm CuO thin films
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While the band gab in the high energy region increases upon annealing, the optical gab in
the visible light region decreases. It is observed that band gap value decreases after
annealing. In addition, the calculated band tail width from the Ln(a) — E variations which
is shown in Fig.4.16 revealed no band tails in the band gap of the annealed
polycrystalline samples, and a band tail of width of 0.33 eV in the as grown samples.
Studies on ZnO films [71] have shown that the increase in the absorption coefficant
values is mostly due to the formation of band tails that allow interband transitions and

hence increases the absorption coefficient values.

8.2
y = 0.5839x + 7.1009
Annealed

7.7 1

y = 3.1483x + 2.5405

In fefem™))
-]
N

6.7 1

As grown

6.2 : : : : : :
14 1.2 13 14 15 16 1.7 18
E (eV)

Figure 4.16: Ln(o) — E variation in the low absorption region for band tail investigation of
the annealed 1000 nm CuO thin films at 250°C

Table 4.4: The band gaps and band tails of the 1000 nm CuO film upon annealing

1000 nm As grown 3.07 2.50 0.33

1000 nm Anealed 3.30 230 -
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4.5.3 Dielectric Properties

Fig.4.17 shows the effect of annealing on the dielectric constant of CuO. Significant
decreases in the value of &, are observed upon annealing. The decreasing values are
associated with red shift in the resonance peaks of the dielectric spectra. Particularly, the
peak which was observed at 500, 793 and 1020 Hz red shifts to 430, 730 and 920 Hz
respectively. The decrease in the values of the dielectric constant upon annealing can be
assigned to the decrease in the degree of polarization (increasing crystallinity) [71]. The
change in the lattice parameters upon annealing and the formation of regular grains

indicate the reduction of the ionic displacement which in turn lower the net polarization

[71].
4
1000 nm
3.5 1
3 As grown
1S
w
2.5 1
0§
Annealed
15 T T
300 400 500 600 700 800 900 1000 1100
F (Hz)

Figure 4.17: Real parts of the dielectric constant of the 1000 nm film measured in the
frequency range of 300-1100 THz at 250°C annealed.
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Figure 4.18: Imaginary dielectric constant of the 2000 nm CuO film measured in the
frequency range of 300-1000 THz at 250°C annealed.

Table 4.5 show the effect of heat treatment on the optical conductivity parameters of CuO
thin films. As the table illustrates the annealing at 250°C in vacuum media decreased the
collision time by more than two times and increased the free carrier density and Plasmon
frequency. This behavior is assigned to the crystalline nature of the films, which is
achieved by the annealing process. Our X-ray diffraction analysis has shows that the CuO
thin films convert from amorphous to polycrystalline when annealed at 250°C. The well
oriented grains cause more uniform barriers and as a result holes find its way with less

collision and less resistive motion as illustrated in table 4.5.
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Table 4.5: The computed parameters of the Plasmon-electron interactions in the 1000 nm
CuO thin films

T (fs) 0.90 0.50 0.50 0.27 0.40 0.40 0.80 0.30

We (X 10'°Hz) 305 510 540 6.30 2.80 3.10 4.40 5.00

17 -3, 035 040 1.00 1.00 0.60 0.60 0.60 0.60
n(xX10" em™)

( ) /,,.,,.) 17.80 9.90 9.90 530  7.90 7.90 15.80 5.93
[\cm

0 pe= (0% p)q 0.099 6.34 15.84 848  0.076 7.58 15.17 5.69
Wpei (GHz) 0.37 040 063 063 049 049 0.49 0.49

In the table 4.5, the symbol (i) indicates the number of oscillation, for (i=1) the main

oscillator is leader, and it the most important oscillator.
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Chapter Five
Conclusion

In this thesis we have developed a procedure to control the optical properties of CuO thin
films. The copper oxide films which are prepared by the thermal vapor deposition
technique of various thicknesses in the range of 50-1000 nm. The structural
investigations the as grown films using the X-ray diffraction patterns has shown that the
films are highly disordered regardless of the film thickness. Improvement of the film
structure was achieved by annealing the samples for one hour in vacuum media. The
annealing caused polycrystalline nature with grain sizes that increase with increasing
thickness due to the increased surface morphology. Optically, thin samples whose
thicknesses are less than 250 nm exhibit indirect allowed transition type of band gap.
When the CuO thickness reaches 250 nm, the electronic transitions become of direct
type. The annealing decreased the energy band gab in the visible light region. On the
other hand, the dielectric spectral analysis has shown that the dielectric constant
decreased with increasing thickness and dynamics upon annealing due to the attenuations
in the polarizability. The Drude-lorentz modeling of the imaginary part of the dielectric
constant has shown that the optical properties are highly influenced by the band gap type,
and sample thickness owing to the large disorder degree, the free hole density decreased
with increasing thickness but increased upon annealing. We conclude that the CuO thin
films need to be subjected to further study to improve the crystalinity and achieve the

standards prior to technological applications.
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Table of symbols

Shortcut Meaning

A Absorbance

AFM Atomic force microscopy

Ar Argon

o Absorption coefficient

CS Cold spray

CSD Chemical solution deposition
CvD Chemical vapor deposition

D Grain size

Eim Imaginary component of dielectric
& Real component of dielectric
EDS Energy dispersive spectroscopy
eV Electron volt

FTO Fluorine doped Tin Oxide

I Intensity

A Wave length




LSP

Ni

NIR

Nm

NPs

PVD

R.F.

SEM

SOFCs

uv

VIS

Localized surface Plasmon

Drift mobility

Molecular concentration

Effective mass

Free charge carrier density

Nickel

Near infra red

Nanometer

Novel metal oxide

Physical vapor deposition

Reflectance

Radio frequency

Scanning electron microscope

Solid oxide fuel cells

Free carrier scattering time

Transmittance

Ultraviolet

Visible light region
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Resonant frequency

Electron bounded plasma frequency

X-ray diffraction




71

83l ) ae Auallila e @V 4.0-1.1 (e 48Ul (3l & a3y (o) Jlal) Culill Calall jeday
oo aisll s aal Jelinl lds A lall Gl e adl) ¢ jald) aranald a3 Aiell ASLaw
CUO a2 aladial (Say 43l Lt 23 Al Cilalaall @ jeal 385 4y joadl Jaea il Cilalaa

sl o saall VLAY Aunaliall Laliall 4y pomall Alia 631l Ay aa 2y jumy UL a8 A2 )



72

g ) Lde U ALl g 4y pasl) 9 LulSigl) g g2 Ao sl oy Lo g ASLacal) L
owladll LSy

uadld
A€l al ad) e cpalill dey Le ol il g (38 0 o Liiad) ASla CLASTAI & ¢ Jard) 121 b

Sailly Al AaSY) 2gn Bk o ouladl) 20SY A8 1) 4pde D & pail 5 A il
e ¢ ol il (568 el o guall Cagla ol g A8 Aiial) dped) 2a3D0 ikl
8 ASlandl jeda il g ¢ Gelail) 0SY A8 ) Apde Y e el L) a3 ¢ el S )l
e 5-10 (e & sie Jaria i AL 5l ) Ca 55 40 ddad 5 yie 51 1000-50 @l
¢ AgulSai¥) ¢ dpeall 3 ey Al Akl e dpde M dSe) @il )
Y ALl aad e deaian ALl CildaY g ddlall lad 5 sadll XS 5 dpaliaie]
550 O WS gl (A 2DV O Cpan (B adl Jas 5l g Ay peamal) A 5 iSIY Gl das Sl
DSV ASLendl 31 (¢ i SV JEEY) 3Ual Bl il eSS et siesili 100
Jalaa calhal (st jelal a8 ¢ elld ) AlaYU 5 pdbal) Zolny) ZaUal) 3Uad 5 gad jelas
¢ el 1000 LeSans aly ) 22 Ll 4il paddiall (abaicl) dilic 8 GabaicY)
&8 0.66 - 0.29 Glai 8 Al GUai e @l did G as CUO 22 aaes 0
Cadig ¢ Ayghe daj3 250 3o da 0 die 1Al e gl 1000 288 dads el Ul
i aladinly LIl 5 4 gl 5 4y gl Gailiadl) e coalill 550 ja a0 il Al
il o Jiasili 1000 @aw Aal oaall kil e XRD Jlad oST Al Caa gill
¢ eV 3.20 5 3.30 ) CuO _iasili 1000 2¢aall byl alill (5 padl Glaill ) s

Al Al e eV 0.58 alaall (5 sbun Of 2 Liac Jd i il 1000 @i alidll (2 5



73



