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Abstract

In this work, the structural and optical properties of copper selenide thin films which are
prepared by the nanosandwiching technique are studied. Particularly, gold thin film layers of
thicknesses less than 250 nm are used as mid-layer between two 500 nm thick copper selenide
layers. The effect of the gold film on the structural, optical and dielectric properties of copper
selenide were characterized using X-ray diffraction, scanning electron microscopy, and UV-
visible spectrophotometry techniques. Also, the lattice parameters, microstrain, grain size,
dislocation density, stacking faults, and absorption coefficient spectra as well as the energy
band gap and dielectric dispersion are studied in details. In addition, the effects of the gold
metal on the optical conductivity spectra and optical conduction parameters are explored
through the Drude Lorentz modeling of optical conductivity. The scanning electron
microscopy imaging has shown that the two stacked layers of CuSe exhibit needle like grains
whose length reaches 1.5 um. Insertion of gold between layers of CuSe converts the needles
to tubes of length of 2.5 um and width of 220 nm. It was also observed that insertion of Au
layers between layers of CuSe increases the strain and dislocation density and decreases the
crystallite size leading to a strained structure. Studies of the temperature effects on the
structure has shown that increasing the temperature to 473 K increases the grain size and
decreases the microstrain and defect density. Optically, the Au nanosandwiching enhanced
the light absorbability be more than two times and shrunk the energy bandgap. In addition,
an improvement in the dielectric constant in both high frequency and IR range was observed.

The optical conductivity analysis also show that the presence of Au improves the optical



Vi

conduction and increases the drift mobility making CuSe more appropriate for optoelectronic

applications.

Keywords: CuSe, plasmon, X-ray diffraction, band gap.
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Chapter one

Introduction
Copper Selenide -CuSe has attracted attention of researchers and electronic designers, owing to
its smart features, different structures and valence states, some unique electrical properties, thermal
stability and optical properties. It is used in a number of industrial applications including infrared
detection and imaging. Some applications of CuSe include photovoltaic devices, window
materials, super ionic conductors, optical filters, electro-optical devices, thermo electric
converters, photo electrochemical cells, and photo thermal therapy applications [1].
CuSe exists in different compositions, such as, CuSe, CusSes, CusSes, CuszSez, CuzSe and Cuz-«Se,
so it appears in different crystal structures (Monoclinic, hexagonal, tetragonal, and cubic) with
different values for bandgaps [1]. For example, bulk and stoichiometric copper selenide (CuzSe)
is a zero bandgap material with metal-like behavior [2]. However, copper-deficient Cuz«Se is a p-
type semiconductor with direct and indirect bandgap energies in the range of 2.1-2.3 eV and 1.2~
1.4 eV, respectively. Its nanocrystalline phase (NCs) have strong localized surface Plasmon
resonance absorption which are tunable by their size, shape, and chemical composition [3].
The optical properties of semiconductors including CuSe can be changed by doping; which is the
introduction of impurities into a semiconductor crystal. Doping may be p-type or n-type. Due to
that we can determine many properties for semiconductors. Doped CuSe has also different optical
properties from unhoped CuSe.
Studying the Optical properties is necessary to identify applications for the electronic devices, and
to determine the band gap and absorption for the material. Consistently, studying the dielectric

dispersion in the CuSe is necessary to determine the active/passive operation modes of the device

[2].



As the Au nanosandwiching is certified to have great effect in enhancing the light absorbability of
materials. As though we will employ it for the CuSe (CAC-0). Particularly, two layers of CuSe
will be sandwiched with Au film of Nano level thickness 25 and 50 nm to form CuSe-Au (25 nm)-
CuSe (CAC-25 nm) and CuSe-Au (50 nm)-CuSe (CAC-50 nm) thin films. The structural, optical
and photoelectrical as well as the dielectric properties of the sandwiched films will be investigated
as function of light energy and as function of temperature to optimize the most appropriate criteria
for producing these films in suitable properties for the production of solar cells.

In the following chapter of this thesis, the necessary information that allow comparison of
experiments with theoretical considerations is reported. Some important derivations of theoretical
equations will be listed. In the third chapter the experiments which were carried out are described.
Some of the instruments operation principles are also mentioned. In the fourth chapter the
experimental results and the physical interposition of the results is reported in details. The effect
of Au layers insertion on the structural and optical properties is discussed. In the final chapter,

some of the concluding remarks will be listed.



Chapter Two
Theoretical Background

2.1 X-ray diffraction

X-ray was discovered in 1895 by Wilhelm Conrad Rontgen, and it’s a part of electromagnetic
spectrum with wavelength in the range of 0.1 A to 100 A. X-ray is used in several areas like
medical, education, industry, and it help scientists and physicians to determine the nature of the
material by studding how the x-ray radiation interact with atoms within the crystal. This technique
was used for the first time for identifying the crystalline phases of materials by William Henry
Bragg and his son, William Laurence Bragg in 1900. To study and calculate the interplaner space
between successive atomic planes, a reflection condition for constructive interference must be met

to satisfy Bragg’s equation [6]:
nA = 2dsin @ 2.1

Where n is the order of reflection maximum, A is the wavelength for x-ray beam, d is the
interplaner spacing and 0 is the angle of incident beam. Thus, knowledge of the interplaner

spacing is necessary to calculate the lattice parameters as appears in the next equations [7]:

hZ . o, k%, o, 1% . o 2kl 2hl 2hk
1 _ ZSin a+iosin [3+22—sm y+ﬁcosa+—a—ccosﬁ+ =5 COSY 8.3)
d? 1—cos2a—cos2—cos2y+2cos a cos S cosy '

Where h, k, and 1 are the miller indices, a, b and c are the lattice constant
If we take the previous equations for cubic crystal, the following conditions must be met:

o =P =y=90" and a= b=c, then, by satisfying the first condition equation (2.2) can be written as



—= 4 — +E_ (2. 3a)

And by applying the second condition (a= b=c) it can be written as:

1 hZ+k%+1?
== (2.3b)

Also, we can apply equation (2.2) on all crystal systems to calculate the expression for

interplaner spacing that appears on Table 2.1 for every crystal system:
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Also we can determine the grain size for the crystal by using Scherrer equation which is based in

its derivation on the kinematical theory of diffraction [§],
kA
Bcosl = > 2.4

Where B is the full width at half maximum intensity of a peak in radians, k is the shape factor

(k =0.94), 0 is the angle at which the peak maxima appear and D is the grain size [9].

2.2 Strain (g)

Strain measures how much the crystal will be stretched when a force is applied to it, and we can
calculated ¢ depending on the X-ray data that results by using the following equation [10]:

_ _F -
E= rra—- (unit less) (2.5)

2.3 Dislocation density (d)

A physical quantity that expresses the number of dislocations intersecting a unit area is the
dislocation density & [11], and it based on values of grain size and strain. We can calculate § by

using the equation [12]:

— 158 ; 2
6—aD (line/cm*) (2.6)

2.4 Stacking faults (SF %)

Stacking faults (SF) play an important role in describing the dielectric permittivity, and we can

calculate it by using X-ray data as the following equation expresses [13]:

272B

SF = 45+/3tan 6

(2.7)
2.5 Optical absorption coefficient

Optical absorption coefficient is the most important parameter that is used to determine the
bandgap energy of a material, we know that if the valance band has many electron and the

conduction band contains a lot of empty states, the probability of photon absorption will be high.



The optical absorption coefficient based on the values of transmittance and reflectance

measurements as illustrated in the following equations [14]:

_p\2,—ad
T = (d=R)%e 2.8)

1—R2e¢—2ad

Where R is the reflection coefficient, a is the absorption coefficient and d is the thickness of the

sample. If we assume that R%e™%29% « 1 , then

T = (1 — R)2e~ (2.9)
1 T
a= —Eln 1_R? (2.10)

Also, the band gap can be calculated based on the following Tauc’s relation:

(@aE)"=C(E - E,) (2.11)

Where C a constant that is based on the transition probability, n is an index which is theoretically
1 : a ; 1 T ; 2 :

equals to > for indirect allowed, 2 for direct allowed, 3 for indirect forbidden and 3 for direct

forbidden transitions [15, 16].

2.6 Dielectric function

The dielectric function is important to describe the response of the material to all photons energies,
and so, it defines the physical and chemical properties of material that are attached to storage, lost
energy and its suitability for a specific application. So, in such experiments we need to determine
the complex dielectric function through studying some observations such as transmission and
reflection. Also we need to study Maxwell’s equations (with assumption that the charge density is

zero) to introduce the complex function as the following [17]:



VxH—-"==—] (2.12)

vx B+ 2.13)
c ot

v.D = (2.14)

V.B = 2.15)

Where H the magnetic is field, E is the electric field, B is the magnetic flux D is the electric

displacement and f is the current density.

If we write the constitutive equations as:

D=c¢E (2.16)
B = uF 2.17)
7= ol 2.18)

Where € is the dielectric constant L is the permeability and © is the conductivity.

We can get a wave equation for E from Maxwell’s equations and constitutive equations:

= 92E dF
2p — A2 2 =
VE = A 372 + B = (2.19)
4
Where A = E%andB = nczm
Cc c

We will take a sinusoidal solution for the optical field which express as:



—

E = Ejelr-wt) (2.20)
Where E is the electric field, o is the angular frequency

Substitute equation (2.20) in equation (2.19) we obtain the following relation

K% = _ spw? _ 4miopw (221)

c? c?

w
Then K = 7V H Ecomplex

Where the complex dielectric function can written as

4Tio ’

= ¢+ i€ (2.22)

Ecomplex = € T

Where £ is the real part of permittivity, € is the imaginary part related to absorptive behavior of
the material and i is a complex number. Practically, the effective dielectric constant is

determined from Fresnel’s equation for normal incidence which takes the form [17]:

_ (1-M)?+k?

T Q+n)e+ke (2.23)

And the dielectric properties for the material are investigated by defining the complex

w
constant K = ?Ncompler

~

Where Neompiex = AL + ik (2.24)

~ . " 5 ~ . ; . . A
Where 7 is the index of refraction and k is extinction coefficient =%r.

Also we can write N¢ompiex in the following expression:
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Neomptex = [l Ecomplex (2.25)
Where Ecomplex = €1 T 1€

For non-magnetic materials, we take 1 =1 in equation 2.25 and so:

ecomptex = (Neompiex)® = (R + ik)? (2.26)

SO Ecompiex = i + k? + i2Ak (2.27)

Compare equation 2.26 with equation 2.27 we get:

e =A% — 2 (228)
&, = 2fik (2.29)

2.7 The Drude model

Drude model is used to describe the transport properties of conducting materials, and it’s based
on the nearly free electron model and on the classical equations of motion for electrons in the

optical electric field.

The drift velocity equation of carriers in classical physics is given by

d_‘ - i
md—’:+ 3;5 = e E, e~ 0t (2.30)

Where 1 is the relaxation time, and the electrons here undergo a sinusoidal motion as the

following
i =Tyt (2.31)

And then, equation 2.25 become
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(—miw + 1:— ) Ty = ek, (2.32)

Then if we take the current density that is related to the drift velocity and the carrier density n by

7 =neb, = ok, (2.33)
2 E
Substitution for the drift velocity vy = me—o into equations 2.28 introduce the complex
: Y (—)—imw q
T

conductivity

ne’t
o= m (2.34)

Where equation 2.29 is the Drude expression for 6.

Drude developed his model to describe the refraction complex index and dielectric constant for
metals. So Drude model needes to be modified by adding Lorentz model in order to be used for
semiconductors to describe the dielectric function. By that modifying we can get the following

expression for dielectric function:

f(w) =1—FN_“eei’ | gN___ Opel’ (2.35)
P (w?+iwy;) b (wei2—w?)+iwy; '
el
Where Wpe = — the electron bounded plasma frequency, n and m* are the free electron

density and the effective mass of free electrons, respectively. Equation 2.35 express the Drude-

Lorentz model for dielectric functions.



12

Chapter Three
Experimental Details

3.1 Substrate cleaning

The glass substrates were cleaned using alcohol in order to remove contaminants from the surface.
Then, they were shaked by ultrasonic resonator in distilled water at 60 °C for 20 min , after that
we flooded the substrate in alcohol before drying prior to deposition. The used glass substrates are

shown in figure 3.1.

Figure 3.1: Clean glass samples.

3.2 Thin films preparation

CuSe and Au were used as raw materials to prepare CuSe thin films with a thicknesses of 1 pm
(CAC-0), CAC-25 nm and CAC-50 nm for layered films, in the first step CuSe films of thickness
500 nm were grown as substrates onto clean glass, then the CuSe substrates were coated with 25
and 50 nm Au. The coating was actualized with ion coater so that the Au particles are accelerated
before striking the CuSe substrates. The resulting CuSe/Au-25 nm (CA-25 nm) and CuSe/Au-50
nm (CA-50 nm) were recoated by CuSe to form the proposed layered film. A thickness 0.5 um
and 1 pm of CuSe which are shown in figure 3.2, were evaporated onto glass substrates by physical

evaporation technique using VCM-600 thermal vacuum evaporator at a vacuum pressure of 107
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m bar. The system is shown in figure 3.3.a. The powder of CuSe was placed in a tungsten boat
(part of the device, item lin figure 3.3.b) after being weighed (0.2 g). Then, the glass and metal
substrates were located 20 cm above the source by mounting them onto metal plate (item 2 in
figure 3.3b). A manual shutter located above evaporation source was used to avoid the random
evaporation during the deposition process (item 3 in figure 3.3.b). Then, accelerated particle
technique by ion coater (figure 3.4) have been used in order to deposit 25 nm and 50 nm Au on
CuSe films, forming CA-25 nm and CA-50 nm layered films. The film thickness of CuSe layer
was measured with the help of STM-2 inficon thickness monitor attached to the evaporator. The

monitor works based on quartz crystal can read 3000 reading / second and have a resolution of

0.03 A".

CuSe/Auw/CuSe

Figure 3.2: (a) CuSe Samples, (b) CuSe/Au sample and (c) CAC samples
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Figure 3.3: (a) The VCM-600 thermal evaporator (b) the inside of VCM-600 and (c) the screen of the
thickness monitor.
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Figure 3.4: Ion Coater used to grow nano sheets of gold

3.3 Thin films analysis

In the following sections we report the methods used to achieve the scientific results. Some of
these methods are the hot probe technique to determine the conductivity type, the X-ray diffraction
to observe the structure and the optical spectroscopy to explore the band gap and dielectric

dispersion in the films.
3.3.1 Hot probe technique

The majority carrier type determines whether the semiconductor material is p-type or n-type. So
we use the thermoelectric or hot probe technique as figure 3.5 shows to set the majority carrier
type. By this technique there are two probes contact to the surface of the sample, one of these
probes (connected to positive terminal of a voltmeter) is heated to a temperature higher than the

other side, and the majority carriers at the hot probe have a thermal energy greater than that at the
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cold probe, So the majority carrier diffuse away from the hot probe. This introduces a current
which flows towards a hot probe in n-type and hence current will pass through voltmeter from
positive to negative giving a positive voltage reading. For p-type semiconductor, the current will
flow towards cold probe causing a negative reading of the voltmeter as illustrated in figures 3.5

and 3.6. Through this experiment, all prepared film show p-type semiconducting characteristics.

Figure 3.5: Hot probe technique

Q o o o
S = ) S
=9 — o =

h o O OO e- O O OO
- —

p-type I °° n-type I °°

Figure 3.6 Schematic representation of hot probe technique
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3.3. 2 X-ray diffraction

X-ray diffraction (XRD) technique is important to study atomic arrangement and structures
of crystals. By using Rigaku diffractometer equipped with Ka radiation of a copper anode of
average wavelength 1.5405 A at 40 KV and 15 mA we are able to record the x-ray diffraction
patterns for the samples. The x-ray unit is shown in figure 3.7. By this technique we measure the
intensity as a function of diffraction angle in order to calculate the lattice parameters for the films

which are important to determine the physical properties of materials.

In order to collect the XRD-data we run the generator, the computer device and the X-ray source.
Then we open Miniflex Guidance program, and justify the X-ray diffraction for the angle (6) from
10° to 70", speed being 1deg /min, and the step is 0.05 in Minflex program and following some
steps as appears in chart 3.1 to study the sample properties. Also, for studying the effect of
temperature on the structure and morphology of the samples we run the heater in addition to the
generator, the computer device and the X-ray source and take the XRD-data every 30 C by the

steps that appear in the chart 3.1.
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*Wait for 7
minutes

eIn order to put
the sample in

eReturn to minflex
program

Chart 3.1: X-ray measuring.
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Vo) 1e,

mple holde »
- @ . :

Figure 3.7: (a) Rigaku Diffractometer and (b) Miniflex program (c) The heater beside Rigaku
Diffractometer.
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3.3.3 Scanning electron microscope (SEM)

SEM offers high-resolution picture about the size of particles, so, it’s necessary to study the surface
topography of the material. The schematic diagram of SEM appears in Figure 3.8 [18] which shows
that the column of the SEM consists of electron source which ejects and accelerate the electrons
to have an energy with a range of 1-30 K eV. It consists of condenser and objective lens, two scan

coils and electron detector.

Electron -
source i :

589
Scan generator

Condensor
lenses
Amplifier

S ===

X, y scancoils

Objective
lens

Back-scattered
electron detector

X-ray

detector 4%

Secondary
electron detector

Sample
o

Figure 3.8: A schematic diagram of scanning electron microscope.



21

In this technique (studying the samples by the SEM) the image formation is based on signals

produced by electron beam that is aligned by scan coils and interact with specimen surface (elastic

and inelastic interactions).

Figure 3.9 Scanning electron microscope (SEM).
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3.3.4 Optical measurements

Optical transmittance and reflectance offer important tool to determine the material absorbability,
dielectric dispersion and optical band gap. These parameters are measured in the incident light
wavelength range of 300—1100 nm by using a thermo- scientific Evolution 300 spectrophotometer
which is equipped with VeeMax II spectrophotometer that is shown in figure 3.10. The

measurements are actullized by the reflectometer at about normal incidence (15°). The data here

were collected by VISION software.

Figure 3.10: The VeeMax II spectrophotometer.
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Chapter Four
Results and discussion

4.2 Scanning Electron Microscopy

The SEM images for the studied CAC-0 (CuSe film), CAC-25  (CuSe/Au-25 nm/CuSe) and
CAC-50 (CuSe/Au-50 nm /CuSe) samples are shown in Fig. 4.1 (a), (b) and (c), respectively.
While the insets of the figures show enlargements of 10k, the main figures display enlargements
of 30k for the as grown samples and 50k for the samples sandwiched with Au slabs. It is clear
from the inset of Fig. 4.1 (a), that the CuSe films are composed of needle like grains, they are
mostly randomly distributed. The closer look with 50k enlargements show that these grains are
of 1.4 um length and of average width of 214 nm. When the CuSe films were sandwiched with Au
layer of thickness of 25 nm, as can be seen from the inset of Fig 4.1 (b), most of the needle like
grains disappeared and the remaining grains exhibited length and widths of 600 nm and ~120 nm,
respectively. Further increase in the content of Au to 50 nm, enriched the number of needles (inset
Fig. 4.1 (C) and increased the length to 2.3 um and width to 220 nm. As the length to width ratio

exceeds 10 times, it is possible to think that those needles converts to nanotubes.
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CAC-25nm

, o
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Figure 4.1: The SEM images for (a) CuSe, (b) CuSe/Au-25 nm/CuSe and (c) CuSe/Au-50 nm/CuSe.
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On the other hand, the energy dispersive X-ray spectroscopy measurements for the samples under
study, which are demonstrated in Fig. 4.2 , have shown that the films are composed of CuSe in
addition to glass (SiO2:MgO:Na;0:Ca0) and Au. In the energy dispersive X-ray spectroscopy
measurements for CuSe sample we can see Au atoms, that’s because we coat the samples with
gold during the experiment to prevent electron cintamination. Also, it is clear from the spectra that
the content of Au increases as the slab thickness increase. The atomic content of CuSe in the
absence and presence of Au is shown in Table 4.1. One may read from the table, that the CuSe
samples contains excess Cu atoms. Insertion of Au into the structure of CuSe, initially increased
the content of Cu over that of Se, then it decreases making the Cu/Se ratio closer to the proposed
stoichiometric ratio. It is believed that irregular distribution of grains in the films is due to the
excess Cu content [19]. This fact is also confirmed when one compare inset of Fig.4.2 (b) with
inset of (c). The less the Cu content the more crowded the grains the larger their lengths. It is also
reported that excess copper may force formation of CuzSe as secondary phase in the structure of
the films [20] which may limit the performance of the films through photovoltaic applications.
Thus, when Au slab thickness reaches 50 nm, the Cu content significantly decreases and much

better performance may be expected.
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Figure 4.2: Dispersive X-ray spectroscopy measurements for the samples during SEM study.

Table 4:1 The atomic content of CuSe in the absence and presence of Au.

Sample Cuat.% Seat.% Cu/Se

CuSe 52.81 47.19 1.119
CAC-25 5348 46.52 1.150

CAC-50 51.43 48.57 1.059
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4.2 Structural Analysis

The XRD for CuSe thin films of thicknesses of 0.5 pm that are deposited onto glass substrates by
thermal evaporation technique are shown in Fig 4.3.The patterns were recorded at varying
diffraction angle (20) in the range of 10 to 70°.Two types of samples are presented. Namely, those

which are pure and the other which are sandwiched with Au nanosheets (CAC-25 nm and CAC-
50 nm).

Based on the shown XRD patterns it is clear that CuSe exhibit main peak at 20=28.45° with
intensity of I=1633 a.u and other minor peaks are detected at 26=26.75, 31.4, and at 45.85° The

XRD data for glass/CuSe films were analyzed by "TREOR 92" software packages to investigate

the polycrystalline nature of CuSe. The analyses reveal that CuSe films are of hexagonal structure

with plane orientation in the (102) direction.
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Figure 4.3:X-ray diffraction patterns for CuSe and CAC-25 nm and CAC-50 nm nanosheets.
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Since the peaks of the as grown CuSe are not sufficiently sharp, the analysis were based on
literature data which report hexagonal phases of CuSe as a most appropriate phase being observed
at these angles. In accordance with the hexagonal structural analysis, the lattice constants which
are estimated using equation (2) are a=3.93 and c=17.04 A’ .The values are consistent with those
reported in literature as a = 3.96 and ¢=17.23 A° [21].On the other hand, the impact of gold nano
layer on the films structure is also investigated. The nanosandwiching of 25 nm thick Au layer
between two layers of CuSe caused the appearance of the most intensive peak at 31.4° and also
the intensity for (220) and (102) peaks decrease, hence there is a change in the preferential
orientation. Repeating the solution for the new XRD patterns, they have shown that the hexagonal
phase is still best oriented in the (006) direction. The calculated lattice parameters for this

hexagonal cell are a=3.922 and c= 17.0786 A".

As though, and in order to visualize the structural stability upon nano sandwiching, the crystallite
size, the micro strain, the defect density and stacking faults are calculated from the peak
broadening of the most intensive peak in accordance with equations (2.4), (2.5), (2.6) and (2.7),
respectively. The crystallite size and strain for CuSe, CAC-25 nm and CAC-50 nm which were
calculated using modified Scherrer equation are shown in Table 4.2. The micro strain (g),
dislocation density (8) and stacking faults percentages (SF %) increases and the crystallite size (D)
decreases as Au layer thickness increases from 0 nm to 50 nm. Study of these parameters in
materials is important as it gives indication about the mechanical properties, such as elasticity,
hardness and ductility etc. For example, smaller crystallite sizes of material make it weekly

structured.
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Table 4.2: Structural parameters of CuSe and CAC Nano sandwiches.

Parameters CuSe CAC-25 nm CAC-50 nm

20 (°) 28.25 31.25 31.25

I (a.u) 1916 2365 3657

a (A% 3922 3.930 3.927

c (A% 17.07 17.04 17.1

D (nm) 57.0 19.0 17.0
£x107 2.60 6.90 7.74
8x10'! (line/cm?) 1.7 14.1 16.0
SF% 0.18 0.37 0.41

It is clear from Table 4.2 that the Au nano sandwiching strongly alters the crystallization process.
This can be understood from the increased intensity and increased broadening of X-rays. In
addition, the presence of Au of thickness of 25 and 50 nm in the CuSe structure increase the lattice
constant along the a-axis. These changes are ascribed to the lattice mismatch between Au and CuSe
[22,23] .Since Au is face centered cubic with lattice parameters of 4.07 A°, the lattice mismatches
between CuSe and Au along the a- c-axes are 3.77% and 76.5%, respectively. Large lattice
mismatches causes high interfacial energies [22] which lead to increase in the strain and
dislocations. [23]

As shown in Table 4.2, large defect densities are generated upon insertion of 50 nm thick Au layer.

This behavior is attributed to the bonding mechanism in CuSe that depends on the system internal
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energy. Recalling that the bond length of Au-Se being 2.38 A [24] is shorter than that of Cu-Se
which is 2.49 A [25], the Au-Se formation weaken the bonding in CuSe.

In addition, as the ionic radius of Au being 1.37 A [26] is larger that of Cu*? (0.73 A) [27], Au can
replace interstitial positions in CuSe. The non-symmetric substitutions (interstitial) causes large
stress values that increases the interface energy [28].

Following the already published work of Qasrawi about temperature effects on structural
properties of CuSe, the X-ray scattering data were also collected for CAC-25 nm and CAC-50 nm
at different temperatures as shown in figure 4.4 and 4.5, respectively. It’s clear that the peak has
become narrower and sharper with increasing temperature and shifted to left when the temperature

exceeds 383 K (illustrated in the insets of Figure 4.4 and 4.5).
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Figure 4.5: XRD pattern for CAC-50 nm sandwiched with Au nanosheets with temperature.
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As it is evident from the XRD patterns figure 4.4 for CAC-25 nm and figure for CAC-50 nm, there
is an enhancement in crystallization process as the temperature rises .Namely, the grain size
increases as the temperature increases to sufficiently high temperatures (above 413) K [29] .As an
advantage of these enhancements and as expected by Oswald [30], the larger grains grow bigger
at the expense of smaller grains upon heat treatment. Larger grains reduces the number of scattered
conducting electrons at grain boundaries which in turn lowers the resistivity [30].

As also illustrated in Table 4.3 during the heating process, the structural parameters doesn’t follow
systematic behavior. However, accountable difference may be seen when room temperature values
are compared to the value obtained at 473 K. Particularly, the intensity of the XRD increases by
more than four times, the crystallite size increases by 33% and the micro strain decreased by
23% .It’s also observable from the table that increasing the thickness of the Au layer from 25 to
50 nm doesn’t play significant role on the temperature effect on the structural parameters.

It is also readable from figure 4.6 (a) and (b) which show the XRD patterns for the samples after
cooling that the enhancements in the crystallization processes are permanent. The samples did not
return to its initial position before heating. The calculated lattice parameters, grain size,
microstrains and defect density values before heating and after cooling are compared in Table 4.4.
As seen from the table which compares the structural parameters of the samples before heating
and after cooling, the shape of the unit cell is changed and the intensity of the main peak is
increased. Accordingly, the grain size increased from 19 to 26 nm. This enhancement in the crystal
structure is accompanied with decrease in the micro strain and defect density and a decrease in the

percentage of the faulty stached layers.
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The result indicates that the heating processes enhanced crystallinity of the films significantly. The
role of the Au thickness on the enhancement of the crystallinity is also evident from the differences
in the values of the structural parameters for both samples. Namely , while the insertion of 25 nm
thick layer increased the crystallite size and decreased both of the defect density and micro strain
by 36.8% ,45.3% and 32.5% respectively, the 50 nm thick Au layer changed the parameters by

47.1% ,50.6% and 33.3% , respectively.
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Figure 4.6: XRD pattern for (a) CAC-25 nm and (b) CAC sandwitched with Au nanosheets before heating
and after cooling.

This behavior most probably resulted from the better homogenous distribution of heat through the
CAC-50 samples due to the availability of more Au atoms (high thermal conductivity) in the
thicker samples. In general, heat assisted grain growth which was also observed in many crystalline
materials [31], is ascribed to the crystallization and recovery processes .During heating, the small
size crystallites are unable to absorb the internal thermal energy, thus during the nucleation process
small crystallites that are closer to each other melt forming larger grains. Because the larger
crystallite means more oriented planes. The intensity of XRD increases and the strain decreases

owing to misaligned planes [32] that caused the strain.



37

4.2 Optical analysis

The experimental investigation and results for transmittance (T) and reflectance (R) spectra that

are obtained using UV-VIS spectrophotometer for CuSe and Au sandwiched CuSe films are

displaced in Figure 4.7 and 4.8, respectively. These data were measured in the incident light

wavelength range of 300-1100 nm.
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Figure 4.7: The transmittance spectra for CuSe, CAC-25 nm, and CAC-50 nm interfaces,
respectively in the range of 300-1100 nm.

The transmittance of CuSe increased with increasing wavelength until the incident photon energy

reaches value ~736 nm as shown in Figure 4.7. It then , begins to decrease with increasing A .In

the visible region of light higher transmittance values are observed so, CuSe appears to be more

transparent in that region .On the other hand, T spectra for CAC-25nm increases as A increases to

the same value of light wavelength (736 nm). However, for larger A values, it tends to remain
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constant in contrary to the behavior of T spectra in the same region for pure CuSe. In addition
CAC-50 nm samples show the same trend of variation with less values of T indicating that the
samples become weakly transparent. Particularly, as illustrated in the inset of figure 4.5 at A value

of 700 nm the transmittance decreases as the thickness of Au layer increases.
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Figure 4.8: Reflectance coefficient for CuSe and CAC-25 nm and CAC-50 nm with incident photon wave

length.

On the other hand, the R spectra which appears in Fig 4.8 indicates that the reflectance increases
with increasing A, however for CAC-25 nm, R increases as A increases up to a value of 528 nm ,
thereafter, it decreases until the value of 812 nm, and finally re-increase linearly. For CAC-50 nm,

R increases with increasing A until it reaches 508 nm where R starts decreasing approaching a
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value of 3.9% at 664 nm. Then it return to increase linearly. The reflectance values of the CAC-
25 nm samples are less than those of CAC-50nm above ~740 nm, meaning that R% increases with

increasing Au thickness near the infrared region, where it decreases in the visible region.

The transmittance and reflectance were used to determine absorption coefficient (o) spectra using
eqn. (2.10). The absorption coefficient spectra is shown in Figure 4.9. The Figure show that o
spectra of CuSe start decreasing with increasing incident photon energy in the region 1.12 - 1.74
eV then it increases with increasing incident photon energy. For CAC-25, o decreases with
decreasing energy till the energy of value 1.68 eV is reached. After that, it increases with increasing
energy. Unlike that of CAC-25, o for CAC-50 nm always decreases with decreasing E. The strong
absorption in CuSe, CAC-25 nm and CAC-50 nm dominates in the ranges (1.7-2.7 eV), (2.2-

2.8eV) and (2.3-2.8eV), respectively.

CuSe CAC 25nm CAC 50nm

|

1.0 1:2 1:4 1:6 1.8
E(ev)
0 L] T T T T
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Figure 4.9: The absorption coefficient spectra for CuSe, CAC-25 nm and CAC-50 nm.
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In addition, as seen from Figure 4.9, the absorption coefficient increases as the thickness of Au
layer increases, indicating that the nanosandwiching of gold between two layers of CuSe enhances
the light absorbability in CuSe. The ratio o of light spectra in the presence of Au (Ra =
(o cac/ot cuse )) is calculated and shown in Figure 4.10 .As seen from the figure, Ra. is always
larger than a unit and exhibit maxima at 1.68 and at 1.74 eV for CAC-25 and CAC-50 samples,
respectively. The maxima Ro. value of 2.3 correspond to CuSe sandwiched with 50 nm Au. The
enhanced light absorbability is assigned to the quantum confinement achieved by the Au/CuSe
interfacing. The work function of p-type CuSe about 4.17 eV which is less than the work function
of Au (5.34 eV) [33, 34], indicating the Ohmic nature of metal- semiconductor interaction. As a
result no band bending is expected. However, the increased defect density at the surface upon Au
insertion could increase the trapping and recombination centers which also could account for the

increased absorbability.
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Figure 4.10: Ra = (o cac/@ cuse) for CAC-25 and CAC-50 nm.
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It worth noting that the increasing trend of variation of o with decreasing incident photon energy
in the low range of energy is an indication of the domination of the free carrier absorption
mechanism in the pure and CAC-25 samples sandwiched with 25 nm Au. The free carrier
absorption mechanism in the IR region was previously [35] observed for ZnO and was assigned to
the carrier movement affected by phonon scattering arising from the energy to lattice when
irradiated by IR light [36]. As the interfacing between p-type CuSe and Au layer represent Ohmic
type, holes flow from CuSe to Au layer. Thus, with increasing metal thickness (CAC-50 nm) and
owing to the availability of more electrons at the metal surface no free holes remain in the

semiconductor to actualize the free carrier absorption and the mechanism disappears.

The optical band gap of the CuSe, CAC-25nm and CAC-50nm thin films were determined using
Tauc’s relation, (o E)?>= A * (E — Eg) by extrapolating the linear part of the Tauc’s plot of (aE) >
vs E curve to the E-axis as shown in Figure 4.11 (a), the energy gap were determined to be 2.57
eV for CuSe, 2.55 eV for CAC-25nm, and (2.12 eV) as Au layer increase for CAC-50 nm, so that
increasing the thickness of the gold layer shrinks the optical energy band gap [37]. On the other
hand, as demonstrated in Figure 4.11 (b), heating the samples at different temperatures caused
better recrystallization process .Such process increases the band gap for the two samples as its

appears in Figure 4.11 (b) .

The shrinkage in the energy band gap and the formation of interbands in the band gap of CuSe
may be assigned to the orbital overlapping between Au atoms and CuSe. The electronic
configuration of Au being [Xe] 4f ' 5d '° 6s ' [38] is at higher orbitals than Cu which have the
electronic configuration [Ar] 3d ' 4s '. Au 4f'* 5d'° 6s' orbitals can reach the conduction band of

CuSe leading to crowding in the density of states and as a result it lowers the band gap. In addition,
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as the band length of Au —Se is shorter than that of Cu-Se, at the interface region between Au and
CusSe, the possible formation of Au —Se layers creates energy bands that may behave as interbands

in the structure of band gap of CuSe [39].
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4.3 Dielectric properties

The optical properties of materials provide an important tool for studying the dielectric
performance. Depending on experimental measurements we deduce the dielectric constant for
CuSe, CAC-25nm and CAC-50 nm films as function of energy. The real part of the dielectric

constant € which was calculated with the help of equation (2.22) is shown in figure 4.12.

CAC-25 nm
4 4 CAC-50 nm CusS

1 1.5 2 2.5 3 3.5 4
E(eV)

Figure 4.12: The real part of the dielectric constant for CuSe (blue line), CAC-25 nm (pink line), CAC-
50 nm (red line) and the best Generalization for the imaginary of Lorentz modeling (blackline).

It is clear from the figure that the high frequency (®) dielectric constant strongly depends on the
thickness of Au layer in the samples. Namely, while € exhibit value of ~ 1.6 for the two stacked
layers of CuSe. It increases to ~ 3.0 value upon insertion of 25 nm Au film. Increasing the Au layer

thickness further decreased the values of € to ~2.3. In addition, it is also noticeable from the Figure
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that for incident photon energies less 1.82, 2.18 and 2.14 eV of the CuSe, CAC-25 nm and CAC-
50 nm, respectively. The real part of dielectric constant start increasing with decreasing incident
photon energy. Such behavior indicates the applicability of CAC samples in IR region of
optoelectronical applications. The slope of variation of &, with E increases as Au thickness
increases. We assign this behavior to the availability of more Au atoms that enhances the electronic
polarization in that region. One may see a decrease in values of £ as the energy is increasing to the
value ~ 2.04 eV for CuSe and ~ 1.8 eV for CAC-50 nm and to the value ~ 1.51 eV for CAC-25,
after that the value of real part increases for both CAC-25 and CAC-50 nm when the frequency

approach ~ 2.52 eV before reaching saturation at high frequency.

Also we study the imaginary part of dielectric constant which appears in figure 4.13 for the samples.

2
1.5 1
CAC-25 nm CAC-50 nm
% 1 1
0.5 1
0 L] T T T T
1 1.5 2 2.5 3 3.5

E(eV)

Figure 4.13: the imaginary part of the dielectric constant for CuSe (blue line), CAC-25 nm (pink line),
CAC-50 nm (red line) and the best Generalization for the imaginary of Lorentz modeling (black line).

The imaginary part of dielectric constant display constant value in the spectral range 0f2.5-4.0 eV.

Its clear that insertion of Au layer increased the value of €, while there is no effect of Au layer
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thickness on the high frequencye”, the low frequency region steadily increased with decreasing
photon energy. Modeling of the imaginary part with Drude-lorentz approach using the equation
(2.30) reveal information about the optical conductivity parameters. The good consistency between
the theoretical £ which is shown by dark cross symbol, and the experimentally determined values

was achieved via substitutions of the optical conductivity parameters which are shown in Table

4.5.
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If we use the 1% coulumn ( the first oscillation) for each sample for comparison in the Table 4.5,
we will see that the table suggests that the insertion of Au layers between two layers of CuSe,
significantly, increases the drift mobility of free electrons and the value of the Plasmon frequency
as well. Namely, the drift mobility of CuSe increased from 1.75 to 5.19 and reached 5.36 cm*/ Vs
as the Au layer is inserted and it is thickness is increased. The higher the drift mobility, the more
suitable the material for optoelectronic applications. The range of Plasmon frequency also extends
from 3.46 - 4.03 GHz to 4.95 — 5.9 GHz and to 1.40 — 7.00 GHz as Au layer of thickness of 25 and

50 nm are inserted between layers of CuSe, respectively.

The Plasmon frequency represent limit for the wave reflection in the samples. Its values suggest
that these interfaces are more appropriate for production of microwave filters. On the other hand,
the decrease in the number of free carrier density (n) upon Au layer insertion is assigned to the e-

h recombination processes. Owing to the flowing of holes to the surface of Au layer.
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Chapter 5

Conclusions

In this thesis, we have studied the effects of gold nanosandwiching and temperature on the
structural and optical properties of CuSe thin films. In general CuSe films exhibit nano —crystallites
with needle like shapes. These needles which display length of 1.5 um before insertion of Au, they
exhibit tube like shapes after the insertion of Au layer. The length of the nanotubes reaches 2.5
pum. Structurally, the X-ray diffraction analyses displayed polycrystalline nature of growth with
hexagonal lattice. The nanosandwiching of Au layers decreased the grain sizes, increased the strain
and defect density. Optically, due to nanosandwiching the absorbability in the visible range
increased by more than two times and the band gap shrunk. In addition, an enhancement in the
dielectric constant is observed in the IR range upon nanosandwiching of Au between layers of
CuSe. Furthermore, the optical conduction parameters presented by scattering time at femtosecond
level, free hole density, drift mobility and plasmon frequency are all improved indicating that the
CuSe became more appropriate for thin film transistor technology.

Heating the studied samples to 200 C and restudying the structural and optical properties after
cooling the samples to room temperature has shown that the heating process increased the
crystallites size and improved the crystallinity. The microstrain and defect density also decreased.
These enhancements in the structural properties of the films which are achieved via heating are
promising as they may indicate more stable optical and dielectric performance of CuSe. As though
we strongly advice that the optical and dielectric properties are studied as function of temperature

which is one our targets in the future work.
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