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Abstract

In this thesis, we have studied the structural and optical performances of CuSe thin
films which are grown onto thin transparent Indium, Lanthanum and Lead metal
substrates. The metal/CuSe films which are prepared by thermal evaporation
technique under vacuum pressure of 10~ mbar displayed different characteristics
based on the metal type. Particularly, while the (In, Pb)/CuSe displayed the same
value of cubic lattice constant, the La/CuSe exhibited shorter lattice constants. The
structural parameters, accordingly are also influenced by the substrate type. Namely,
the defect density, the staking faults and the stress, exhibit higher values in the
presence of La compared to of (In, Pb)/CuSe interfaces. The grain size decreases
from 28 nm for glass/CuSe to 16 nm for La/CuSe while it increases to 36nm, 33nm

in the presence of In and Pb substrates.

On the other hand, the optical spectroscopy studies which are carried out in the
incident light wavelength range of 300-1100 nm revealed a smaller effect of the
presence of metals on the value of the energy band gap and remarkable effect
dielectric constant in the high frequency range. In addition, the Drude-Lorentz
analysis and modeling on the imaginary part of the dielectric constant have shown
that the scattering time at femtosecond level is increased in the presence of metal
substrates from 1.50 to 2.50, 1.55 1.80 in the presence of glass, In, La and Pb
substrates, respectively. Such behavior indicates that the electronic friction in CuSe

has decreased and the electronic transport become more effective. Consistently, the



vii

drift mobility is increased in the presence of metals. With the value of plasmon
frequency are 3.38, 2.71, 1.66 and 2.38 being in the gigahertz range for glass, In, La
and Pb substrates, respectively. The In, La, Pb/CuSe can be accepted as promising

interfaces for use as plasmonic devices and as microwave filters.
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Chapter one
Introduction and literature survey

Plasmonics are promising and growing fields of science over the past decades.
Nowadays, research interest has been extremely focused on Plasmon devices. This
interest has arisen from its wide range of electronic and photoelectronic applications.
Advanced plasmonic interfaces are used in photovoltaics in order to optimize the light
trapping [1]. As for examples, ultrasensitive detection of molecules is obtained by
surface Plasmon resonance sensors with graphene-MoS; hybrid structures [2]. As
particular application, exciton-plasmon coupling interactions finds applications in
solar cells, quantum information processing, light emitting diodes, low threshold
lasers and biomedical detection [3]. Plasmon waveguides in a graphene-based
nanostructure are novel in the fabrication of sensors and logic gates [4]. Tunable
Plasmon-induced transparency effect in the mid -IR range is used to fabricate
plasmonic refractive indices sensors and multi-channel-selective filters [5]. Gold
nano cup has interested application in planner plasmon devices [6]. InSe/CdSe bilayer
plasmon cavity is reported as promising cavities for high- performance optoelectronic

devices being operative at very high frequencies [7].

Many researchers focused on metal-semiconductor contacts in order to study
plasmon-electron interactions. Studies on Yb/InSe interface electronic properties and
optical conductivity spectra indicated that the interfaces are promising in the
manufacturing of thin film transistors [8]. In/B-Bi2O3 and Yb/y-Bi2O;s interfaces
acted like microwave traps with a relatively high microwave absorbability at the

frequency of 1200 MHz, so it is applicable as microwave resonator and as fast



electronic switching device [9]. In addition, CMOS digital logic devices which are
synthesized using a Yb/Bi»O3/Au interface reveal a 10° rectification ratio [9]. Drude-
Lorentz model analysis on Ge/Ga;S; interface has resulted in Plasmon frequency in
the range of 1.33-2.30 GHz [10]. Due to this feature, it is novel for use in wireless
technology as terahertz receivers and as microwave cavity [10]. In addition, Au
nanosandwiching of InSe thin films which has a plasmon frequency of 1.53 GHz is
used in the engineering of photovoltaic materials [11]. Moreover, electrons bounded
plasmon frequencies and a resonant frequency of Y/InSe interface is suggested for
possible application in terahertz technology [12]. Wide tunable plasmonic surface
frequency which is achieved via thickness control of Mg layers on the Bi2O;
semiconductor is reported to be suitable as plasmonic surface stabilizers and as

microcavities [13].

One material which is proposed for plasmonic interfaces is Copper Seleinde (CuSe).
CuSe is one of the I-VI semiconductors that is subjected to extensive research,
because of its unique optical absorption and electrical conduction [14]. Its optical
band gaps are determined at 298 K by optical absorbance and diffuse reflection
spectra to be 2.5 eV and 1.84 eV for direct and indirect transitions, respectively [15,
16]. However, on the electrical side, CuSe has a resistivity value of 2.12 x 107 Q.cm
at 200 °C [17]. It exhibits p-type conductivity as discovered by Hall effect
measurements [18]. X-ray diffraction analysis showed that CuSe has hexagonal
structure [16]. Deposition of CuSe films at different substrate temperatures showed

transformation from orthorhombic to cubic structure [19]. Also, it displays a



significant effect on its optical and electrical properties, strong absorption in the blue

region and electrical resistivity in the order of 10 Q.cm [19].

Due to these properties, it finds applications in many optoelectronics. As an example,
CuSe nanosheets are used in photoelectric devices as a potential material for
optoelectronics [16]. Furthermore, CuSe thin film electrodes yield a relatively high
photo-electrochemical conversion efficiency of about 14.6 % [20]. Also, it plays a
significant role in increasing the power efficiency of quantum dots sensitized solar
cells from 0.69 % to 1.68 % in the presence of Platinum and CuSe counter electrode
respectively [21]. Moreover, solid-state supercapacitor, which is fabricated using

CuSe at Co(OH), nanosheets displayed capacitance values of 441.4 mF cm-® [22].

Various methods have been used for the synthesis of CuSe. For example, simple and
rapid hydrothermal process for production of homogenous and highly crystalline
nanoplates [16], electrochemical followed by chemical bath deposition for thin films
production [20], spin coating and co-reduction methods are famously employed

techniques to prepare thin films [17].

On the other hand, different doping profiles lead to a noticeable change in the
structural, optical and electrical properties of CuSe. For example, Na" ion-doped
CusSe reflects less electrical conductivity than un-doped one, higher absorption in
the visible light range which correspond to a band gap energy range between 2.5-1.52
eV and exhibited a p-type conductivity [23]. However, 4% S-doped CusSez enhances
the photocatalytic performance under solar light irradiation, increasing the sulfur

concentration to 6% caused an increase in the band gap value [24]. n-type



conductivity appears in the case of Bi**> dopant and strong band gap emission at 629
nm, with a band gap increase as a result of increasing the dopant content [25].
Furthermore, a polycrystalline nature appears in presence of Al™. It is associated
with a decrease in the resistivity and direct band gap [26]. In another work, Li-doped
films displayed similar thermal conductivity as CuSe, but with higher effective

mobility [27].

The above-mentioned information motivated us to explore the effects of metal
substrates on the performance of CuSe. We aim to discuss the structural, optical and
electrical properties of these films. Energy band gap attenuations and plasmonic
interactions will be studied for Copper Selenide films which are prepared onto
transparent In, La and Pb substrates as plasmonic interfaces. As though in the second
chapter we will report some of the important theoretical notes that are needed to
analyze the measurements. In the third chapter we focus on some of the experiments
and their procedures. Finally, we will introduce our results and discuss them

extensively in chapter Four.



Chapter Two

Theoretical Background

2.1 X-ray diffraction (XRD)

X-rays are electromagnetic radiation with wavelength ranges from 0.1 to 100 A. The
wavelength of X-rays used in XRD is about 1 A, which is comparable to the value of
crystal’s interatomic spacing. When X-ray beams with certain wavelengths hits a
sample, X-rays with the same wavelength are scattered. The spatial distribution and
intensities of the scattered X-rays form diffraction patterns. These patterns determine
the structure of the sample. Generally, samples can have ordered structure such as
single crystals or disordered like glasses [28]. For an elastic scattering, the incident
and reflected rays make equal angles with the crystal planes (©; =0,=0) as shown in

figure 2.1.1 (a), the peak is observed if Bragg’s law is satisfied:
2dsinf=ni 2.1.1

Where d is the distance between each adjacent plane, © is the Bragg angle at which
the X-rays are incident, n is an integer and A is the wavelength of the X-rays [29].

Schematic plot of the resulting peak is displayed in figure 2.1.1(b).



FWHM
N\

(a) (b

Figure 2.1.1 (a) X-rays scattering on crystal planes. (b) A diffraction peak at Bragg

angle (©).

2.2 Dislocation Density

Although crystals have high order of atomic arrangements depending on its structure,
most crystalline materials are never perfect. Crystal defect can interrupt the atomic
arrangement leading to an interprets in the material macroscopic properties like its
strength and failure. There are different types of defects, such as point, line, planner
and bulk defects. Dislocations are line defects with two types, the screw and edge

dislocations [28].

Dislocation density is the length of the dislocation lines per unit area. The following

relation is used to calculate the dislocation density (&) in (line /cm?) [30]:

5=2F 22.1
aD



Where ¢ is the micro-strain, a is the lattice constant and D is the crystallite size.

2.3 Grain Size

A broadening in the diffracted X-ray line will occur for crystallite size less than
approximately 1000 A. The presence of broadening is described by B, which is the full
width at half maximum (FWHM). The FWHM is shown in figure 4.1.1 (b). This
broadening is used to estimate the grain or crystallite sizes (D) using the Scherrer’s

relation [31]:

_ kA
- B cos6

2:3.1

Where k is a dimensionless constant related to the crystallite shape and has a typical
value of about 0.94, but varies with the actual shape of the crystallite. In addition, A
is the wavelength, B is the FWHM in radian and © is the diffraction angle. Scherrer’s

equation is valid only for crystallites of size less than 200 nm.

2.4 Micro-strain and Stress

The micro-strain (€) can be determined from the XRD peak broadening according to:

b 24.1

E =
4 tan6

The crystal strain is related to the crystal defects. It increases because of the

generation of dislocations [30].



Another parameter can be obtained from the strain is the stress. Stress and strain are

related to each other by the young’s modulus as follows:

S=vye 24.2
Where S is the stress and y is the young’s modulus [30].
2.5 Drude-lorentz Model

Drude model is a simple classical model for conductivity, in which the optical constants
are related to the electronic properties of solids through the free carriers. This model
starts with the equation of motion of an electron in the presence of a periodic optical

electric field, which states that:

+ T = eE et 25.1

Where v is the drift velocity for the carrier and t is the relaxation time and E, e™ is
the sinusoidal electric field. As a response to this field, electrons move in a sinusoidal

manner. The motion of the electrons can be described by:
VER TRl 2.5.2
The substituting of equation 2.5.2 in 2.5.1 gives:

(—miw + %) v =¢eE 253

However, the amplitude of the velocity (v ) and the field (E ) are related through the

current density (j ) by:



j=nev =0k 2.54

Where j is the current density and o is the conductivity. Substitution for (v_) yields:

eE
- (m/7)—iwm 2:3:5
Finally, the complex conductivity are:
2
= —2E . 2.5.6
m(1—iwt)

When an electric field is applied in one direction it can produce force in the other
directions due to the isotropy of the constant energy surfaces in solids. The current

density and the electric field are related through the tensorial relation:
Jo = 0apEpg 2.5.7

Here g, is a second rank tensor, that can have off-diagonal terms. These terms are
due to the effective mass tensor, the following relation describe the effective mass

tensor in terms of the curvature of the energy band E (k)

1 _ 1 9%
(m)aﬂ T h2 kg Okp 258

For semiconductors with narrow band gaps, mp is function of the energy. In addition,
the validity of Drude formula is restricted to two conditions. The effective mass tensor
is evaluated at the Fermi level and take into account the total electron density. Then,
the total complex dielectric function with the consideration of the core dielectric

constant (€.ppe) 18:
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eWw) = g.ore(W) + 4ic/w 2.5.9
So that:
o(w) = (ne?t/m*)(1 —iwr)? 2.5.10

In which (41 o /w) is the imaginary part of the free carrier contribution. From the

Drude theory:

> 2
€= Eoore + 2T = (g, + igy) = (ny + iky)? 2.5.11

w m (1-iwT)

Where €; and &, is the real and imaginary parts of the dielectric constant, respectively

[32].

The Drude model needed to be modified and adapted by adding the Lorentz model to
be used for semiconductors if the free carrier density introduced through doping is
sufficiently high to cause the semiconductor behaves similarly to the metal [33-34].
The dielectric function described by the Drude-Lorentz model can used to obtain the
dispersion relation [35]:

2
Wpi

2.
e(w)=1-YN B yW 2.5.12

L (w2+iwy;) L (w2-w?)+iwy;

Where i refer to the relative peak. w;, = /4nnez/m* is the electron bounded plasma

frequency. n and m* are the free electron density and the effective mass of free
electrons, respectively. w being the reduced resonant frequency, and vy is the damping
rate.

This model enables taking advantage of semiconductors at optical frequencies and

searching for a possibility of an optical plasmon existence in that range.
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Chapter Three

Experimental Approach

In this chapter, we report and discuss some of the methods that we use to produce the
plasmonic interfaces. Particularly, the methods of preparing the thin films are

described in detail.
3.1 Substrate cleaning

Many substrates are used to prepare films, such as glass and ceramics. The substrate
used in preparing our samples was Pyrex microscopic glass slides, which were cleaned
using alcohol to remove dust from the surface. Then, they were treated ultrasonically
at 60°C for 20 minutes. The cleanness of the surface was tested by optical methods

and continuous liquid film flowing.

3.2 Thin film preparation

Copper Selenide thin films were prepared by the thermal vapor deposition technique
under vacuum pressure of 10~ mbar using VCM-600 evaporator. The evaporation
system, which is shown in figure 3.2.1, consists of a vent valve to enter and exit air to
the system, shutter controller to control the amount of vapor in the system, current
controller to control the amount current (maximum current of 150 A), cooling system,
and vacuum pump. A Tungsten boat is used to heat the evaporation sources for each

film.
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Figure 3.2.1 The 600 VCM evaporation system.

Indium, Lanthanum, Lead and Copper Selenide powder were placed in their own
tungsten boats during their own evaporation cycles. Each boat was fixed in the
evaporation system. A metal plate was used to hold the glass substrates. Also, a crystal
oscillator thickness monitor was used to measure the thickness of the films during
evaporation. The thickness monitor which is shown in figure 3.2.2 was Inficon STM-
2 types that can evaluate 3000 measurements per second and have resolution of 0.03
A. The In, La and Pb films thicknesses were 150 nm and Copper Selenide film was of
1.0 um thickness. A layer of Copper Selenide (1.0 pm) was deposited on In, La and
Pb films, the images of the samples are shown in figure 3.2.3. As seen from the figure,
while the film color of the CuxSe grown onto glass is brown (figure 3.2.3(a)), Indium
caused dark brown colored films (3.2.3(b)), Lanthanum make the film sandy brown

(3.2.3(c)) and Lead make the color olive (3.2.3(d)).
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Figure 3.2.2 The Inficon STM-2 thickness monitor.
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Pb/Cu,Se

In/Cu,Se

Figure 3.2.3 The images of (a) glass/CusSe sample, (b) In/CuzSe sample, (c)
La/CusSe sample and (d) Pb/Cu,Se

3.3 The X-ray diffraction (XRD) measurements

The Rikagu diffractometer equipped with K, radiation of Copper anode of 1.4505 A
wavelength was used to explore the structure of the samples. The exciting voltage was
40 KV to produce electrons beam of 15 mA. So that the power of X-ray is 600 Watt.
The X-ray unit is used to determine the crystal structure of glass/Copper Selenide,

In/Copper Selenide, La/Copper Selenide and Pb/Copper Selenide interfaces. The XRD
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system shown in figure 3.3.1 consists of X-ray source (generate characteristics X-ray),
sample holders (a clay is used to fix the sample on it) and detector (detect the intensity
of the reflected beam). The scanning speed was 1°/min with a step of 0.05. Moreover,

the diffraction angle (20) was varied from 10° to 70°.

Figure 3.3.1 The Rikagu diffractometer.

3.4 The hot-probe technique

The hot-probe technique is used to determine the conductivity type of the Copper

Selenide semiconductor using a heater and a digital multi-meter (DMM). The hot and
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cold parts were connected to the positive and negative terminals of the DMM
respectively. As a result, the carriers (electrons in n-type and holes in p-type) move
from the hot part to the cold one. Therefore, a negative reading on the DMM indicate
a p-type while a positive one indicate a n-type. A negative voltage was read on the
DMM when the probes were applied to the Copper Selenide film, indicating the p-type

semiconductor.

3.5 Optical measurements

A thermo-scientific evolution 300 spectrophotometer which is equipped with VeeMax
IT spectrophotometer was used to measure the optical transmittance and reflectance in
the range of 300-1100 nm incident light wavelengths. The system includes silicon
photodiode detectors with extended wavelength ranges from the Ultraviolet to near
Infrared. In addition, a VISION software was used to collect and manipulate data as

shown in figure 3.5.1.
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Figure 3.5.1 The thermos-scientific evolution 300 spectrophotometer.

3.6 software packages

TREOR 92 was used to analyze the X-ray diffraction patterns, to determine the crystal
structure of glass/Copper Selenide, Indium/Copper Selenide, Lanthanum/Copper
Selenide and Lead/Copper Selenide. The software provides two choices for solution.
One request the observed diffraction angle values and determine both of the lattice
constants and Miller indices based on suggested crystal structure. The other, request
crystal structure and lattice constants to produce the observed diffraction angles and

Miller indices.



18

Chapter Four

Results and Discussion

4.1 Structural Analysis

Copper Selenide thin films are deposited onto glass, indium, lanthanum and lead
substrates. In order to study the effects of lattice mismatches due to different substrate
structures on the mechanical properties of Copper Selenide films, the X-ray technique

1s used.

XRD for Copper Selenide deposited onto glass is presented in Fig 4.1.1. As shown
from the figure, Copper Selenide exhibits crystalline nature pronounced by four
reflection peaks. The peaks are at diffraction angles (20) of 24.45°,27.1°,31.1°, 44.58°
corresponding to intensity values of 3555, 10924, 4567, 1158. In order to determine
the structures that are correlated to these peaks, literature data were used. Based on
literature [36-37], copper selenide has more than one probable structure: cubic,
hexagonal, orthorhombic and tetragonal structure phase. Data analysis for each
structure depending on the lattice parameters was carried out by TREOR 92 software.
Comparison between the obtained and observed values for the last three peaks revealed
that the most closed structure is the cubic one. All the observed peaks are indexed in
accordance with the cubic phase except for the peak centered at 24.45%. This peak
exhibit relative intensities of 24.6% and mostly related to orthorhombic CuSe and
assigned to the (014) plane orientation. The Miller indices for each peak are shown in

figure 4.1.1.
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Fig. 4.1.1 The X-ray diffraction spectrum of Copper Selenide grown onto glass

In the presence of In substrate, the number of peaks is increased to six peaks. Namely,
they are centered at 20 values of 24.55°, 27.20°, 29.95°, 31.15°, 33.20° and 44.85°
corresponding to intensity values of 2570, 6780, 2194, 2097, 4506 and 1186,
respectively. As indexed in figure 4.1.2, some peaks are related to Indium metal and
others are related to Copper Selenide phases. The minor orthorhombic peak of CuSe
appeared again side by side with the three cubic CuzSe peaks. The relative intensity of
the minor peak is increased to 27.4 %. In other words, Indium maintains the ratio of
cubic to orthorhombic phases as in Copper Selenide/glass which was nearly 70%. For
deep analysis, zoom of the intensive peak is displayed in figure 4.1.2. As one can see,
the peak in the presence of Indium is shifted to the right with higher value of 20. At

the same time, Indium metal decreased the intensity of the main peak.
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Fig. 4.1.2 The X-ray diffraction spectrum of Indium, Copper Selenide on glass and
Copper selenide on Indium.

When Copper Selenide was deposited onto amorphous Lanthanum films, as shown in
figure 4.1.3, the number of peaks also increased to six peaks. The 20 values are 24.65°,
27.3°,31.25°,42.65°,45.05° and 49.8"° corresponding to intensity values of 2556, 7398,
3119, 1816, 1350, 1232, respectively. Again the three peaks of cubic CuxSe peaks
appeared as well as one peak which is assigned to the minor phase. According to the
literature data, the rest of the peaks are related to Lanthanum metal. It decreases the
intensity of the (111) peak leading to an increase in the relative intensity of the (014)

peak to 24.7%. A deep look at the peak of maximum reflection shows that Lanthanum

substrate caused a shift to the right by 0.20°.
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Fig. 4.1.3 The X-ray diffraction spectrum of Lanthanum, Copper Selenide on glass
and Copper selenide on Lanthanum.

All the previous peaks of copper Selenide phases have appeared again in the case of
amorphous Lead substrate as shown in figure 4.1.3, but with a slight different
diffraction angles from values of the angles of Copper Selenide deposited onto glass.
The peaks are at 24.60°, 27.20°, 28.20°, 31.25°, 44.90°, with relative intensity of 2528,
6735, 1811, 2693, 1072. The new peak (28.20°) is related to Lead metal [ for the XRD
patterns that we measured in our lab]. The presence of Pb substrate changes the
intensity of the peaks. In other words, it shifts the maximum peak toward a higher

angle and smaller intensity. The minor orthorhombic peak appears with 27.3% relative

intensity.
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Fig. 4.1.4 The X-ray diffraction spectrum of Lead, Copper Selenide deposited onto
glass and Copper selenide deposited onto Lead.

For detailed information about the substrate effect on Copper Selenide, in each case
the lattice constant was calculated. The cell parameter of the cubic CuzSe is calculated
to be a=5.697 A, which matches the literature value being a =5.719 A'[28]. While as
the above results show, in the presence of all metals the maximum peak is shifted
toward a larger angles. So according to Bragg’s law, one expects that the interatomic
distance will decrease as also the lattice constant does. Calculation for the lattice
parameters of Cubic CuzSe on (glass, In, La and Pb) verified this explanation. The
obtained values are illustrated in table 4.1.1. As the table shows, the lattice constants
are 5.676 A, 5.656 A and 5.676 A for Cu,Se grown onto Indium, Lanthanum and Lead
substrates, respectively. All these values are different from that of Copper Selenide on

glass, Indium is differing by 2.1%, Lanthanum by 4.1% and Lead by 2.1%.
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After we find the new lattice constants for Copper Selenide in the presence of all
substrates, it is interesting to calculate the lattice mismatch between each metal and the

cubic Copper Selenide using the following equation:

Aaz Iasubstrate_aepitaxiall X100% (414)

Qepitaxial
Indium substrate has tetragonal structure with (a = 3.2523A and ¢ = 4.9555A),
Lanthanum metal has hexagonal structure with (a = 3.772A and ¢ = 12.141A) while
Lead has cubic structure with (a = 4.9506A). The obtained values for the lattice
mismatch are reported in Table 4.1.1. The lattice mismatches in In/CuzSe interfaces
are 42.7%, 12.7% along the a-axis and c-axis, respectively. However, the lattice
mismatches in La/CuzSe are 33.3% and 114.6% along the a-axis and c-axis,

respectively. While, the lattice mismatches in Pb/Cu,Se are 12.8%.

The XRD patterns are also employed to study the mechanical parameters of the cubic
CuzSe including grain size (D), strain (g), staking faults (SF%), dislocation density

(8) and stress(S). The grain size was calculated by means of Scherrer’s equation,

0941
N B cos@

@.1.1)

Where A is the X-ray wavelength, B is the full width half maximum, and 0 is diffraction
angle of the observed peak.

In addition, the micro-strain (g) was calculated according to the following relation:

_ . __ PBcoso
€ = strain = —— (4.1.2)
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Moreover, the dislocation density (§) was calculated using the following:

5 =218 (4.13)

Where a is the lattice constant, D is the grain size.
In addition, stress (S) was obtained by the following relation:
S=ve (4.1.5)

Where vy is the young modulus of Copper Selenide (y=62GPa) [38].

The calculated values are reported in Table 4.1.1.

Table 4.1.1 Mechanical properties of glass/CuSe, In/CuSe, La/CuSe and Pb/CuSe

a(A) D &(x10%  S(x10° SF% 8 Aa A, A

(nm) dyne/cm?) (x10"line/cm?) (%)

glass/CuSe 5.697 28 5.432 3.368 0.270 5.02 2.2
In/CuSe 5.676 36 4238 2.627 0.211 3.08 4.3 42,7 12.7
La/CuSe 5.656 16 0.882 6.127 0.493 16. 87 6.3 333 114.6
Pb/CuSe 5.676 33 4.689 2.907 0.216 3.77 43 12.8 12.8

The decrease in the lattice parameters indicates that the presence of metals caused a
deformation of the cubic cells of CuxSe. The presence of In, La and Pb atoms creates
new forces, attraction forces with Se atoms and repulsive forces with Cu atoms leading

to the calculated stress values which are shown in Table 4.1.1
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The displacement of atoms affects the position of the cubic unit cell and also the lattice
constant. So that, it is remarkable to look on the micro-strain values that is presented
in Table 4.1.1. The micro-strain decreases when the material is coated onto In and Pb
substrates. It decreases from 5.432X103 for Cu,Se on glass to 4.238x10” and
4.689x1073, respectively. While it increases to 9.888x103 in the presence of La

substrate.

The values in table 4.1.1 show that the grain sizes in the presence of Indium metal
increased from 28 nm for glass/CuzSe to 36 nm. On the contrary, Lanthanum decreased
the size of the grain to 13 nm. Lead also increase the grain size as Indium. The grain

size in Pb/CusSe is 33 nm.

An opposite trend of variations is observed in the dislocation density. As appeared
from table 4.1.1, defects in CuSe on glass are 5.02x10'! line/ cm?>.  However,
calculations show that the presence of Indium and Lead caused a decrease in the
dislocation density. In contrast, Lanthanum increases the value of &.

In order to understand the reason for this difference in metal’s behavior on the defects,
one may think about the dangling bonds on the surfaces of metals layers and copper
selenide layer. The existence of incomplete bonds on the surface may lead to
interaction between the metal and Selenium atoms to satisfy their bonds, so InzSes,
LasSes and PbSe; may have formed. But, this interfacial bond are still of less effect
because no XRD peaks related to one of these were detected.

Another possible explanation is the atomic substitution. The existence of Copper

vacancy in CuzSe gives metal atoms an opportunity to make atomic substitution [39].
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This reasoning is acceptable for Indium and Lead because of their small ionic radii
comparing to the Cu*' radius, the ionic radii for In*3, Pb™ and Cu*! are 0.92 A, 0.94 A
and 0.98 A, respectively [40-42]. Therefore, the defect density was decreased in copper
selenide. On the other hand, Lanthanum atomic substitution is not possible because
La™ has ionic radii of 1.16 A [43] so Lanthanum cannot substitute copper vacancy.
Instead, it can make atomic interstitial substitutions, thus the defect density is
increased.

On the other hand, the staking faults percentage for glass/Cu,Se is 0.270%. Indium
and Lead substrates decrease the percent to 0.211% and 0.216%, respectively.
Alternatively, the presence of lanthanum substrate increases the faults percent to
0.493%. The trend of increase and decrease in the staking faults is associated with the
trend of the defect density. In addition, the interstitial substitution without reducing
the Cu vacancy leads to defect crowding which is a probable reason for the increase in

the strain in the case of Lanthanum.

One may also think about the repulsive bonds in each of the In/Cu,Se, La/CuzSe and
Pb/CuzSe. Copper Selenide has two repulsive bonds: Cu-Cu, Se-Se and one attractive
Cu — Se. The bond lengths of Cu-Cu, Se-Se and Cu-Se are 2.30 A [44], 2.32 A [45]
and 2.39 A [46], respectively. The presence of metal substrate adds repulsive bonds
between Indium and cation atoms. For Indium substrate, the new bonds are: In-Se and
In-In that have bond lengths of 2.69A [47] and 3.25A [45] respectively. According to
the lengths, Indium atoms prefer the shortest bond, in other words it prefer Selenium
rather than Indium atoms. Further, lanthanum bonds were calculated using crystal

maker software packages and found to be 2.96A and 3.127A for La-La and La-Se one
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by one. Thus La-Se is the preferable bond for La atoms. The same behavior is expected
for Lead because Pb-Se bonds length which equls 3.05A [48] is shorter than Pb-Pb
bond (3.50A) [49]. Other work reveled that Copper Selenide doped with Lead has

tetragonal structure with lattice constants of a=b=6.337A and c=4.385A [50].
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4.2 Optical Analysis

The spectral transmittance (T%) and reflectance (R%) for glass/CusSe, In/CusSe,
La/CuzSe and Pb/CuzSe were recorded in the spectral range of 300-1100 nm using
ultra-violet visible spectrophotometer. The optical transmittance spectra for
glass/In(150 nm), glass/CuzSe and In/Cu,Se samples are displayed in figure 4.2.1. As
shown from the figure, the T% for In sample increases with increasing the incident
light wave length. At 1100 nm the transmittance for In reaches 52%. While the T% for
glass/CuzSe slowly varies then it undergoes a sharp increase exhibiting maximum
values of 32.2% at 686 nm after that it decreases to reach low T% of 7.7% at 1100 nm.
During the increase and decrease curves, the transmittance for CuzSe crosses that for
In two times at 578 and 738 nm corresponding to T% of 18.9% and 31.9%,
respectively. In addition, the T% for In/CuzSe is almost zero until A exceeds 482 nm.
It increases to a maxima of 6.7% at 826 nm then decreases and reaching 1.7%. In

general, the presence of Indium decreases the transmittance for CuzSe to low values.
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Figure 4.2.1 The optical transmittance for Indium, Copper Selenide on glass and
Copper Selenide on Indium substrates.

As it is noticeable from figure 4.2.2, which shows the T% for glass/La (150 nm),
glass/CuzSe and La/CusSe, as the incident light wave length is increased to 336 nm,
the T% for La decrease to 56.5% after that it increases to a constant value of nearly
92.8%. Despite La has relatively high transmittance, it has no noticeable effect on the

T% for CuzSe rather than a decrease to maximum transmittance value of 27.5%.



30

100 1+
La
80
60 -
=
'—
cu,Se
40 l’
20 -
La/Cu,Se

300 400 500 600 700 800 900 1000 1100

A (nm)

Figure 4.2.2 The optical transmittance for Lanthanum, Copper Selenide on glass and
Copper Selenide on Lanthanum substrates.

Figure 4.2.3 displays the transmittance for Pb, Cu2Se and Pb/CuzSe. The T% for Pb
increases until it reaches a constant value of 75.6%. Pb is highly transmittive and

nearly has no remarkable effect on the transmittance for CuzSe.
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Figure 4.2.3 The optical transmittance for Lead, Copper Selenide on glass and
Copper Selenide on Lead substrates.

The R% spectrum for In, CuzSe and In/CuzSe are shown in figure 4.2.4. As it is
observable from the figure, the reflectance for Indium increases with increasing
incident light waves length until it reaches a maximum value of 20.5% at 488 nm and
then it decreases slowly with increasing A. Whereas the reflectance for CuzSe increases
until it reaches maxima of 2.5% at 546 nm. After that, it decreases to reach minima at
840 nm. For all A greater than 840 nm, R% increases. On the other hand, R% spectra
for In/Cu,Se interface increase with increasing A of the incident light until it reaches a
constant R% of 9.8% then it varies randomly showing noising signal. The figure

displayed minima at 570 nm, maximum peak centered at 660 nm which is
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corresponding to R value of 14.4% and mutual minimum reflectance with CuzSe of

0.5% at 840 nm. After 840 nm, the reflectance increases sharply to 16.38%.
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Figure 4.2.4 The optical reflectance for Indium, Copper Selenide on glass and Copper
Selenide on Indium substrate.

Figure 4.2.5 illustrates the optical reflectance for glass/La (150 nm), glass/CuzSe and
La/CuzSe. As it is shown from the figure, the R% for lanthanum increases until it
reaches a constant maximum value of 7% then it decreases as the light wave length is
increased up to 808 nm. For A values larger than 808 nm, reflectance tends to exhibit
constant value of ~ 5%. Moreover, the optical reflectance for La/CuzSe increases in
the range of 300 to 484 nm up to 6.4%. As the wavelength is increased the reflectance

displays two minima, the first one centered at 532 nm and the second one centered at
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the minima of CuzSe but with 1.3% reflectance. For A greater than 892 nm, R% exhibit

sharp increase until it reaches 11% at 1100 nm.
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Figure 4.2.5 The optical reflectance for Lanthanum, Copper Selenide on glass and
Copper Selenide on Lanthanum substrates.

Figure 4.2.6 shows the reflectance spectrum for Pb, CuzSe and Pb/CusSe. It is readable
from the figure that the reflectance for lead metal hardly increases with increasing
incident wavelengths up to 362 nm exhibiting a maximum of 8.64%. On the contrary,
for higher wavelengths, the R% spectrum decreases to a lower value when A is
increased. The reflectance reaches 4.69% at 1100 nm. Furthermore, the reflectance for
Pb/CusSe increases until A= 488 nm is reached. It then displays two successive minima
which are centered around 536 and 848 nm, respectively. However, in the range of

890 to 1100 nm, the R% is sharply increased up to a maximum value of 14.6%.
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Figure 4.2.6: The optical reflectance for Lead, Copper Selenide on glass and Copper
Selenide on Lead substrates

In order to obtain information about the optical properties of the samples, the

absorption coefficient (o) was calculated using the relation:

_ (1-Rg)(A-Rm)(A—R5)e™ %
1-RgRmRse—3at

T 4.2.1

And assuming R;R,R; <1 and approaches Zero. Where Ry , Ry, and Rgare the
reflectance for glass, metal and semiconductor, respectively and t is the thickness. For
example, in the case of CuzSe and In/CusSe, R,, is the reflectance for indium and R; is

the reflectance for CusSe.

The absorption coefficient spectrum for CuzSe, which is represented in figure 4.2.7,

shows that o increases as the incident light energy is decreased in the range of low
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energy regions (1.8- 1.13 eV). In contrast, o decreases sharply with decreasing photon
energy in the moderate energy region (2.7-2.3 eV). While it tends to vary slowly about
saturation in the high energy region. It is noticeable from figure 4.2.7 that the
absorption coefficient for copper selenide on Indium, Lanthanum and Lead have the
same behavior of a like that grown on glass, but with different ranges of the energy.
The first two regions vary from (1.6-1.13 eV) and (2.75-2.22 eV) for In, (1.6-1.13 eV)
and (2.6-2.59 eV) for La and from (1.71-1.13 eV) and (2.78-2.33 eV) for Pb.
Moreover, at any energy value, the absorption coefficient increases in the case of

Indium and decreases in the presence of Lanthanum and Lead.

The increase in the value of a in the low energy region is attributed to the free carrier
absorption in CuzSe near the Infra-Red region. One probable reason for the free carrier
is the lattice distortion effect that arises from dislocations and impurities. These
distortions change the electric dipole moment [51]. Another reason is the degeneracy
that raised from the copper to selenium ratio [52]. The low energy strong absorption
regions below 1.8 eV is known as free carrier absorption and is ascribed to the lattice
distortion. With long wavelengths value near IR region, the light waves can reach the
lattice causing atomic vibrations (phonons) which interact with electrons and sets these
charge carriers free. The freedom of electrons from the lattice allows the observed

absorption spectra [53].
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Figure 4.2.7: The optical absorption coefficient for Copper Selenide on glass, Copper
Selenide on Indium, Copper Selenide on Lanthanum and copper Selenide on
Lead.

The moderate energy region of o spectra where the change is strong is employed to
reveal information about the energy band gaps (Eg) of the Cu;Se and (In, La and

Pb)/CusSe films using Tauc’s relation which state that:
(aE)P « (E — Eg) 4.2.2

Where E is the incident photon energy, E; is the gap energy and p can take four values:
2,1/2, 1/3 and 2/3 for direct allowed, indirect allowed, indirect forbidden and direct
forbidden band gaps, respectively [54]. In order to determine the type and the value of
the band gap, the (o E)P versus E variations was plotted in figure 4.2.8, 4.2.9 and 4.2.10
for In, La and Pb substrates, respectively. The linearity of the p=2 plot is an indication

of domination of direct band gaps of all samples.
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Figure 2.4.8 The (aE)!P — E variations for glass/Cu,Se and In/Cu,Se for (a) p=2, (b)
p=1/3, (c) p=3/2 and (d) p=1/2
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p=1/3, (c) p=2/3 and (d) p=1/2
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The plot of (a E)? versus E for CuzSe and In/Cu;Se, which are illustrated in figure
4.2.11, is fitted to obtain a linear plot where the bang gap is the intercept of the energy
axis. The intercept for CuzSe curves revealed a band gap of 2.30 eV, this value is in
agreement with literature data which state that its gap ranges from 1.9 to 2.3 eV [55].

Moreover, Indium substrate lowered the band gap of CuzSe to 2.23 eV.
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Figure 4.2.11 The (aE)? versus E plotting for CuzSe and In/CuzSe.

In addition, (0E)? for La/Cu,Se is plotted in figure 4.2.12. As appeared from the plot,
La/Cu,Se samples exhibit an energy bang gap lowering. The E; value in the case of
lanthanum is estimated to be 2.24 eV. The same plotting is repeated for Pb/CusSe as

in figure 4.2.13. Pb substrate reduces the Eg for CuzSe to 2.26 eV.
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From the electronic configuration point of view, the electronic distribution of the Cu
and Se atoms reach 3d'® 4s' and 4s?3d!%p*, respectively. On the other hand, the
distribution of In, La and Pb metals reaches 4d' 552 5p!, 5s' 6s? and 4f'# 5d '° 6s* 6p?,
respectively. The metal’s higher states make the overlapping of the metals orbitals with
that of Cu and Se possible. The upper region of the valence states of CuzSe mostly
consist of Cu-3d states mixed with the 4p states of Se [56]. X-ray results predicts that
the probability of overlapping is high due to the contraction of the lattice parameters
that occurred when CusSe is deposited on metals. Furthermore, the decrease in Eg
values for In/CuzSe and Pb/CuzSe should have appeared as a result of larger grain sizes

as we observed in the XRD analysis.

In addition, recalling that the metals work functions are 3.8, 3.3 and 4.25 eV for In, La
and Pb [57-59], respectively, which are smaller than the p-type Cu2Se work function
(6.1 eV [60]), the In, La and Pb/CuzSe form an non-ohmic interface. In this type of
interfaces, holes flow from the Fermi level of the CuxSe to metal side to reach
equilibrium in Fermi levels. As a result of the schottky contact, barrier heights of 0.5,
1.0 and 0.05 eV are formed (electron affinity of CusSe is 3.0 eV [61]). Therefore, the
decrease in the energy band gap with metal substrates might be ascribed to the band

bending due to energy barrier height formation.

Another reason for the bang gap shrinkage in the presence of metallic substrates is the
image force lowering. The image charges lowers the potential barrier to the flow of

holes leading to the up bending of the valance band [62].
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Published works [63] show that the presence of leads as a dopant agent increases the
band gap for copper selenide and decreases its absorption coefficient, the amount of
change depends on the doping concentration of lead. This behavior is somehow
different from our result indicating that the Pb atomic substitution that resulted from

the interfacing is not sufficient to make the Pb behave as doping agent.
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4.3 Effects of In, La and Pb substrates on the dielectric properties of Cu2Se

To give further significance for the reflectance and absorption spectra, the effective
(&eff), real (&) and imaginary (eim ) parts of the dielectric constants were calculated.

The following relation is used to determine & :

_ ( Eeff—1)2+k2
R= e e 43.1

In addition, &;and &im are calculated using:
Er = Eeff = k2 and Eim = Z,IEEffk 4.3.2

Where k is the extinction coefficient, k = 34/ s

The real part of the dielectric constant for glass/CuzSe and In /Cu,Se are displayed in
figure 4.3.1. The dielectric constant decreases as the energy decrease in the IR region
until the energy reaches 1.46 eV for both films coated onto glass and Indium substrates.
Comparing the In/CuzSe spectra with that for glass/CusSe, a significant enhancement
in the values of & can be observed. The magnitude of the real dielectric constant for
the In/CuzSe films is much higher than that for glass substrates. Moreover, the spectra
for In/CuzSe intercept that of glass/CuzSe one at an energy value of 1.46 eV. While
glass/CuzSe spectra show no clear peaks, In/Cu,Se spectral data shows resonance peaks
in the & spectra at 2.60, 1.89 eV. Also, an increase in the value of ¢ in the high energy
(frequency) regions from 1.68 to 3.02 are obtained when Copper selenide was

deposited onto Indium instead of glass.
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Figure 4.3.1 The real part of the dielectric constant for glass/ CuzSe and In/CuSe.

On the other hand, the dielectric spectra for La/CuzSe, which are displayed in Fig. 4.3.2,
show no clear resonance peaks. Instead, it shows a broaden peak at 2.60 eV. In
addition, the behavior of the dielectric constant in the IR region is the same for
In/CuzSe. However, the presence of Lanthanum remarkably enhanced the value of the

dielectric constant such that & reaches a value of 2.36 at the high frequency regions.
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Figure 4.3.2 The real part of the dielectric constant for CuzSe/glass and La/CuzSe.

As appears in Fig. 4.3.3, which shows the real part of the dielectric constant for
Pb/CuzSe, two resonance peaks in & spectra of Pb/CuzSe appeared at 2.6 and 2.16 eV.
Again the behavior of & in the IR results in a turning energy point of 1.46 eV. Pb
substrate causes an increase in the & values. The value of high frequency dielectric

constants is 2.93 for Pb/CuzSe films, which is higher than that for La/CusSe.
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Figure 4.3.3 The real part of the dielectric constant for glass/CuzSe and Pb/Cu.Se.

The 2.6 eV energy values which appeared in presence of In, La and Pb is observed in
monoclinic structured Se nanoparticles [64]. The value being 1.86 eV observed in
In/CuzSe as resonance peaks is assigned to the y-In2Ses optical band gap [65]. In
addition, broaden peak observed at 2.16 eV in Pb/CuzSe is due to the transition from
the valance band to the conduction one of CuxSe as we observed during the calculations
of the energy band gap of Pb/CuzSe. The 1.46 eV minimum energy which appeared in
the case of all substrates (In, La and Pb) arises due to nonstoichiometric atomic

distribution of Copper Selenide [66].

The imaginary part of the dielectric (&im) spectra for CuxSe are shown in figure 4.3.4,
the graph shows one peak centered at 2.71 eV. In addition, &im in the high frequencies

regions is about 0.39, which is less than the & value for CuzSe.
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Figure 4.3.4 The imaginary part of the dielectric spectrum for CuzSe.

In addition, the &im spectra for In/CuzSe which are displayed in figure 4.3.5 show that
the presence of Indium substrate leads to two resonance peaks relative to frequencies
of 2.74 eV and 1.89 eV. However, the &inm at high frequency regions is 0.7 which is

greater than that for CuzSe on glass substrate.
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Figure 4.3.5 The imaginary part of the dielectric spectrum for In/CusSe.

As appeared in figure 4.3.6, the &im spectra for La/CuzSe decrease until 1.51 eV is
reached. After that energy, it remains constants (nearly 0.18) for energies less than
2.20 eV. While it exhibits a resonance peak at 2.62 eV. The &m at high frequencies

decreases reaching value of 0.27 at 4.0 eV.
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Figure 4.3.6 The imaginary part of the dielectric spectrum for La/CusSe.

The &im spectra for Pb/Cu,Se are shown in figure 4.3.7. The value of &im decreases
until reaches minima of 0.16 at 1.75 eV then increase forming a peak centered at 2.77
eV. In the high frequency regions, the &im value is 0.52 greater than that for

glass/CusSe.
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Figure 4.3.7 The imaginary part of the dielectric spectrum for Pb/Cu.Se.

The variation of &m was modeled in accordance with the Drude-Lorentz Theory in
which the imaginary part of the dielectric constant is connected to the incident light

frequency through the relation:

e = wisw
im = (W2 w2)2 tw2y?

4.2.6

Where v is the inverse of the electron scattering time (t; ), wps is the electron bounded

plasma frequency and we. is the reduced resonance frequency.

The modeling was done by substituting the reduced effective masses (m*) for Cu.Se,
In/CusSe, La/CuzSe and Pb/CuzSe. The value of m* for metal/CuzSe was calculated

from the following relation:

1 1 1
m m*(metal) m*(Cu,Se)

4.2.7
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Here m*= 0.5 m_ [67] and 1.02m, [68] for Copper selenide and Indium respectively.
However, m* for Lanthanum and Lead are assumed to be 1.0m, and 1.5m_

respectively.

Five oscillators were used in the modeling. As a result of the modeling, the values of
the scattering time (t), the plasmon frequency (we), free charge carrier density (n) and
carrier mobility p are estimated. The obtained values are illustrated in Table 4.2.1.
The table suggests that using metal substrates as plasmonic surface, highly improved
the material properties. Particularly, the scattering time for the main oscillator (k=1)
increased from 1.5 fs to 2.5 fs in the presence of In and to 1.55 and to 1.8 fs when the
glass substrates were replaced by La and Pb, respectively. The larger the value of 7;

the less the damping coefficient (y) value the more mobile the charge carries. As the

mobility values which were calculated from the relation w, = AT / ¢ show, the

drift mobility increases from 5.3 cm?/Vs to 13.0 cm?/Vs and to 8.20 c¢m?/Vs and to
8.44 cm? /Vs when the glass is replaced by Indium, Lanthanum and Lead substrates,
respectively. In addition, the respective free charge carrier density lowers from
8.0X10'8to 7.0X10', to 6.6 X103 and to 6.0 X10'" cm™. Accordingly, the plasmon
frequency in the presence of In and La increase to 2.71 and to 2.64 GHz and remain
the same when films are coated onto Pb substrates. The decrease in the free electron
density that resulted from the metal/CuzSe interfacing is ascribed to the schottky nature
of interfacing. In schottky type interfaces holes flow from semiconductor to metal
surface to reach the equilibrium Femi level. Another reason is the bond formation at
the interface between the two materials. The bond formation is usually accompanied

with reduction of free charge density owing to charge neutralization.
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The obtained values of plasmon frequency being in the range of 2.0-7.04 GHz,
nominate the metal/CusSe interfaces for use in communication technology as
microwave receivers. The value of the plasmon frequency indicate that all waves
whose frequency is less than higher frequencies are allowed to pass. Thus, the samples

are promising microwave filters.

Published studies on Au/InSe and Y/InSe show that the conduction is dominated by the
resonant plasmon-electron interactions at the metals/InSe interfaces. Also, they are

applicable in terahertz technology [69].
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Chapter Five

Conclusions and Further Work

In this thesis, we have investigated the structural, optical and dielectric properties of
copper selenide thin films which are grown onto transparent metallic substrates. The
metals/semiconductor interfaces which form schottky type of contact between the
metals and CuSe have shown that the interfaces exhibit structural modifications based
on the metal substrate. Using indium or lead substrates enhances the structural
parameters and reduces the defect at the CuSe surfaces. It also improves the atomic
ordering as observed from the decrease in the staking faults percentage. As a result,
Indium and Lead substrates increase the grain size to 36 and 33 nm, respectively. On
the contrary, lanthanum increased the defect density from 5.02 X 10'!to 16.87 X 10!
line/cm? and lowered the atomic ordering. On the other hand, the optical analysis has
shown slights shift in the energy band gap value regardless of the metal type. The
energy band gaps are 1.90, 2.23, 2.24 and 2.26 eV for (glass, In, La and Pb)/CuSe. The
presence of transparent metal substrates as plasmonic surface improved the optical
conductivity parameters. Namely, in the presence of metal substrates, CuSe became
more appropriate for optoelectronic device fabrication. Since the charge carries became
more mobile and have larger plasmon frequency values they are attractive for the
production of band pass/stop filters. Since the charge carries mobility increased from
5.30 cm?/Vs to 13.0, 8.20 and 8.44 cm?/Vs for (In, La and Pb/CuSe) and have larger
plasmon frequency values of they are attractive for the production of band pass/stop

filters.
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