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Abstract

Structural and Optical Properties of CdBr; Films Deposited On to Ge
Substrates
In this thesis cadmium bromide (CdBr,) thin are coated onto glass and
amorphous germanium (Ge) thin film substrates. The constructed Ge/CdBr,
bilayers are structurally and optically characterized. The X-ray diffraction
analysis have shown that the Ge, CdBr, and Ge/CdBr, films, which are
grown by the thermal evaporation techniques, are of amorphous and
polycrystalline structures, respectively. Coating CdBr, onto Ge caused a
decrease in crystallite size a companied with an increase in the lattice
parameters, microstrain, stacking faults and defect density. Optically,
remarkable redshift in the transmittance and reflectance spectra is observed
upon coating CdBr, onto Ge, which is considered as a substrate for CdBr;.
The light absorbability in the visible and infrared ranges of light increased

by more than 80 times allowing large scale of light absorption. It is also

noted that the energy band gap is redshifted from 3.32 to 3.27 eV as a result
of depositing CdBr, on to glass by amorphous Ge substrates. On the other
hand, the dielectric spectra of Ge/CdBr, mostly followed that of Ge meaning
that the dielectric constant values have increased significantly. In addition,

employing Drude — Lorentz model to determine the optical conductivity
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parameters have shown that the drift mobility and plasmon frequency of
CdBr, can be increased when deposited on to glass by Ge. The plasmon
frequency remarkably increased reaching values of 12 GHz making the
Ge/CdBr, interfaces promising for application in communication

technology.
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Chapter One

Introduction
Layered crystals like CdBr; have several polytypes which show non-Centro symmetric
groups that give important optical and electrical effects [1]. It reported that CdBr; is an
important compound in many optoelectronics including high gate dielectrics applications
f2]. In addition, CdBr, micro/Nano belts can be employed as photodetectors [3]. It
reported that CdBro/Cu polymer nano-composites establishes photo stimulated linear
electro optical effects [4]. Tt is mentioned that Si0, layers enhances the crystallinity of
CdBr; [5]. Thus CdBr,/Si0; heterojunctions can be used in the technology of thin film
transistors [2]. In the same context, Germanium (Ge) is reported to have applications in
electronics in optoelectronics [6] and in photovoltaic devices [5]. It find applications as
switching delay of reconfigurable field effect transistor and is used to reduce power
consumption |[7]. As a heterojunction element, Ge/Si heterojunction tunnel field effect
transistor appear to be attractive for enhancement the ON-current of the device by
replacing Si in the source region of Ge [8] which have smaller band gap of 0.67 eV
compared with Si (1.12 eV) [6]. Hence it is widely used in reducing the tunneling barrier
height [8]. Also Ge has many desirable properties, such as high mobility and large

absorption coefficient near the infrared region {6].

There are many physical preparation techniques used in preparation thin films. It
mentioned that the epitaxial layers of Sij—Gey alloy grown by molecular beam epitaxy
using the electron beam evaporation of Si and the thermal evaporation technique of Ge
[9]. Axial Si-Ge nanowire heterojunctions are reported to be produced by the vapor-
liquid-solid growth method by use nano clusters of Aﬁ as catalysts [10]. Slow

evaporation for aqueous solution of the CdBr; solutes in water to prepare CdBrz-CdBr;:
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Cu nano-heterostructures The thickness was controlling by the growth process due to
convert the optical path on the border crystallites without the crystal [11].  physical
vapor deposition technique used for preparing CdBr; thin films [2]. Tt is also observed
that insertion of SiQ; layers between CdBr, and Au resulted in an increase in the
crystallite sizes and a decrease in the defect density of CdBr; in Au/CdBry/SiOx/Au
heterojunction devices [5]. In that study, it was reported that CdBr,/Si0O; heterojunctions
have an amorphous structure while CdBr; has a hexagonal structure. The electron
affinities of CdBr, is found to be 3.27 eV and it is energy band gap equal to 3.32eV [2].

In another study CdBr; energy band gap is found to be 3.2 eV {3].

On the other hand, germanium (Ge) has many electrical and optical properties in the near
infrared (NIR) and mid infrared (MIR) ranges [12]. Cubic-Ge has an indirect band gap
that cannot emit light efficiently. But for hexagonal-Ge the band-folding effect results in
a direct band gap so we get efficient light emission from direct-band gap of alloys [13]. Tt
shown that when Ge concentration increased in polycrystalline CupZnSn).
«GexS4 (CZTGS), electrical resistivity and hole mobility were decreased and carrier
concentration was increased gradually [14]. It observed that Germanium based Bio Field
Effect Transistor (BIOFET) has higher conductance than Silicon based BIOFET so Ge

offers the best conductivity than Si [15].

The features of Ge substrates which strongly attenuate the characteristics of the epilayer,
motivated us to use it in enhancing the optical performance of CdBr;. Thus, in this work
we will evaporate cadmium bromide (CdBr,) thin film over Ge thin film under vacuum
pressure of 107> mbar by physical vapor deposition technique in order to design and
characterize a heterojunction device. The grown Ge/CdBr; will be treated as microwave

resonator suitable for 5G technology. The notch frequencies and the return loss as well as
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the voltage standing wave ratios will be the main guides for the applicability of the CdBr»

as resonators suitable for 5G technology.
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Chapter Two

Theoretical Background
2.1 The X-ray Diffraction
X-ray Diffraction is useful technique to identification the crystalline materials, particle

sizes, strains, preferred orientations by the following laws [16].

2.1.1 Bragg's Law
Constructive interference of radiation incident on planes occurs when the path difference

equals an integral number n of wavelengths A.
Under constructive interference Bragg's law is determined as [17]:
2dsing = na (2.1)

Where, d is defining as the distance between two planes of atoms, that is measured by

angstrom unit.
8 is the angle between the plane surface and the incident beam of X-ray.
n is an integer numbers refers to the order of the corresponding reflection. - :

M is the wavelength of the incident beam which is 1,5405 A,

crystal system the following equations are used:

1 4(h*+hk+E®) +£
daz 3a2 c2

(2.2)

Where, h, k and [ are the miler indices, a & c¢ are the lattice constant along a and ¢ axis

respectively [18].
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In general crystal structures have 14 Bravais lattices in three dimensions are shown in
table 2.1 , These 14 Bravais lattices are classified to 7 lattice systems (depend on the
parameters and the angles for each of them) which are called : Triclinic, Monoclinic,
Orthorhombic, Tetragonal, Trigonal, Cubic, and Hexagonal). For. example, triclinic
Bravais lattice Triclinic has three unequal lattice parameters a;, a; and a;; and three

different (non-90°) lattice angles ajo#azi#as; as shown in the following table.
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Table 2.1. The Bravais lattices in three dimensions. [19]

Bravais lattice | Parameters Simple (P) | Volume Base Face
centered (I} | centered (C) | centered (F)
Triclinic ayfagtas
azfantas
Monoclinic A FaF a3
a23=as1— 90°
an# 90°
Orthorhombic | aj#as#a;
a12=a3=a31= 90°
Tetragonal a1=ay7a;
a1y=azy=as = 90
Trigonal aj=ay=as
ap=an=an< 12 0
Cubic a=ary=a ﬁz! @
ap=an=a;; =90°
Hexagonal a1=a#as
dip = 1200 -

dz3=az1= 90D




2.1.2: Structural Parameters

Many structural parameters such as the Strain (&), the crystallite size (D) and the
Dislocation density (8) determined from the broadening width § of the most X-ray

diffraction peaks.

Strain (£): 1s defining as the ratio of contraction in lengths of bonds to the lengths of main

bonds” [18].

B

€= ttan(d) (2:3)
"Crystallite" sizes(D) means the individual diameter “Crystallite" in the crystal [18].
0.944
T Bcos(0) (2.4)

Dislocation density (8): is a measure of how many dislocations per unit volume of

crystalline material [18], it is measured by (lines/cm”) unit.

= 15 (2.5)

abD

Where, a is the lattice constant along a-axis .

Stacking faults (SF): is the defects which can happen in crystalline materials in two

dimensional planar [18]

21

SF = m (26)



2.2 Optical Properties

The wide range of the optical properties of the semiconductor materials makes it very

useful in optoelectronic applications.

2.2.1 Optical Processes Characterization

Ordinary classifications of optical processes include transmission, absorption and
reflection. Consider a light beam has definite absorption thickness get in a medium from
vacuum then, automatically the incident beam perhaps reflected from the front surface, or
absorbent through until it arrived the back surface where it is  possibly transmit or

reflects outside the medium.

Refraction of light can be defined as light bending as it goes from an interface to another,

Snell's law [20] described the bending of Light at two mediums interface.

n, sinf; = n, sind, (2.8)

In equation (2.8) the numbers indicate to the mediums.

2.2.2 Absorption of Light in Matter
Analysis of optical absorption spectrum is a good techniques to get information

concerning to energy gap (E;) and semiconductor materials band structure. Absorption is

photon, electron will fransit  from the valence to conduction band. The material light

absorption is fixed via the absorption coefficient (a), that obvious the average of

intensity attenuation over the propagated distance of incident light. Since the crystal

momentum (g) more than the photon momentum (%), when the photon is absorbed,
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electron momentum is maintained conservative. In situation of two parallel surfaces the

transmittance of light is gained by the following formula [21],
T=(1-R)e *(1—R,) (2.9

Where, Ryand R, indicate to the reflectivity's of the front and back surface of the film and

d is thickness of the medium.
When, R; = R,equation (2.9) becomes [18],
T =(1—R )e % (2.10)

The Absorption coefficient a(hv) is calculated from the following formula [22],

—In( Li
(1~Rgiass)1Reample)
d

o= (2.12)

2.2.3 Band Gap Calculations

The spectrophotometric absorption spectrum is used to determine the energy gap to
achieve more information concerning to solids features. For this aim, Tauc's equation that
joins between spectrophotometric absorption coefficient and the energy of incident

photon, shows that energy bands gap is directly proportional to ((aE)/?. as shown in the

following equation [23],
(aF)YP = B(E — Ep) (2.13)
Where,

E: The incident photon energy
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p: An index which indicates to the type of the optical absorption process, it has the values
3, 3/2, 2 and 1/2 for indirect forbidden, direct forbidden, indirect allowed and direct

allowed electronic transition respectively,
B : Constant, it depends on the electron transition probability.

E, : The energy bands gap.

The E, of the semiconductor material can be achieving from the intercept with E -axis

of a graph of the (aE)'/? versus the energy E of incident photon . The optical absorption

processes graph selected shows a widest range of linier data in high absorption region.
2.2.4 Direct and Indirect Transitions

Conduction
Phonon g band

Direct bandgap Indirect bandgap
(&) {b}

Fig.2.1. The (a) direct and (b) indirect semiconductor band gap transitions. [24]

Fig. 2.1 shows the (a) direct and (b) indirect band gap transition. For semiconductors,
minimum and maximum states in conduction and valance bands respectively are
distinguished by a certain momentum (k —vector) in the Brilouin zone. Fig. 2.1(a) shows
the allowed direct absorption transition which assigned to the same momentum values for
the bottom of the conduction band and the top of the valence band [25]. While the

indirect band gap which is shown in Fig. 2.1 (b) assigned to a different k values for the
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bottom of the conduction band and the top of the valence band [25]. There is a phonon
emission is shown in Fig. 2.1 (b) where phonons are either emitted or absorbed to

complete transition from valence to the conduction band for an indirect electron,

2.2.5 Band Tails

The absorption coefficient gives enormous physical information. From the o — E spectra,
the absorption saturation occurs when a displays constant variation trend with different
photon energy,. If « in the low energy region has decreased trend of variation with the
decreasing of photon energy, this assigned to the existence of band tails, While when &
increases trend of variation as the decreases of photon energy, this assigned to the
existence of free carrier absorption. When a doesn’t change as the photon energy

decrease ,the inter band is formed [25].

Urbach tail exists which is as exponential part that exists along the curve of the
absorption coefficient and close to the optical band edge, it is dependents on many
materials photon energy [26].Urbach rule is shown in the following equation used to

determine the width of the formed band tails [27],
a = a, b/ (2.14)

Where F, is the width of the band tails which is the Urbach energy .

The straight line slope of plotting In(xx) versus E obtains the energies of entering band.

2.2.6 Dielectric Spectra
Dielectric spectra are the main source for storing the energy of electromagnetic.
Refractive index is one of most distinguishing optical features of the dielectric solids, that

describes how fast speed of light through the material. It is a complex number having real
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and imaginary parts depending on the wavelength of the incident optical beam, The
connection between the optical wave length and the refractive index is determined by
dispersion equation. The dispersive refractive index (Ngomprex) can be defined as the

following equaﬁon [28],
Neomprex = n(4) +iK(2)
= (& + iggy) /2 (2.15)
Where, K{A) is the coefficient of extinction,
g, and &, are the real and imaginary dielectric constants, respectively.
The imaginary terms which are shown in equation (2.15) are

The dispersive refractive index which shows in equation (2.15) involve some imaginary
terms. This illustrates the dispersion and optical attenuation which the propagating

electromagnetic waves through the dielectric solid undergo.

As shown in the following equation, the effective dielectric constant £.¢¢ can be defining

in terms of real &, and imaginary &, dielectric constants [29],

Eary = & + iEim (216)

The effective dielectric constant Eery also can be defining in terms of the refractive index

n(A) as shown in the following relation [29],
Eeff = nz(ﬂ) (217)
We obtain the following equation by squaring both sides of equation (2.15),

n2(2) ~ k2(1) + 2in(k(L) = &, + igg, (2.18)
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By comparing the real and imaginary parts on both sides of relation(2.18 ), we can obtain

the two following equations:
KA)n2(2) —k2(A) = &, (2.19)

2n{)K(A) = g, (2.20)

By replacing n®(1) by &,; in equation (2.19) and n(i) by (seff)l/z in

equation (2.20), we can obtain &, and &;,, dielectric as shown in the following relations

[291,
aly?
Ep = Eeff - (E) (221)
1/ oA
Eim = 2 (Eeff) 2 E (222)
Where,
L 2.23
The normal reflectance in terms of Nygpm .18 defined by,
1-N 2 1 -n)? 4 k2
— complex — ( )2 > (224)
1+ Ncomplex (1 + n) +k

The reflectance R relates to the effective dielectric constant &,75 as in the following

equation.

" (JEopr T 1?4 k2

(2.25)
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Hence, from reflectance (R) data, one can calculate the effective dielectric constant which

is necessary to find £, and g,

2.2.7 Drude-Lorentz Model

The effective oscillator models with helps of effective oscillator model use to analyze the
imaginary part of dielectric constante;. Atoms or molecules of dielectric solid it is
possible to consider as a mass  of oscillators. Based on Drude-Lorentz model, the
dielectric material a blaze the dipole oscillations as the electric field of the
electromagnetic waves reacts with it. The electrons fixed with the positively charged
molecules that vibrate around an equilibrium position with a given resonant frequency. &;
and ¢, are real and imaginary dielectric constants respectively which is defined as the

following equations [30] :

_ Ne? Wwe—w?

Ei(w) = 1+x+ e ((wgz—w2)2+{yw)z (2.26)
_ Ne? Y

£20) = Gy ConT-ati sy @27)

Where, y : is the susceptibility, N:is the numbers of atoms per unit volume,e:is the
electron charge ,y:is the damping coefficient , &,: is the vacuum permittivity ,m,: is the

electron mass,w, material natural frequency and w:is the incident light frequency .

g, is the relative dielectric constant which performs the static dielectric constant &, at

w=7{0

The high frequency permittivity can be specified by the relative dielectric constant

at w = oo,

er(0) =6, =1+ x (2.28)
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While the low frequency material permittivity specitied in the existence of static electric

fields,

Ne?
EgMgtlg

Eio) = &t =1+ x+ (2.29)




16

Chapter Three

Experimental details

3.1 Glass Cleaning

The glass slides of size of 25.4 x76.2 mm diminsions and 1.2 mm thicknesses were
cleaned by using distilled water and alchohol firstely, then they were inserted into a
peaker containing H>O, (hydrogen peroxide solution ). The peaker was covered by
Aluminum foil and inserted in to an ultrusound shaker. The ultrusonic wave vibrations
were accompained with a heating process which ended after reaching 70°C. The
ultrasound shaker was used to clean organic residues from the substrates. The heating and
snaking cycle lasted 40 minutes in an alcohol media. The glass slides became ready to

be used in the evaporations process of the films after this cleaning process.

3.2 Thin Films Preparation by Thermal Vacuum Evaporation Technique:
The cleaned glass are used as substrates to produce Ge/ CdBr; (Germanium /cadmium
bromide) thin films in a VCM 600 Physical vapor deposition (PVD) system which is

shown in Fig 3.1.
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Fig. 3.1. The 600 VCM evaporation system. The system composed of 1. Shutter 2. Evaporation
source 3. thickness monitor 4, Substrate,

Prevention rules must be taken in consideration including wearing lab coats and gloves.
Highly purity Ge (99.99%) polycrystals, Ge powders were inserted in the tungsten boat,
then the chamber evacuated by closing the vent valve, after that the Main powers is
turned on, the rough pump turned on and waiting until the pressure reaches (10 mbar), at
this point the Turbo Pump is turned on. Pressure continues in decreasing until it reaches
(107 mbar), at this pressure the current control unit was open. After increasing the source
current gradually, the shutter was also open .then , thin film of Ge of the thickness of
0.5 pm were obtain at constant evaporation rate of ~ 60 nm/min. After depositing Ge
films they were left to cool to room temperature and then used as a substrate for the
evaporation of CdBr; films were prepared from CdBr, powders (99.99%) inserted in to
tungsten heater. CdBr, films were coated on to glass and Ge substrates to prepare
Ge/CdBr; films. The schematic diagram and optical image of the produced films are

shown in Fig 3.2 (a), (b) and (c¢) and Fig 3.3 (a), (b) and (c¢) respectively.

(a) glass/Ge (b) glass /CdBr, glass/Ge/CdBr,
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Fig.3.3.The Optical images for (a) glass/ Ge, (b} glass/CdBr, and (c) glass/ Ge/CdBr; thin
films.

3.3 Thin Films Analyses:

Ge, CdBr; and Ge/CdBr, prepared thin films were subjected to different measuring
techniques to explore its structural morphological and optical properties. The X-ray
diffraction (XRD) for the studied samples and its optical spectrophotometry are described

in the following sections.

3.3.1: The X-ray Diffraction (XRD) Measurements:

Rigaku MiniFlex-600 X-ray diffraction unit (Fig. 3.4), were used to characterize the
structure of produced Ge, CdBr; and Ge/CdBr; thin films. X-rays were generated from a
Ka copper (Cu) anode radiation sources of beam curreﬁt of 15 mA and average
wavelength of 1.5405 A at a working voltage of 40 KVs. The X-ray is diffracted by the
crystal atomic layers. The 8- 28 scan method used in the diffraction angle ranges of
10° — 70°. Data processing and Instrument control are executed by using a PC. The
diffraction patterns were analyzed by the Bragg’s diffraction law (n4 = 2d sin(8)) where
A is the X-ray wave length; d is the distance between the oriented planes and
28 represents the diffraction angles. The structural analyses are carried out by “Crystdiff”

software packages.

Fig. 3.4. X-ray Rigaku diffractometer.
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3.3.2 Scanning Electron Microscopy (SEM) Measurements

The surface morphology of the samples tested using a Coxem 200 scanning electron
microscope equipped with energy dispersive X-ray spectrometer which shown in Fig, 3.5.
The interaction between the electron beam and the studied samples atoms produce signals
which provide information about the shape and features of the samples surfaces and the

composition of the studied samples.

Fig. 3.5. The Scanning Efectron Microscopy (SEM}

Fig. 3.6 presents the schematic diagram of the scanning electron microscope (SEM), in
which a beam of electrons is directed at a sample and the beam interacts with the

materials, which changes the properties of those electrons such as the direction of motion,

the angle, the relative phase and its energy.
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Fig. 3.6. The schematic diagram of SEM. [31]

3.3.3: The Optical Measurements:

Thermo-scientific Evolution 300 ultraviolet—visible light spectrophotometer shown in
Fig. 3.7 is used in measuring the optical transmittance and reflectance spectra of the
samples. The measurements handled in the spectral wave length range of 190-1100 nm.
The system uses a xenon lamp inside the device that emits light of different frequencies

across the interested spectrum. The measurements were carried out at scanning speed

of 1200 nm/mins. The measured data analyzed by using the Vision Pro software

packages.
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Fig. 3.7. The UV-VIS spectrophotometer.
3.3.4: The Hot Probe Technique:

The hot probe technique is used to identify the type of conductivity (n-type or p-type) of
samples. This method consists of heated probe and a standard digital multimeter which
shows the type of semiconductors by distinguishing the majority charged carriers. We
start the experiment by heating the soldering for a short period. Then a couple of cold
probes and hot probes attach to a semiconductor surface under investigation, after that,
the hot probes connected to the positive terminal of the multimeter and heater. As well as,
the cold probes connected to the negative terminal, While the cold elecirode kept
constantly connected at the surface of the sample. When the readable value of voltage in
the multiméter is positive, the sample indicates that the studying sample is n-type
semiconductor sample. Whereas, the negative voltage values indicates represents a p-type
semiconductor sample. The Ge  and the CdBr; layer exhibit n-type and p-type of

conduction, respectively.
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Hot probe Cold probe

B u——
e® =P n-typesample
@ ey

Fig. 3.8. The set-up of hot-probe technique.
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Chapter Four

Results and Discussion

4.1 Structural Analysis

&

The optical images and schematics for the grown films are shown in the inset of Fig.4.1.

Fig.4.1 also shows the X-ray diffraction (XRD) patterns of Ge, CdBr; and Ge/CdBr;,

. GelCdBr;
] CdBrz

13 135 14 14.5 15 155 16
26(c)

TNt A oAl
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Fig. 4.1. The X-ray diffraction patterns of Ge, CdBr, and Ge/CdBr; heterojunction device.

It 1s clear from the figure that, while CdBr; films show two diffraction peaks centered at
diffraction angles of 26 =13.22 and 14.58" respectively, the XRD pattern of Ge/CdBr,
also shows two peaks centered at diffraction angles of 20 = 13.40° and 14.50"
respectively. XRD patterns were analyzed by " Crystdiff " software packages. Based on
literature data and software analysis, it observed that CdBr; exhibit hexagonal structure

with lattice parameters a = b = 7.20A and ¢ = 13.86A. The suitable space group of this
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structure is shown to be P63mc. [2]. It is also evident from inserted of figure 4.1 that the
main diffraction peak of CdBr, become broader when deposited on  amorphous Ge
substrates. Repeated calculations of the lattice parameters and other structural parameters
are shown in table 4.1, Tt is clear from the table that the lattice parameters increased along
the a - axis and decreased along c-axis. On the other hand, the calculated crystalline sizes
decreased while the microstrains defect density and stacking faults increased when

deposition is done above Ge layer.

Table 4.1. The parameters of the main peak of CdBr, and Ge/CdBr, structures.

Lattice constant (A) D (nm) e(X10°) SF% 8( X10"Mine/em®)

Sample 28 (°) a-axis c-axis a-axis c-axis
CdBr, 1458 7.01 13.38 21.51 12.96 0.47 12.90 6.76

Fig.4.1 shows that the maximum peak which was observed for the CdBr, hexagonal
phase at 20 = 14.58" shifts to 14.50". This shift is accompanied with a decrease in the
intensity of the maximum peak from 109.00 to 108.00 Counts/s. Repeating the
calculation for Ge/CdBr, thin films, we observe lattice parameters ofa=b=7.04 A and ¢

=13.20 A. From chemical point of view, CdBr (which was observed in SEM analysis)

bond lengths of Ge-Br and Cd-Br are 2.32 A {32] and 2.55 A [2], respectively. Thus, the

columbic force between Ge-Br is stronger than that of Cd-Br. Other probable reason
presented by  the ionic substitutions of Ge in unoccupied sites of Cd which could be a
source for the formation of GeBry. Namely, as the ionic radii for Ge™, Cd** and Br™' are
0.54 [33], 0.97 [2], and 1.93 [2], respectively, Ge replaces vacant sites of Cd. Hence, the

increase in the lattice constants values is due to the shorter ionic radius of Ge compared
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to Cd [2]. In addition, it observes from table 4.1 that the deposition of the CdBr, layers
onto the Ge substrates change the substrate structural parameters upon substitution of Ge
to Cd empty sites .it should be noted that CdBry is detected in the SEM analysis while
GeBry; was not indicating that it is formation is less probable. Particularly, as we
previously mentioned the crystallite size (D) decrease while, the strain (g), dislocation

density () and stacking fault percentages (SF%) are increased.

Table 4.2. The ionic raduis, electronic configuration, bond length of the samples

Electronic configuration ap

Cd 0.97 [2] [Kr] 4d"%5¢ Br-Br 3.79 [34]
Br 1.93 [2] [Ar] 4s2 3d™° 4p° Cd-Cd 6.54 [33]
Ge 0.54 [33] [Ar] 3d'° 4s? dp? Cd-Br 2,55 [2]
Ge-Ge 245 [35]
Ge-Br 2.32 [32]

In reference to table 4.2 it is noted that, the smaller ionic radii of one ion compared to the

other in the same structure causes shrinking of the dimensions of unit cell resulting in
decrease in the crystalline sizes [36]. Microstrain increases due to the increase in the
lattice parameters and due to large lattice mismatches between the amorphous Ge and

polycrystalline CdBr,.

4.2 Morphological Analyses

The surface morphology was tested by the scanning electron microscope available in our
laboratory. The results are presented in Fig. 4.2. It is evident from Fig. 4.2 (a) that Ge
substrates have no distinguishable morphology. No grains appeared in the image

indicating the amorphous nature of the films. In contrast, as can be seen from Fig. 4.2 (b)
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CdBr; thin films display irregularly shaped grains shown by white colored points in the
figure, in addition to some clusters appearing as dark colored circles. The presence of
grains assures the polycrystalline nature of the films. The average grain size of the white
colored points is 940 nm. Black colored circular clusters showed a diameter of 4.0
pum. When CdBr; is coated onto Ge substrates most of the irregularly shaped grains
disappeared while the circular clusters remained. They show diameter of 790 nm. It is
clear that Ge substrates resulted in a decrease in the cluster sizes. Energy dispersive X-
ray analysis on the CdBr, and Ge/CdBr; films have shown that the white colored
irregularly shaped points are composed of 32.95 at.% Cd and 67.05 at. % Br revealing the
chemical formula of CdBr;. On the other hand when the same EDS test is handled for the
black colored circles they revealed 20.0 at. % Cd and 80.0 at. % Br. The empirical
formula is CdBrs. Hence it is possible to conclude that CdBr, films contains chusters of

CdBrs as a minor phase,
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Fig. 4.2. SEM images for (a) Ge film, {b) CdBr; film and (c) Ge/CdBr; films

4.3 Optical Analysis

The effects of the Germanium (Ge) substrates on the optical performance of the

Cadmium bromide (CdBr;) thin ﬁlms are investigated by mean of visible light
spectrophotometry technique. Transmittance (T) and Reflectance (R) spectra were
measured in the wavelength (X) range of 190-1100 nm of the incident light. The
measured transmittance (T) and reflectance (R) spectra for Ge, CdBr, and Ge/CdBr
structures are shown in Fig. 4.3 (a) and (b), respectively. As shown from the Fig. 4.3 (a),

the transmittance spectrum of CdBr; film is very high compared to Ge. The spectra of Ge
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decrease slowly until reaching a sharp absorption edge near to be 3.5 eV with
transmission saturation between 1.5-3.5 ¢V . After that its sharply decrease until reaching
0% at 4.1 eV , as shown in the same figure, there is a transmission saturation whict} is
initiated for E> 1.5 eV . For the CdBr films, the transmittance spectra have tendencies
of increasing until reaching 3.23 eV. Its exhibits a shoulder and one peak centered at this
energy value then its sharply decrease. The T% spectra of Ge/CdBr; indicates that the
effect of deposition of CdBr; layers on the Ge film become semi transparencé when
incident light energy (E) is less than 1.8 eV. Tt is clear from the figure that, a major peak
centered at 1.19 eVs existing. Particularly, the reflectance spectra which are presented in
Fig. 4.3 (b) show that Ge spectra has a peak at 1.26 eV, The Reflectance of CdBr; is very
low (lower than 5%), the reflectance coefficient doesn’t show any significant sharp
patiern indicating possible strong absorbance. The peaks of minimum reflectance shift
from 1.57 eVs in the reflectance spectra of Ge to 1.32 eVs upon adding the CdBr;, layer is
due to higher film thickness. The observed peaks in reflectance and transmittance usually
occur because of light interference from different layers, as thickness increase peaks

becomes closer.
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Fig. 4.3. The transmittance (a) and reflectance (b) for CdBr; and Ge/ CdBr; heterojunction
device,

The absorption coefficient (o) spectra for Ge, CdBr; and Ge/CdBr; films are calculated

from the measured transmittance (T) and reflectance (R) spectra using equation(2,12)

Where d = 0.5,0.5 and 1 um for Ge, CdBr; and Ge/CdBr; respectively . Both of @ and
absorbability spectra (R, } are calculated and shown in Fig. 4.4. As the figure displayed,
o -spectra of CdBr; start with low absorption coefficient (o) iflustrating an increasing
trend of variation with decreasing incident photon frequency in the energy range of (1.13

-1.97 eV) This phenomena relate to a free carrier absorption that arises from the

i . 0 . + 4 * -
existence of free—electrons—and holes 13.?{, Tattice distortion [38! i this ICEI0T. The

region between (1.97 -3.18 eV) is an absorption saturation region. Then, above 3.47 eVs
the absorption spectra increase sharply with increasing incident photon energy. On the
other hand, Ge spectra show that Ge has low absorption level in the low energy region. «
-spectra of Ge show an absorption saturation between (2 - 2.4 eV). a values sharply

increase with increasing E meaning that the strong absorption have already started. on the
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other hand, Ge/CdBr; spectra show that there is possible formation of a band tail in the
low energy level then, the spectra sharply increase which indicate to strong absorption

exist. After that, the spectra behavior indicates to saturation. [39]
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Fig. 4.4. The optical absorption coefficient spectra (a)in all region (b) in low region only for Ge,
CdBr; and Ge/CdBr; heterojunction device and {c) the absorbability for Ge, and Ge/CdBr;
heterojunction device.

The absorbability light spectra for Ge/CdBr; (R),= Zee/CdBT2 y and the absorbability light

AodBra

spectra for Ge (Ry=

““—Z@—@) are shown in Fig. 4.4 (). It illustrates that; in visible

Ge

region of light, the absorpfion coefficient of CdBr; increases nearly 115 fimes when it
deposit on Ge. The remarkable enhancement is a promising feature as it indicates
possible application invisible light communications. Fig. 4.5 shows In(a)-E variations for
Ge, CdBr; and Ge/CdBr; heterojunction device that used to determine if there is a band
tail or not in the low absorption region by the help of Urbach rules [27] Urbach rules

assumes exponential band tail distribution which defined by equation (2.14). This
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equation is used to get the band tails width. There is no tail if the reciprocal value of the
slope (Eg) of the linear variation of In(a) versus E > %but if it < E?g there will be a

band tail. As a result of calculation, the expected energy bands tail widths for Ge, and

Ge/CdBr; are 0.48 eV, and 1.13 eV, respectively. Hence CdBr; doesn’t have band tail

because Eq = 213 > 2 =2 while Ge/CdBr, has a band tail. The formation of this

band tail is assigned to the orbital overlapping between Ge and CdBr;. Urbach equation is
not valid for CdBr; film due to the increasing of absorption coefficient with decreasing

energy. Such behavior indicates the existence of free carrier absorption.
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Fig. 4.5. The In(w)-E variations for Ge, CdBr: and Ge/CdBr; heterojunction device,

The absorption coefficient spectra provide information about the energy band gaps (Ej)
of Ge, CdBr; and Ge/CdBr;, respectively, Fig. 4.6 (a}, (b), (c) and (d) represent the
plotting of Tauc's equation for Ge, CdBr, and Ge/CdBr;, respectively. The effect of

adding CdBr; on the optical energy band gap of Ge film is determined with the help of



32

the Tauc's equation ({(2.13) [23]). Where the indirect allowed energy band gap for Ge,
CdBr; and Ge/CdBr, interface were determined from the plotting of the (aE)Y/? — E
variations which are presented in Fig. 4.6(a), (¢) and (d) respectively. The straight lines
which cross the énergy (E)-axis revealed energy band gap values of 3.04, 3.45 eV and
3.23eV for Ge, CdBr; and Ge/CdBr; films, respectively. The reported band gap value of
Ge being 3.01 is ascribed to [y to [, transition in the first Brillouin zone of Ge [40] and
the band gap value of CdBr; is reported to be 3.32 eV [2]. In addition, the direct
forbidden energy band gap were determined from the plotting of (aE)?/® — E which
illustrated in Fig. 4.6 (b) that reveal another energy band gap value of 1.0 eV for Ge.
The value of the energy bands gap being 1.0 eV is very close to the reported value being
0.9 eV. This band gap value may be ascribed to Iy to [ transition in the first Brillouin
zone [40]. Practically, when dealing with heterojunctions at room temperature, it usual to
choose the lowest value of the energy band gap. Recalling that the electron affinity of n-
type Ge is 4.0 eVs [41] and that of p-type CdBr; is 3.27 eV [42], then the conduction
bands offset (AEc =|gXcapra~ dXce |) are 0.63 eV. The difference between the energy
bands gaps (AEg=2.11 eV). The valence-band offset (AEv =|AEg — AEc|) turns out to
be 1.48 eVs. On the other hand, it’s mentioned that the work functions values of Ge and

CdBr; are 4.37 and 6.38 eV respectively [43], [5] so that the built in voltage

(9Pcapr2—qPge) turns out o be 2.01 eVs, Ihe values are high enough to nomunate

Ge/CdBr; interfaces for optoelectronic applications,
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Fig. 4.6.The («E) "*-E (a) for Ge (c) for CdBr, and (d) for Ge/CdBr; heterojunction.
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4.4 Dielectric Properties

The Dielectric constant is known as the fundamental intrinsic property of the material
while the real part of the dielectric function displays that how much the speed of light
will be within the material [44].To investigate possible applications of the Ge/CdBr;
heterojunction, the respective real (g,) and imaging part of the relative dielectric spectra

are estimated for the studied samples. &. spectra which is calculated by using equation

(2.21) isillustrated in Fig. 4.7. As shown in the figure CdBr; spectra exhibit a broaden
peak at 3.42 eVs. It mentioned that CdBr; emission in UV bands is initiated at 3.3-3.4
eVs [44]. Ge spectra show that the dielectric constant .increases as the photon energy
decrease; it has a peak at infrared region which is centered at 1.25 eVs. Also it has
another peak in ultraviolet region centered at 3.47 ¢Vs. It mentioned that Semiconductor

films with 1.25 ¢V energy band gaps have a high transmission in the IR thermal emission
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region and  high absorption coefficient in the solar spectral region [45]. On the other
hand, the peak centered at 3.47 eVs is related the intense peaks of the excitonic
excitations [45]. It mentioned that the reflection intensity monotonously decreases in the
ultraviolet spectral region from Ge surface. This occurs due to amorphization if the
doses are low and because of forming nanoporous structure of interwoven nanowires for
the higher doses in the near-surface implanted Ge layer [46]. As shown in the figure,
Ge/CdBr, heterojunction spectra have a minimum peak centered at 1.32 ¢Vs, while its

spectra made a red shift and increase and the maximum point couldn’t be reached.
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Fig. 4.7. The real part of the dielectric spectra for Ge, CdBr; and Ge/CdBr, heterojunction.

To gain information about the optical conductivity (c(w) = (&5, w/4m); where, w is the
angular frequency), free electron mobility and electron Plasmon interaction of the
samples under realization, the imaginary part (&;,) of the dielectric constant spectra is

calculated and analyzed. The g;,, for the Ge, CdBr; and Ge/CdBr; heterojunctions are
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presented in Fig, 4.8. In accordance with this figure, Ge spectra increase slowly until the
incident energy values reaches 1.37 eVs, then it is slowly decrease until the incident
energy values reaches 3.55 eV, after that it is sharply increasing. CdBr; spectra behavior
is partially similar to Ge spectra, g;,,, of CdBr; slowly decreased until the incident energy
value reaches 1.81 eV, and then nearly remain constant until the incident energy reaches
3.58 ¢Vs. After that it starts to increase following a sharp trend of variation. Ge/cdBr;
spectra display a decreasing trend of variation with the increase of the incident light
energy until it reaches 1.26 eVs. Then, it begins to increase sharply until the incident
energy values reaches 2.42 eV, after that it starts to decrease following a sharp trend of
variation, The sharp increase of g;,,, donates to increase of the conductive behavior of
material, which is concerned to the interband transition of electrons from the valence

band to the conduction band, where it become available to conduct current.
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Fig. 4.8. The imaginary part of the dielectric spectra for Ge, CdBr, and Ge/CdBr;

heterojunction.
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In order to understand and get information about the Plasmon-electron interaction in the
Ge, CdBr; and Ge/CdBr; heterojunctions, in accordance with Drude-Lorantz approach,

the imaginary part of the dielectric constant spectra is modeled through the relation [47],

2 .
_ gk W peiW (4.1)

£ fe
n =1 ({eri_W2)2+Wz.ri—2)

Where, k is the number of dominant linear oscillators, w = 2xf is the angular frequency

of the incident light, wy,, = Jm represents  the electron bounded Plasmon
frequency, w, indicate to the reduced resonant frequency, 7 is the average of scattering
time which is the inverse of the damping coefficient, increase in T means the electronic
friction will decrease. This behavior raise from the decreasing in the number of impurities
(defect) ions which available for scattering. m” represents the effective mass of free
carrier and n represent the free electron density. Mobility of  the free-carrier is also
calculated by the formula g = et/m”*. The experimental data was reproduced by fitting
Equation (4.1) through substituting the values of the effective mass as mi_g. =
0.55 m,[48]and my_cqpry = 0.44 m,[5] and The reduce effective mass for carriers in

-1
Ge/CdBr; layer was calculated using ;ﬁ; = (&- -+ i) [2], by using the effective mass

may Ma
value for Ge and CdBr;, the effective mass of Ge/CdBr; calculated to be 0.204 m,,. Fig.

4.9 illustrate the fitting plots of &, spectra of (a) Ge, (b) CdBrzand (¢} Ge/CdBr; layers

where the black colored curve represents the theoretical fitting data of the &;,,, specira.
Fig.4.9 indicates that the values of experimental data of imaginary dielectric constant are

almost the same with the fitted ones.
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Fig. 4.9. The imaginary part of the dielectric spectra for (a) Ge, (b) CdBr, and {c) Ge/CdBr,
heterojunction. The black colored plots represent the fitting which is achieved by Eqn. (4.1).

The fitting parameters which show the best correlation between the experimentally and
theoretical values are tabulated in Table 4.3 (a), (b) and (¢) respectively, for Ge, CdBr,
and Ge/ CdBr;, Generally, the scattering time decreases as the oscillator frequency (w,)
increases which indicate to the increasing of the damping coefficient leading to more
electronic frictional forces. Electronic frictional forces increase from the interfacial
electronic interactions [49, 50] that cause distortions of the wave functions of conduction

electron [51]. In accordance with the table 4.3 (c), the scattering time (7) for the first

oscillators (z |} was 5 fs, when we reached the last oscillators {7 5) it becomes 0.2 fs,
The increasing in the oscillator frequency cause increasing in the electronic friction
where the photon energy increases enough to activate more defects [49]. The presence of
defects and impurities increasing the electronic friction. Also, increasing the oscillator
energy (E,) indicates to the increasing in the kinetic energy of electrons that in turn

enhances the scattering mechanism which freeing electrons. [42].As it is readable from
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the Table 4.3 (c), the resonance frequency (w.) when the CdBr; layers exists at the
surface of the Ge substrate increased from we; = 1.90 X10"° Rad/s to wes =5.00 x10%
Rad/s when we transit from the first oscillator number (i = 1) toward the last one (i =
5). In addition, the free electron density (n;) values Ge, CdBr; and Ge/ CdBr; are found to
be 4,00 x10' ¢m™, 0.20 10" cm™ and 6.00 x10'® ecm™ respectively. It is important to
notice that the free electron density is increased due to depositing on CdBr; by Ge. It is
clear from the table that, resonant frequency (wey) increased as the oscillator (k)
increased. Moreover, the drift mobility (1) is decreased when we move from the first
oscillator (t 1) to the second oscillator (t 1) then it is remaining constant. It is also
observed from the tables that, the electron scattering time for the first oscillator (k = 1)
for amorphous Ge (1 1=1.50 fs) is larger than that of CdBr; {z,=1.00 f5) indicating that the
value of the electronic friction coefficient in Ge is higher than it is for the CdBr; films.
Using Ge as a substrate of the CdBr; layers increases the scattering time of the Ge/ CdBr;
junction to a value of 5.00 fs. For the first oscillator (k = 1), the drift mobility () for the
Ge, CdBr» and Ge/ CdBr; interface are found to be 4.80 em?/Vs, 4.00 cm?/Vs and 35.96
cm*/Vs, respectively. This indicates to the enhancement of the drift mobility due to the
exchange of glass substrate of CdBr; by Ge. The improvement of | makes the device

more suitable for transistor technology and wave filter [52]. It is good to indicate that

the first oscillator (k = 1) is the most accurate from other oscillators because this series

came from Taylor expansion, so that we use it in the comparable.
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Table 4.3 (a): The optical conductivity parameters for Ge thin film.

i 1 2 3 4 5
(fs) 1.5 1.0 0.5 0.6 2.0
n (x10'® cm™) 4.0 6.0 15.0 9.0 70.0
o (x10"° Rad/s) 2.5 3.0 4.0 5.0 6.5
E(eV) 1.6 2.0 2.6 3.3 4.2
op (GHZ) 1.6 2.0 3.1 2.4 6.7
u (cm?/Vs) 4.80 3.20 1.60 1.92 6.39

Table 4.3 (b): The optical conductivity parameters for CdBr, thin film.

i 1 2 3 4 5
(fs) 1.0 0.7 0.1 6.0 3.0
n (x10" cm™) 0.2 2.0 0.1 0.1 40.0
o (x10" Rad/s) 1.0 2.0 3.0 7.0 6.5
E(eV) 0.7 1.3 2.0 46 4.3
op (GHz) 0.4 13 0.3 0.3 5.7
u (cm?/Vs) 4.00 2.80 0.40 23.98 11.99
Table 4.3 (c): The optical conductivity parameters for Ge/ CdBr; thin film.
i 1 2 3 4 5
(fs) 5.0 1.0 0.2 0.2 0.2
n (x10" cm™) 6.0 7.0 40.0 40.0 100.0
o, (x10"° Rad/s) 1.9 3.7 4.0 4.5 5.0
E(eV) 12 2.4 26 3.0 3.3
®p (GHz) 2.9 3.2 7.6 7.6 12.0
u (cm?/Vs) 35.96 7.19 1.44 1.44 1.44
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Chapter Five
Conclusion

In this master thesis we have focused on the formation of new class of heterojunction
devices made of amorphous Ge as substrates for coating CdBr; these films. The growth
nafure of the double layer was investigated by structural techniques revealing amorphous
/polycrystalline interfaces with large lattice misfits. The Ge/CdBr; bilayers are found
appropriate for optical and optoelectronic applications of CdBr, and Ge enhanced the
light absorbability of CdBr; abruptly. The optical conductivity parameters also improved.
one may read a plasmon frequency value of 12 GHz for these films. The formats drift
mobility also improved reaching values that nominate the Ge/CdBr; devices for use in

thin film transistor and communication technologies.
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