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Abstract

In this thesis, we report the design and characterizations of WO3/Ga;S3 heterojunction hybrid
devices. The devices which are grown by the physical evaporation technique under vacuum
pressure of 10~ mbar are characterized by means of X-ray diffraction (XRD), scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), UV-VIS spectrophotometry,
impedance spectroscopy, capacitance-voltage and current-voltage characteristics curves. While
the X-ray diffraction indicated amorphous nature of the grown materials, the SEM images
displayed no particular morphology confirming the amorphous nature of growth. The EDX
analysis displays stechiometric composition of the grown materials. Optically, while WO3 and
GaxS3 exhibit energy band gap values of 3.17 and 2.53 eV, respectively, the WO3/Ga;S3 interface
exhibit an energy band gap of 2.62 eV and resulted in an aligned conduction band with valence
band offset 0f 0.61 eV. The optically interfaced layers exhibit deep band tail of width 0of 0.78 eV.
In addition, the electrical measurements has shown that the device which is coated onto Yb
substrate and recoated with Au pad exhibit capacitance-voltage characteristics that nominate it
for use a s MOSFET devices. The current-voltage characteristics also displayed rectifying
features within a barrier height of 0.73 eV under forward bias conditions. The reduction of series
resistance effect indicated ideal diode characteristics. On the other hand, the impedance
spectroscopy analysis had shown that the device can exhibit wide capacitance and impedance
tunability in the frequency domain of 10-1800 MHz nominating it as tunable capacitors. It was
also observed that the Yb/WO3/GazS3/Au hybrid devices exhibit band stop features with notch

frequency of 1.65 GHz. The test of the return loss values of the propagating ac signal displayed
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high quality signal and good impedance match nominating the device for applications as band

stop filters.
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Chapter One

Introduction and Literature Survey

Heterojunction devices including Tungsten Oxide and Gallium Sulfide play important
roles in various applications. Tungsten oxide is frequently used to manufacture tungstates
for x-ray screen phosphors and in gas sensors [1]. Also, it is reported that it has been
investigated to be used in electrochromic, solar energy, gasochromis and optical devices
[2]. Moreover, WO3/TiO, composite nanotubes are employed as photocatalysis, solar
cells and chemical sensors were reported [3]. In another work, Cu/WO3/Pt structure is
demonstrated for nonvolatile memory applications as an RRAM [4]. In another work, It
is mentioned that WO3/BiVOs heterojunction enhances the photoconversion efficiency
and increases the photocorrosion stability [5].

On the other hand, Ga,S; has novel characteristics that reflect its function in
technological applications. It is reported that this compound is used for terahertz
applications [6]. In addition, the GaAs/Ga,S; interfaces are mentioned to be suitable for
high-power laser radiation [7]. The dielectric modeling and analysis on the Ge/GasSs
interface indicates the possibility of low/high band pass filter properties in the range of
Plasmon frequency of 1.3-2.3 GHz [8]. In another recent study, Au/Ga:S;/Yb is
investigated to be used as tunable varactor diodes which are designed for high frequency
applications such as radiowave resonators [9].

There are different techniques to prepare thin films. As an example, electron beam
evaporation technique which is used to demonstrate the electrochromic and

photocatalytic properties of Vanadium-doped tungsten trioxide thin films [10]. Another



method, is the hot-wire chemical-vapor deposition (HWCVD) process that motivated the
grown of crystalline WO3 nanoparticles [2]. The RF magnetron sputtering method is
employed to prepare WOs3 thin films in different conditions [11] and thin films of LiS,,
GeS:2 and Ga,S;3 glass system were prepared by sputtering technique [12].Moreover, the
synthesizing of nanolayered y-Ga;Ss3 into the 2D materials family can be done via the
space-confined chemical vapor deposition technique [13]. Molecular beam epitaxy of
WOs on sapphire substrates is also mentioned [14]. Furthermore, pulsed laser deposition
technique is used to prepare GazS3-GeS; thin films [15]. Another mentioned work, WO3
and MoQj thin films were prepared by the thermal vacuum evaporation method and their
characteristics were studied [16]. Particularly, the most common preparation technique
which will be used in our study is the physical vapor deposition while two films are
deposited onto each other under vacuum pressure of 10 mbar. Such as, the preparation
of Au/InsSe3/GaS3/C interfaces which were prepared by physical vapor deposition
technique with the exact needed thicknesses [17].

The structure of every material differs from the others, solid state material can be crystal
(single crystal or polycrystalline) or amorphous. For our materials WO3 and Ga:S3, both
exhibit the polymorphic structures. WOs has five-different structures, the cubic structure
with lattice constant of a= 3.82 A [18]. The monoclinic structure with lattice parameters
ofa=7306A,b=7540 A, c=7.692 A, B =90.881 [19]. Triclinic structure where their
parameters are a= 7.309 A, b= 7.522 A, c= 7.678 A, a =88.81°,8 =90.92°y =
90.93° [19]. While the orthorhombic structure has a = 7.384 A, b=7.512 A, c=3.846 A
[20], the tetragonal structure (high temperature phase) exhibit lattice parameters of a =

536 A, ¢c= 3.98 A [21]. Similar polymorphic structure is observed for Ga,Ss, three



polyphases were possibly formed, monoclinic phase (a-Ga2S3) wurtzite type with lattice
parameters are a= 11.094 A, b= 9.578A, ¢ = 6.395 A, B = 141.15° at T= 1020 K, the
second is hexagonal phase (-Ga,S3) wurtzite type which have a = 3.678 A, c = 6.016 A
at T=820 K, the third one is cubic (y-Ga.S3) zincblend type with lattice constant a = 5.17
A at T= 873 K [22]. Both materials include defects. For Ga,Ss3 the concenfration of
native defects is about 10?2 cm™ [23]. a-Ga,S3 has an ordered vacancies while f-Ga;S3
and y-GayS3 have disordered vacancies [22]. The bond length of Ga-S is 2.32 A which
makes it less probable to replace the sulfur atom with any one that has larger bond length
with Ga atom [24]. An important structural property is strain which is inversely
proportional to the grain size and it is a bond length dependent. For example, the strain of
Se/Ga,S; was evaluated as 11.22x10 [25]. Whereas, the defects in WO3 are surface
oxygen vacancies, after annealing ordered vacancies are produced [26]. For WOs3 it was
observed that the square of the tetragonal-tetragonal strain is inversely proportional to the
temperature [27].

On the other hand, the electrical properties for both materials are different, the electrical
conductivity is temperature dependent and equals 10 (Q.cm)™! for Ga,S3 [22]. It was
reported that the electrical conductivity of InSe/Ga,S3 decreases with decreasing
temperature, so the dark and illuminated activation energies in the temperature range of
330-250 K are 88 and 52 meV, whereas in the range of 240-160 K are 24 and 14 meV,
respectively [28]. In the case of WOs, the variation of electrical conductivity with
temperature indicates semiconducting behavior [29]. Moreover, the activation energy of

WOswas measured to be 1.04 eV [30].



The optical properties are important characteristics which are responsible of various
features of the solid materials. The energy band gap exhibited values of 3.44 eV and 2.48
eV for monoclinic and hexagonal Ga;Ss, respectively [22]. WO3 can be characterized as a
semiconductor with an indirect band gap of 3.25 eV [30, 31]. Moreover, the electron
affinities are reported to be 3.30 eV [32] and 3.33 eV [33] for Ga;S; and WOs,
respectively. Using these information the band offsets were determined and tabulated on
Table 1.1.

Table 1.1: The calculated-theoretical band offsets for WO3/GazS3 heterojunctions.

Interfaces AEy(eV) AE. (eV) AE, (eV)
WO3/Ga,S3 0.19 0.03 0.16
(monoclinic Ga,S3)

WO3/Ga,S3 0.77 0.03 0.74
(hexagonal Ga;S3)

For the process of quantum confinement, it is necessary to have a valence band offset
larger than 0.5 eV. This value is minimum effective discontinuity for the production of
thin film transistors.

In this thesis, the preparation and the formation of WO3/Ga,S3 heterojunctions will be
discussed. Namely, the structural properties will be studied by means of X-ray Rigaku
diffractometer, SEM and EDX where the optical properties and dielectric will be measured
via UV-VIS spectrophotometer. In addition, the impedance measurements and electrical
characteristics and the energy band gap formation will be investigated. In the second
chapter, the important theoretical investigations that are needed to determine the physical
constants are reported and some of the important derivations are also shown. In the third
chapter, the experimental details that were carried out during preparation and

characterization are reported. In the fourth chapter, we report the important



measurements and the related interpretations of the results. In the last chapter, the

conclusion remarks are mentioned.



Chapter Two

Theoretical Background

2.1 The X-ray diffraction

The amorphous and crystalline nature of solid state materials can be detected by X-ray
diffraction; in this method the XRD patterns are obviously observed. The theoretical
background that helps us to find the interplaner distance between two planes of atoms is
Bragg’s Law. Determining the interplaner distance, the lattice constants and then the
structure of the crystalline material can also be calculated.

2.1.1 Bragg’s law

Consider two planes of atoms and a monochromatic X-ray beam incident on the planes at
some angle 6 to the plane surface, if the path difference between two waves is n times the
wavelength then a constructive interference occurs.

The following equation represents Bragg’s law under constructive interference condition
[34]:

2d sin 8 =n\A 2.1
Where d is the interplaner distance between two plans of atoms which is of order of few
angstrom, @ is the incident angle between the incident beam and the plane surface, n
=1,2,3,... represents the order of reflection maximum, A is the wavelength of the incident
X-ray wave which is equals to 1.5405 A. Fig. 2.1 displays a schematic diagram of

Bragg's law.
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Fig. 2.1: The schematic diagram of Bragg’s law.
2.1.2 Scherrer equation
The simplest way to obtain the Scherrer equation is to take the derivative of Bragg's law

holding the wavelength constant and allowing the Bragg spacing and the diffraction angle

to vary,

Take derivative of Eqn.(2.1) in d and @ yields

2Ad cos8 AG=\

Since A0 can be positive or negative the absolute value must be taken and it reflects the
half-width of the peak so 2A8 is the peak of full-width at half-maximum (f). Ad reflects

the crystallite thickness

. A
Thickness =t=Ad = B 050 (22)

If a Gaussian function (rather than a triangle function) is used to describe the peak a

prefactor of 0.94 occurs so the Scherrer equation is given by



0947
B B cos® (2'3)

Where fis the full-width at half maximum.

So, D = - (2.4)

2.1.3 Structural properties

The study of XRD patterns is vital to determine the structural properties including grain
size (D), strain (¢), dislocation density (&) and stacking faults (SF). These parameters are
calculated from the broadening width B (FWHM) of the most intensive peak by using the
following relations [35]:

Grain size (D): is the diameter of individual grain in the crystal [36].

0.94A (25)

B B cos®

Strain (&): is the ratio of contraction or expansion in bonds lengths to the original bonds’
lengths [37].

o B (2.6)

4tan6

Dislocation density (§): is a measure of the total length of dislocation lines per unit area
[38].
15¢ ..
= a—DE (lines/cm?) 2.7)
Where a is the lattice constant in a-axis.

Staking faults (SF): is a type of defects which characterizes the disordering of

crystallographic planes. It is, thus, considered as planar defect [39].

__2n%B
SF 45+y/3tanf (2.8)

There is fourteen Braves lattice in 3-dimentional that distributed in seven groups
(structures) [40] represented in Table 2.2.



Table 2.2: The 3-D Braves lattices for solid state materials and their conditions.

Crystal structure

Conditions

Number of Braves
Lattices

Triclinic
Monoclinic
Orthorhombic
Tetragonal
Cubic
Trigonal

Hexagonal

aiFQF, aEFLFY

aiFar#as, @ = f =90°# y
alFar#as, a = f =y =90°
al=ax¥as, a = f =y =90°
aj=az=as, & = f =y =90°
al=az=as, & = B =y <120°#90°

aj=a#as, « = f =90°, y =120°

2.2 Optical Properties

The optical properties include the evaluation of transmittance, reflectance, absorption

coefficient, energy gap, band tails and dispersion of dielectric constant. Fig. 2.2 presents

the transmittance, reflectance and absorbance of light incident on optical medium.

Reﬂectanc%

~

o5

Absorbance

4

Transmittanc e

Fig2.2: The transmittance, reflectance and absorbance of light that incident on an optical medium.
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2.2.1 Absorption coefficient

The absorption of light by an optical medium is determined by its absorption
coefficient . If the beam is propagating in the z direction, and the intensity at position z
is I (z), then the decrease of the intensity in an incremental slice thickness dz is given by:
di=-adzI(z) 2.9
Integrate this to obtain Beer’s law which state that:

I (z)=Ie™** (2.10)
Where z is the material thickness, I, is the optical intensity at z= 0 and « is the absorption
coefficient which is frequency dependent so this is the reason why material sometimes
absorbed one color but not the other [41]. The transmissivity of the light in the medium
of thickness [ can be written as [41]:

T =(1-R))(1- Ry)e (2.11)
Where [ is the thickness of the absorbing medium, R; and R» are the reflectance of the
front and back layer of the medium and the term (e %) is the exponential decreased in
the intensity because of the absorption according to Beer’s low.

IfR; and R» are equal, the equation becomes:

T =(1-R)%e~* (2.12)
In the case of two materials deposited on the glass substrates we obtain:

T = (1- Ri)(1- R2)(1- R3)e~* (2.13)

At | = d, the absorption coefficient is written as,

_1 T
=g ln((1—121)(1—122)(1—}23)) (2.14)

Particularly, in our work R, R2and R3 are the reflectance of glass, WO3; and WO3/GaxSs,

respectively.
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2.2.2 Tauc's Equation

The absorption coefficient is very important; In order to determine the energy gap of
semiconductor and heterojunction, so Tauc's equation can be employed to determine the
energy band gap which is can be written in the following formula [41- 43]:

(aE) o (E-Ey) (2.15)
Where « is the absorption coefficient, p takes the values 1/2, 3/2, 2, 3, corresponding to
direct allowed, direct forbidden, indirect allowed and indirect forbidden transitions,
respectively. Eg represents the energy gap. The derivation of Tauc's equation is shown in

Appendix A.

2.2.3 Band Tails

The presence of Band tail is related to the exponential distribution of states in the band
gap. That is found near the conduction and valance bands of disorder semiconductor.
In order to derive the relation between the absorption coefficient and band tails, suppose

a p-type degenerate material [42], and the perturbed part of valence band lies above the

1/2
3

Y

Fermi level, so the density of initial state is proportional to , where E, is the

energy state with respect to the edge of valence band, and the final state density from

band tail to the conduction band as appear in the equation ,

E

N, =Ne% (2.16)
Where E, is a parameter that describes the distribution of states but not their energy but

has a dimension of the energy. The absorption coefficient is proportional to the product
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of the final and initial state integrated all over the possible transition as appear in the

following equation,

hv=¢&, 1/2 £
a(hv)=A [|E| e dE 2.17)
s
Where A is constant

making change of variable to solve this integral

hv—E

letx = (2.18)
0
substituted x in the integral we obtain
S
hv i
a(h) =~ Aexp( (E,)"" [ x2edx 2.19)
o hvtg,

E

0

because of hv>>E,, the lower limit of the integral can be set as co then the solution can be

written as

hv

a(hv)zA(Eo)meE_” %(72')”2— Xt dx (220

o J1 ¢

The slope of the absorption on the semi logarithmic plot gives

[M] =E, 2.21)
d(hv)

1 _dha (2.22)
E, d(hv)

Integrating both side of equation (2.22) yields

Ei [d(tw) = [ din(e) (2.23)
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ha=ca, + & (2.24)
EO
Where «, is integration constant and hv is the photon energy (E)

Taking the exponential for both side of Eqn.(2.24) yields

E

a=a,e (2.25)
Plotting In () as a function of energy, the enter band energies can be determined from
the slope.

2.2.4The complex refractive index and dielectric constant

Dielectric constant(e) or relativeApermjttivityis the ratio of permittivity of material
relative to the vacuum permittivity. Dielectric constant is a complex property that
consists of real and imaginary parts. Where the refractive index (n) describes how fast
light propagates through the medium, also n can be complex number. The derivation of
the dielectric constant and the relation between the extinction coefficient and the

absorption coefficient are shown in Appendix B [44, 45].

g=n-K (2.26)

Eim = 2nK (227)
_a

K= - (2.28)

2.2.5 Optical conductivity

The conductivity as a function of frequency can be determined from the imaginary part of
dielectric constant and the frequency of the light. The dielectric is complex function and
then the conductivity is also complex. We derive it by starting with Maxwell's Equations

(C.G.C units) [44]:
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19D _ 4,

V x H_ZE = ] (2.29)
10B

VxE+22 =0 (2.30)

v.D=0 2.31)

V.B=0 2.32)

Where we have assumed that the charge density is zero.

D= ¢E (2.33)
B=uH (2.34)
j=oE (2.35)

From Maxwell's equations and the above equations, we obtain the wave equations for the

fields E and H:
o SWOE | 4mou OF

VE= c2? 9t2 + cz at (2.36)
2p SO°H | tmou oM

V-H= ) + 2 3 (2.37)

The solution of Eqns. (2.36) and (2.37) Is sinusoidal:

E=Eyei(Kr-ot) (2.38)
Where K is a complex propagation constant and w is the frequency of the light. The same
solution for the H field. The real part of K can be identified as a wave vector, where the
imaginary part accounts for attenuation of the wave inside the solid.

Substitute the plane wave solution Eqn. (2.38) into the wave equation Eqn. (2.36) yields:

_ gpw? 4miopw
—K= g (2.39)

If there is no losses or attenuation, K would be equal to

Ko= >+/eut (2.40)
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and would be real, but since there are losses so write

K= %\/ EcomplexH (2.41)

Where we have defined the complex dielectric function as

4mioc

€ complex

€1 and & represents the real and imaginary parts of dielectric, respectively.

B B 4%“ (2.43)
So, o (w) = w:% (2.44)

2.3 Electrical properties
2.3.1 Current Conduction Mechanisms
In metal-semiconductor contact (schottky barrier) there are several current mechanisms
that contribute to the transport of the minority or majority carriers through barrier of the
device, most of these mechanisms causes the flow of carriers in forward direction and
other in the reverse direction. These types are Thermionic Emission, Generation-
Recombination process, diffusion current and quantum tunneling of electrons [46, 47].
2.3.1.1 Thermionic emission current
It is a majority carrier currents and is always associated with a potential barrier. The most
common device is the Schottky-barrier or metal-semiconductor junction. Thermionic
emission over the barrier determines the current transport of schottcky contacts with
moderate doping levels of the semiconductors [48]. The thermionic emission theory is
derived from these assumptions:

(1) The barrier height q¢gn is much larger than kT.

(2) Thermal equilibrium is established at the plane that determines emission.
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(3) The existence of a net current flow does not affect this equilibrium so that one can
super impose two currents fluxes-one from the metal to semiconductor and the
other from semiconductor to metal; each has different quasi Fermi level [47].
The current flow does not depend on the shape of barrier but it only barrier height
dependence.

The current density from the semiconductor to the metal J,_,,,is given by [47]:

Joom = fEO:n+q¢Bn qu, dn (2.45)
Where Eg, + qdg, is the minimum energy needed for thermionic emission into the
metal, and v, is the carrier velocity in the direction of transport (x-direction). The density

of energy is

dn = N(E)F(E)dE (2.46)
3/ .
~ )T [E—F, exp(—E-5et4tny g @2.47)

where N(E) and F(E) are the density of states and the distribution function, respectively.

If all the energy of electrons in the conduction band is kinetic energy, then,
E — Ec= > m'v? (2.48)

dE=m"vdv (2.49)

JE-E =v [~ (2.50)

Substitute Eqns. (2.48), (2.49) and (2.50) in Eqn. (2.47) gives

~ 2™V exn(— LMY exn(— T2 2
dn = 2( . )” exp( pr Jexp( S )(4mv<dv) (2.51)
This equation gives the number of electrons per unit volume that have velocities

between v and v + dv,in all directions. But

v: =vi+v)+v} (2.52)
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With the transformation 4nv?dv = dv,dv,dv,

We obtain from equations (2.45), (2.51) and (2.52)obtain

Jsom=2q (mT)3 exp(— ‘Id)n) f vx ZkT ZkT
f @ - m*vz)d
v, eXp v,
- - 2kT a
4-1rqm k2| qén Vgx
=(——)T exp(— ) exp( S ) (2.53)

The velocity vy, is the minimum velocity required in the x-direction to surmount the

barrier and is given by

1 %
2 m v(zlx = q(y/bi ~ V) (2.54)

Substituting Eqn. (2.54) in Eqn. (2.53) yields

4mqm*k? i
Jsom = ) Texp(— 2222) exp(T)
A *2 _Q¢Bn qv.
= A Texp( 7 )exp(kT) (2.55)
At amqm*k?
- ( h3 )

Which is the effective Richardson constant for thermionic emission.

The current from metal into the semiconductor is equal to the current from the
semiconductor into the metal when thermal equilibrium is achieved (V= 0).

The corresponding current density is determined by sitting V=10

Tnos = —A*Tzexp(—qi)%) (2.56)
The total current is given by the sum of Eqn.(2.55)and (2.56)

Jn = A"T2exp(—2222) [exp(L) — 1] (257)
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J=1/A, Then the current is:

I= AA'T?%exp(— 2E)exp ) (2.58)

Where 1 is the ideality factor, the exponential qv/kT is larger than 1, so that the number 1
can be deleted. When assuming series resistance effect, -IRs term added to the

exponential. Then, we obtain

* —IRg
I= AA"T%exp(—122) exp(To) (2.59)

2.4 Capacitance (C)-Voltage (V) characteristics

In addition to the Current (I)-Voltage (V) measurements the Capacitance (C)-Voltage (V)
characteristics is also measured due to the important device parameters that can obtain.
The C-V characteristic of the MOS structure is perhaps the most frequently used tool in
the characterization of both the MOS and the MOSFET devices [49]. In this technique a
small AC signal was superimposed on the DC bias, so the capacitance will depend on the
frequency [46]. C-V measurements can be used to study impurity levels, and the built in
voltage for the device.

Let assume we have contact on n-type semiconductor under abrupt approximation that
p=qNp, for x<Wp, p= 0 and E= 0 for x >Wp where p is the charge density and Wp is the

depletion width [47], we obtain

qNp

Wom |22 (v, -V - T) (2:60)

qNpx

|E (x)I=£2 (W) — x)=En—

5

2

0 (Wyx -2 2.61)

E. (%)= qpBa—2
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Where Ep is the maximum field, q¢gais the built in voltage for n-type semiconductor, Np

is the donor density, & is the semiconductor dielectric constant and Wp is the depletion

width.
- — M= 249N (v,  _ y _ KT\ _2[Vpi=V—(kT/q)]
E=E(x = 0) J 20 (1 — v — 2Tt 2.62)
The space charge per unit area is given by
_ KT
Qse= qNpWp= J 2q&sNp (Vbi =V = ;) (2.63)

The depletion layer capacitance per unit area is

— & qesNp
Co= Wp \IZ[Vbi—V—(kT/q)] (2.64)

Eqn.(2.64) can be written in the form [48]

i = Z[Vbi_v_(kT/q)] (2 65)

CIZ)’ qesNp
Plotting 1/C% versus voltage a straight line is obtained if Np is constant through the
depletion region. if Np is not constant, the differential capacitance method can be used to

determine the doping profile.

2.5 RLC circuits
An electrical circuit (RLC) consists of a resistor (R), an inductor (L), and a capacitor (C),

these components are connected in series or parallel. In RLC an AC signal is provided by

the source voltage on the circuit.
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2.5.1 The series RLC circuits
The magnitude of the source voltage (Vs) is made up of the three individual element voltages,

V., Viand V, while the current of each component being the same in amplitude. Fig. 2.3

shows the series LRC circuit.

R A C
— AAN—YYN [l
| 11
A A Ve |
| | - - -~ |

i(t) = I, Sin((!)t)
S

Vs

Fig. 2.3: The series RLC circuit diagram.

The source voltage is given by:

Vi=IlwL, Vg=IR, Vc= ZIE (2.66)
By applying Kirchoff’s voltage law [50], getting:

VS=IR+L%+% (2.67)

Voltage triangle for a series RLC circuit gives that:

Ve V2 + (V= V)2 =L/R2+ (X, — X)?>=1Z (2.68)

The amplitude of the source voltage is proportional to the amplitude of the current with
proportionality constant called the impedance of the circuit. The overall impedance depends
on the resistance and the inductive and capacitive reactance of the circuit by the relation

which can be represented by an impedance triangle as shown in Fig. 2.4 [51].
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X, X
. 8 2?=R%+ (X, - X¢)?

i
Xc
Fig. 2.4: The impedance triangle of series RLC circuit.
2.5.2 The parallel RLC circuits
The source voltage is the same for all three components whereas the supply current I; will be
the vector sum of the three individual branch currents Ir, Iz and Ic. This circuit is shown in

Fig. 2.5.

<
Fig. 2.5: The parallel RLC circuit diagram.

The current through each branch is found by applying Kirchoff’s Current Law [50] again,

_lav Vv d?v
IS—EE‘FE-FCE (2.69)

By the current triangle we get

%4
L=VEF G-I = [+ G- = @.70)
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|4 %4 %4
Where IR=E,IL=—,IC=— (2.71)

X Xc

The combination of X, Xc and R gives the circuit impedance Z by the relation:

7= 1 (2.72)

1 1 h i
/ @*+ G %o 2
It is seen that both of the series and parallel RLC circuits contain inductive reactance and
capacitive reactance within the same circuit. When the frequency varies across circuits there

must be a point where a minimum impedance takes place (Z=R). The frequency at which this

condition is satisfied is called resonant frequency.

2.5.3 The return loss

The return loss is a measure of the power that is not dissipated by the load and is returned
to the source. The higher the absolute value of the return loss (i.e.: > |20| dB) the better
the match. The return loss (expressed in dB) makes use of p to be [52]:

Lr=—20log(p) (2.73)
Here, p represents the amplitude of the reflection coefficient spectra and calculated from

the relation,

Z s,
— load ~4source (274)
ZioadtZsource

In a matched load p=0 and return loss is oo; in a mismatched load, p=1 return loss is 0 dB,

and in this case an open circuit is presented.
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Chapter Three

Experimental details

In order to fabricate electronic devices, thin films should be prepared. Different methods
can be used to prepare thin films as mentioned previously. In this work, the technique we

used is the thermal vapor deposition technique.

3.1 Cleaning glass

In this method cleaned glass (Soda Lime; SiO2:Na;0:MgO:CaO) must be used as a
substrate in order to get tidy and obvious samples. Firstly, a 2.5 cm-length glass
substrates were washed by distilled water. Then immersed with 70%-Ethyl-Alcohol and
covered with aluminum foil. Heating the ultrasonic resonator to 70 °C for 20 min, the
ultrasonically cleaned glass is taken immersed and washed with alcohol then dried using
hair dryer and glass paper. It is necessary to check that the cleaned glass has no scratch

on the surface to avoid production of rough surface.

3.2 Evaporating process and thin film preparations

The ultrasonically-cleaned glass was sorted on the metal plate close to each other, the
evaporation process was done for 5 times to design our device using VCM 600
evaporation system under vacuum at 5X10° mbar. Fig. 3.1 shows the evaporation

system.



Fig. 3.1: The 600 VCM evaporation system.

The first step was the evaporating of Ytterbium metal. A 0.2-g of Yb metal was
evaporated and a 1.0 um is deposited onto the glass. TEFLON tape is used to cover small
region (about 2 mm) on the edges of Yb-substrate before depositing Tungsten oxide. The
second run, required using glass-substrate in addition to Yb-substrate. A 0.2-g of WO3
was evaporated and a layer of 1.0 um WOs; film was deposited on the glass and Yb-
substrates. To establish two channels, TEFLON was used again to cover half the surface
of produced samples to evaporate Gallium Sulfide. The same amount of 0.2 g GaS3 was
evaporated onto glass, Yb, WO3; and Yb/WOs3 substrates and 1.0 um-thick Ga,S3 was
deposited. The produced thin films were WO3, Ga;S3, WO3/GazS3, Yb/WOs, Yb/Ga,Ss,

Yb/WO3/GazS3 films.
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In the case of electronic devices two metal terminals were needed, the Yb-substrate was
necessary for I-V and Impedance measurements, the other is needed so evaporation
process should take place. Using TEFLON, four point contacts (7.84x10? ¢cm?) on each
channel (Yb/WOs3; and Yb/WOs3/GazS3) were produced. Two points related to the
evaporation of 1.0 um Yb and the others related to evaporation of 1.0 um Au metal. The

final prepared films are shown in Fig. 3.2.

(@) (d)

GayS3(1pum)

WOs (17m) W

Glass

(b) (c)

Channel-1

Fig. 3.2: The prepared thin films (a) and (b) experimentally (c) and (d) geometrical design.

3.3 Thin Film analysis
Properties of the prepared films such as, structural, optical and electrical are investigated

by the techniques in the following sections.
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3.3.1 The X-ray diffraction (XRD) measurements

The crystalline structure of WO3, Ga;S3 and WO3/GazSs thin films were detected by
means of Rigaku diffractometer equipped with Ka radiation of a copper anode of average
wavelength of 1.5405 A at 40 KV and 15 mA. The Rigaku diffractometer is displayed in Fig.
3.3. The 26 was set between 10°-70° with scan speed 1 deg/min. The schematic diagram

of XRD is presented in Fig. 3.4.

Fig. 3.3:X-ray Rigaku diffractometer.
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Fig. 3.4: The schematlc dlagram of XRD.

3.3.2 Scanning Electron Microscopy (SEM) measurements

Scanning electron microscopy was used to produce images of our samples by scanning
the surface with beam of electrons. The interaction between the electron beam and the
atoms in the sample producing signals that contain information about the shape and
features of the surface and the composition of the samples.

The images of samples were taken by the SEM in our lab with 1K, 100K and 300K
enlargements for three regions including WO3, Ga2S3 and WO3/Ga,Ss. Fig. 3.5 shows the

schematic diagram of SEM.
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Fig. 3.5: The schematic diagram of SEM.

3.3.3 Energy-dispersive X-ray spectroscopy (EDX)

The energy-dispersive X-ray analyzer attached to the SEM system can be used to record
the atomic contents. In this technique, the composition of the sample elements is
determined depending on the X-ray generation in which a unique set of characteristic X-ray
for each element is produced and sorted depending on its energy.

The composition of WO3, Ga;S3 and WO3/GazSsfilms were studied using EDX.
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3.3.4 Optical Measurements

WOs, GazSs and WO3/Ga,Ssfilms were subjected to optical measurements by means of
Evolution 300 Ultra Violet visible light spectrophotometer as displayed in Fig.3.6. The
transmittance and reflectance are measured in the wavelength range 300-1100 nm where
the scan speed 1200 nm/min. The data is analyzed using Vision Pro program. Depending

on the transmittance and reflectance, the energy gaps, interband transition energies,

dielectric constant and optical conductivity are determined.

Fig. 3.6: The UV-VIS spectrophotometer.

3.3.5 The hot-probe technique

The types of semiconductors are important particularly when we design the energy band
gap diagram. The hot-probe technique is used to recognize the conductivity type of
semiconductors. In this technique digital multi-meter (DMM) and heater were used, in
which the hot iron was connected to the positive terminal of the DMM and the cold iron

was connected to the negative terminal. When the DMM reads negative voltage, the
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semiconductor is p-type. In contrast, n-type semiconductor requires reading positive

voltage on the multi-meter. Fig. 3.7 displays the set-up of hot-probe technique.

Fig. 3.7: The set-up of hot-probe technique.

3.3.6 Impedance Measurements
To measure the impedance of the thin films, an Ac signal is provided by Agilent
4291BRF signal Generator impedance analyzer (10 -1800MHz) spectrometer which is

shown in Fig. 3.8.
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Fig. 3.8: The set-up for impedance measurements using Agilent 4291B RF Signal Generator
impedance analyzer.

The measured impedance (Z) is composed from resistive and reactive parts, the reactive
part including capacitance (C) and inductance (L). In our experiment, the series and
parallel capacitance, Conductance, impedance and reflection coefficient were measured
in the frequency range 10-1800 MHz where the signal was recorded with the help of
MATLAB software.

3.3.7 The Current-Voltage Measurements

The current-voltage measurements can be recorded in a sandwiched structure with two
metal contacts on the opposite sides of the thin films. In our films, we have different
terminals Yb (bottom) and Au (top) for both channels WO3; and WO3/Ga,Ss. Also,
similar terminals in which the films registered between two contacts of Yb (in the top and
bottom). The measurements of current-voltage were determined using a computerized

Keithley 6485 picoammeter and a Keithley 230 voltage source in the dark. The Model
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6485 Picoammeter has of high sensitivity to measure currents less than 1.0 nA. At higher
currents, this device makes accurate current measurements. Also, the MATLAB software
was used to collect the data from the devices. In this part, different relations between the
current and voltage are plotted and determined that helps to calculate important electrical

parameters of the devices. All measurements are done at room temperature.
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Chapter four

Results and discussions

4.1 Structural analysis

Tungsten oxide (WO3), Gallium Sulfide (GazS3) and WO3/GazS3 thin films of thicknesses
of 1.0 um, 1.0 um and 2.0 um, respectively, are deposited onto glass substrates were
investigated by X-ray diffraction technique (XRD) in order to identify their crystal
structure. The resulting X-ray diffraction patterns for the optical image which is shown in

the inset-1 of Fig. 4.1 are displayed in the same figure.

P

Inset-1 }

= WO,/Ga,S; @

WO3I G a283

I,

10 20 30 40 50 60 70
26 (°)
Fig. 4.1: The X-ray diffraction patterns for 1.Oum WOs;, 1.0umGa;S; and

2.0 pumWOs/GasSsfilms deposited onto glass substrates.
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The figure shows no remarkable peaks in the XRD patterns when the samples were
deposited onto glass substrates indicating the amorphous nature of the studied samples.
This amorphous nature of WO; is due to the polymorphic phases of WOs3 which is
reported to be temperature dependent [53]. The possible phases of WOs are triclinic form
which can be obtained at -50 to 17 °C, monoclinic exists in the range of 17 to 330 °C,
orthorhombic is obtained above 330 to 740 °C, tetragonal phase is achieved at
temperature above 740 °C and cubic phase. The most common structure of WOsis
monoclinic with space group P2i/n [2]. In another work, a similar amorphous structural
behavior was detected in WO3 and was assigned to the topology. It is found that there is a
temperature range where this material forms microcrystalline states [54]. Similarly, for
Ga,S3 films the amorphous structure was observed. The polymorphic phases for GaxS;
are the main reason for the noncrystalline nature [55]. Cubic zincblend type (y-GazSs),
hexagonal wurtzite type (8-Ga2S3) and monoclinic wurtzite type (a@-GazSs;) phases of
Ga,S; are formed at growth temperatures of 873 K, 820 K and 1020 K, respectively [22].
While a phase is of ordered vacancy, the fand y phases are of highly disordered
vacancies [22, 56]. Namely, in the preparation of GaSs thin film the temperature is
increased until reach the melting temperature, at this temperature the melt is composed of
all phases (a, B and y). Each phase has different thermal energy and different equilibrium
temperature than the other phases. This leads to the formation of clusters of various
phases localized at the surface of thin film indicating the amorphous structure as
observed. Moreover, it is reported that the surface defects can be a reason for the
amorphous structure of Ga,S3 [56]. The XRD patterns for Ga,S; were measured through

preparing of GazS3/In/GazS3 and a similar noncrystalline phase was detected [57]. The
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WOs3/GazSs interfaces also exhibited the amorphous structure which is due to the
deposition of two amorphous layers.

The XRD patterns of WO3, Ga;S3; and WO3/GaxS;3 films grown onto Yb substrates are
shown in Fig. 4.2. The crystalline nature of the studied films was investigated using

"Crystal diffraction" software. Three peaks are observed for Yb/WOs3 films. The most

intensive peak appears at 20 = 28.3°being reflected from planes oriented in the (111)

direction, while the minor peaks occurring at 26 = 25.4° and 32.1° are assigned to planes

oriented in the (011) and (111) directions. The most intensive one related to the cubic
structure of Yb which has lattice constant a = 5.370 A [58]. Whereas, the minor peak of
(011) orientation is assigned to orthorhombic structure of WO3 [20] and the other peak of
(111) orientation is ascribed to tetragonal WOsstructure [21]. Using Yb metal as a

substrate induced the crystallization of WOs films and then different peaks are observed.

*: Orthorhombic WO; Inset-1
A: Cubic Yb =
o -
o: Tetragonal WO, = b Yb/WO,/Ga,S;
# MonoclinicGa,S; 5 o ©
4 5 =
o
J :‘.': Yb/WO,/Ga,S;
s o =
3+
Yb/Ga,S;
=
= T &
) & =
* o
J Yb/WO,
10 20 30 40 50 60 70

20 ()
Fig. 4.2: The X-ray diffraction patterns for WO3, GazS3; and WO3/Ga»S; films deposited onto Yb

substrates.
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On the other hand, depositing Ga,S; onto Yb metal substrate reveals crystalline phase of

Yb/Ga,S; films. Three peaks appeared in Fig. 4.2.The most sharp peak located at 20 =
31.0° which is directed in the (031) plane is assigned to the monoclinic Ga,S; structure
(- GazS3) [22]. The peak located at 260 = 27.9° is oriented in the direction of (301) also
returns to the same phase structure of GazSs. The least intensive peak which was detected

at 260 = 28.5° are related to the cubic structure of ytterbium. In the case of Yb/WO3/Ga,S3

three peaks are also observed. The most intensive peak appears at 20 = 28.7° in the
direction of (111) and is assigned to cubic Yb structure [58]. The second peak locates at

26 = 25.7° in the direction of (011) where it is ascribed to the orthorhombic WO3

structure [20].The third peak which locates at 20 = 32.5° oriented in the (111) direction
is assigned to tetragonal WOs structure [21] as tabulated in Table 4.1.

On my think that, the reason for induced crystallization is may be assigned to the strong
Coulombic interactions between Yb-O. The bond length of Yb-O is 2.51 A [59] and for
W-0 is 1.799 A, so the Coulombic interactions between W-O is stronger than that of Yb-
O which is not probable reason for induced crystallization. Another reason for crystal
formation is strained structure which is increased with lattice mismatch between Yb and
WO; films.

The grain size, microstrain, dislocation density and stacking faults were calculated with
the help of Eqns. (2.5), (2.6), (2.7) and (2.8), respectively. The peak for orthorhombic

WOs which is observed at 20 = 25.4° is shifted to the right at 26 = 25.7° upon coating of

GazS3, the grain size represented by the peak is found to decrease from 67 to 60 nm upon

coating of Ga;Szonto the surface of WO3. While, the microstrain, dislocation density and



37

stacking faults are increased from 2.46x107 to 2.74x 107, from 7.46x10'° to 9.33x 10"
(lines/cm?) and from 0.118% to 0.132% , respectively, as presented in Table 4.2.

Recalling that the ionic radiuses of Ga*, W', S and O are 62 [60], 60 [61], 184 [62]
and 140 [63] pm, respectively. It is possible to think that the coating of Ga,S3 onto WO3
may lead to vacancy filling process. Namely, vacant sites in W may be filled with Ga
owing to the very closes radiuses of the ions. In addition, excess surface oxygen atoms in
WOs may interact with Ga atoms to fill empty sites of sulfur. The idea is supported
through considering the bond lengths of the reagents. Particularly, as the bond lengths of
Ga-S being 2.32 A [32], that of Ga-O is 1.84 A [64], the bond length of W-O is 1.799 A
[65] and the bond length of W-S is 2.41 A [66], then the coulombic interactions between
Ga and O is stronger than that of Ga and S atoms this make interactions between Ga and
oxygen atoms more preferable than that of W and S atoms. On the other hand, since the
coulombic forces between W and O is stronger than that between W and S, interactions
between these two ions to form WSs is excludable. The formation of Ga,O; at the
ultrathin interface between WO3 and GaxS; leads to strained structure. Strained structures
leads to the attenuation in the structural parameters. Usually elastic and inelastic
deformations that leads to structure deflection at the micro-level take place [67]. These
kinds of interactions could also be assigned as a reason for the induced crystallization of

the studied materials.
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Fig.4.3 displays the scanning electron microscopy images which were recorded from the
surface of the WO3/GazS3 films. The collected images of the surface of the interface are
shown in Fig. 4.3 (a), (b) and (c¢) for magnified at 1K, 100K and 300K times,
respectively. An amorphous nature is observed on the surface of WO3/Ga2S; and WOs3,
no grains are appeared in the figures. These results agree with the X-ray analysis which
exhibits the same structural property. One interesting feature of the shown images
appears at the WOs3/GazS3 boundary. Even at the nanoscale level of measurement as
shown in Fig. 4.3 (c), the boundary is highly straight indicating the well coating of the

layers and excellent stacking nature.
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200 KV SP=11.0 WD=10.0
AAU-Palestine

200 KV SP=11.0 WD=10.0
AAU-Palestine

200 KV SP=11.0 WD=10.6 300K
AAU-Palestine

Fig. 4.3: The SEM image for WO3/Ga;Ss heterojunction deposited on glass for (a) 1K (b) 100K

(c) 300K enlargements.
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Three regions were selected to present the energy dispersive X-ray analysis for
WO3/GazS3 heterojunctions. Fig. 4.4 displays the EDX spectra for the three samples that
demonstrate the atomic compositions of the studied regions. In Fig. 4.4(a) WOs region
clearly shows the presence of W and O in the sample. While Fig. 4.4(b) displays the
WO3/GasS3 region which shows W, O, S and Ga atoms in the sample structure with
larger percentage of W and O atoms. The GazS; region exhibits the same composition of
the second region but the maximum percentage is detected for Ga and S atoms as appear
in Fig. 4.4(c). The EDX measurements gain importance owing to is ability to emphasis
the presence of sulfur atoms which are known to be volatile. It also confirms, the
presence of Ga and S atoms indicating the formation of physical compound and no
chemical compound take place. In the three region, the presence of Au atom is due to the
coating of the surface of the sample for the purpose of preventing electron
contaminations. The appearance of larger intensity is assigned to its presence on top

surface.
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Fig. 4.4: The EDX spectra for (a) WO3 (b) WO3/Ga:Ss (c) Ga:Ss films.
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4.2 Optical analysis
The optical transmittance and reflectance are measured in the wavelength range of 300-
1100 nm with the help of an evolution 300 spectrophotometer. The transmittance spectra

for the prepared thin films are displayed in Fig. 4.5.
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Fig. 4.5: The transmittance spectra for WO;, Ga,S; and WOs3/Ga;S3 thin films on glass substrates.

As can be seen from the above figure, all thin films have high transmittance. For WO3
one interference peak appears with maximum value of 74.67% at 430 nm. Whereas,
GayS; thin film shows two interference peaks with maxima of 75.01% at 644 nm. For the
WO3/GazS3 heterojunctions three interference peaks were observed and the maxima of
66.28% appear at 542 nm. The maxima of the transmittance peaks are also tabulated in

table 4.1 for easy comparison. Clearly, these values indicate that the Ga,S; has the
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highest transmittance. The transmittance spectra for both Ga,S3 and WO3/Ga,S3 have

approximately similar behavior.

The reflectance spectra for the WOs3, GazS3; and WO3/Ga,S3 thin films are illustrated in

Fig. 4.6.
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Fig. 4.6: The reflectance for the WO3, Ga,S; and WO3/Ga,S3 thin films on glass substrates.

As it is obvious from the figure, all thin films have peaks at various values of
wavelengths. Two, four and five peaks appeared in WO3, GazS; and WO3/GaxSs thin
films, respectively. The maximum values of reflectance are 21.56%, 26.59% and 24.34%
occur at wavelengths of 364, 530 and 484 nm for WO3, Ga>S3 and WO3/GazS; thin films,

respectively. In addition, the reflectance spectra of Ga;S; and WOs/GayS; exhibited
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approximately the same behavior. Namely, the same location of the observed peaks with
slight shifts.

Very interesting features are detected is the absorption coefficient (o) spectra which was
calculated with the help of Eqns. (2.11) and (2.13) for single and double layers,

respectively. Redefining Eqn. (2.14 as below. The a—spectra are illustrated in Fig. 4.7.
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Fig. 4.7: The absorption coefficient (o) for WOs, Ga,Ssand WO3/GasSs thin films.

As clear from Fig. 4.7, the absorption coefficient for Ga»S; is similar to that for
WO3/Ga,S3 films with some shifts. For both samples, o begins with low absorption

coefficient and then starts to increase with increasing incident photon energy for energy
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values of 2.68 eV. WOs3 films have nearly constant absorption coefficient in the range
between (1.0-3.1 eV) as the light energy exceeds 3.1 eV, a increases sharply with
increasing photon energy. The nonzero values of o—spectra for all the films and the
decreasing trend of variation for Ga;S3; and WQO3/GazSsare assigned to the formation of
interbands through the band gap of WO3 and GazSs. Interbands in WO3 and Ga2S; may
have formed by the presence of sulfur, oxygen, tungsten and gallium vacancies [8]. It is
also possible to consider that the formation of Ga;0; at the ultrathin interface could have
caused extended energy states that increased the already existing band tails of Ga,Ss.

Tale 4.1: The calculated optical measurements for WOs, Ga,S; and WO3/Ga,S;3 thin

films.

Thin film T% max R% max E; (eV) Ec (eV)
WO3 74.67 21.56 3.17 0
Ga,Ss3 75.01 26.59 2.53 0.54

WOs3/GazS3 66.28 24.34 2.62 0.78
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Fig. 4.8: The calculated indirect energy band gaps using Tauc equation fitting for WOs, GaxS;

and WO3/Ga;S3 thin films.

By using Tauc equation (2.14) and restricting linear fittings, the energy band gaps for the
films under investigated were determined. The selected value of p refers to the widest
range of linear fitting of the data. It refers to p-value of 2 in our samples. From the

)'2_E variations, the energy crossing at 3.17, 2.53and 2.62 eV for WOs3,

intercepts of (a.E
GazS3and WO3/Ga,Ssare determined, respectively. These values correspond to electronic
transitions of indirect allowed type. The literature value of E; for WOs is 3.25 eV [30,
31]. The literature data for monoclinic and hexagonal Ga;S; are 3.44, 2.48 €V,
respectively [54]. The determined experimental energy band gap values are closed to the
literature data. As can be seen, the energy band gap for WOs3 is large compared to the

others. Interfacing Ga,S3; with WO3 gives a moderate band gap between them. In other

words, the coating of GazSzonto WO3 shrinks the energy gap. The narrowing of the
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energy band gap allows further electronic transitions between the valence and the
conduction bands and improves the conductivity of the WO3/Ga,S; interfaces. In
comparison to another work, which concern coating Ga;S3 over selenium (Se), a direct
allowed transition energy band gap is formed with value 1.94 eV [68].

Another important quantity is the interband energy (Ee) which can be determined from
the slope of plotting In (o) versus Energy. Using Eqn. (2.51), the reciprocal of the slopes
which are shown in Fig. 4.8 gives the interband energy widths (Ec).The values of Ee that
are shown in Table 4.1 are zero, 0.54 and 0.78 eV for WO3, GazS; and WO3/Ga,Ss,
respectively. These values indicate that WO; thin film has no interbands in the energy
gap while the nonzero values of Ga,S; and WO3/GazSsare response tothe presence of

interbands in the band gap of Ga;Ss.
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Fig. 4.9: The determined interband energies (Ec) for WOs, GazS3 and WO3/Ga,S; thin films.
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The effective dielectric constant (g.¢r) and the extinction coefficient (K) are also
determined with the help of T, R and a spectra data using Eqns. (B.22) and (2.89),
respectively. The real part of the dielectric constant (&) was calculated from &efr using

Eqn. (B.30) and plotted in Fig. 4.10.
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Fig. 4.10: The real part of dielectric constant for WO3, Ga,S; and WO3/Ga,S3 thin films.

The figure displays the behavior of the real part of dielectric constant for the studied thin
films. The dielectric constant spectra follow the same behavior like that of the reflectance
spectra. While the spectra of WO3 displayed only two peaks and the Ga»Ss; shows four
peaks, the WO3/Ga,S3 included five peaks in its spectra. The observed peaks in
WOsfilmare centered at 2.33 and 3.41 eV. The value being 3.41 eV is ascribed to the
optical band gap of amorphous WO3 [69]. Whereas, Ga»S3 indicates four peaks which are

centered at 1.42, 2.34, 2.96 and 3.43 eV. The observed resonance peaks at 2.34 eV and



50

3.43 eV are mostly assigned to the transitions of [-Ga:S3 and «-GazS; phases,
respectively. In another study, the photonic transition is reported to be through energy
band gap of 3.44 and 2.48 eV for a-GazS; and -Ga,Ss, respectively [22]. Previously, it
mentioned that the direct allowed transitions energy band gap of Ga,Ss is 2.96 eV [56].
The resonance peak shown at 1.42 eV is attributed to the interband transitions through the
energy bands of the Ga,Ss thin films. Comparing the previously published works to the
current study, a resonance peak was observed at 1.32 eV. This peak is assigned to the
interband transitions through the energy band gap of the Ga;S; [56]. As we discussed in
the XRD part, the amorphous nature of Ga,S3 which was due to the polymorphic phases
[55] are also assigned to the surface defects [56]. The films may comprise more than one
polyphases in its structure. On the other hand, five peaks appear in the real part of
dielectric spectra at energies of 1.54, 2.09, 2.56, 2.99 and 3.36 eV for WO3/Ga;S3 films.
The values being 3.36 and 2.56 eV are assigned to the presence of a and f-polymorphic
phases in gallium sulfide, respectively. The slight shift in the values are ascribed to the
presence of WO3 which causes strained structure. The energy value at 2.99 eV arealso
ascribed to the direct allowed transitions energy band gap of Ga;S3[56]. In addition, the
resonance peak at 1.54 eV may be assigned to the interband transitions through the
energy band gap of GaxSs [56]. Taking into consideration the chemical reactions that
occurred between tungsten oxide and gallium sulfide resulting in formation of Ga;Os, the
observed peaks are not assigned to these compounds. By comparison to another work,
when Ga;S3; was deposited onto Al, it exhibits three resonance peaks that correspond to
oscillator energies of 3.26, 2.62 and 1.76 eV. The third peak was possibly attributed to

the interband transitions through the energy band of Ga,S3 films [55].
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The imaginary part of dielectric spectra (&im) which is calculated with the help of Eqn.
(B.31) are presented in Fig. 4.11. Different style of variation appears in the figure. For
WOs thin film, the imaginary part is, approximately, constant until the incident photon
energy reaches 3.4 eV. It then begins to increase slowly. However, for GaxSs the
dielectric extremely increased as the light energy exceeds 2.7 eV. In contrast to this
behavior, WO3/Ga>S3 heterojunction nearly display invariant trend with increasing

energy.
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Fig. 4.11: The imaginary part of dielectric constant for WO3, Ga,S; and WO3/GazS3 thin films.
From passive device point of view, the quality factor which is defined as the ratio of the
&rto &im remarkably increases upon WO3/GazSs interfering. As for example at 1.5 eV, the
quality factor exhibit values of 55.6, 8.22 and 897.6 for WO3, GaxS; and WO3/GazSs,

respectively.
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Another important physical parameter which can be obtained from the imaginary part is
the optical conductivity. The imaginary part of dielectric and angular frequency of the
incident light are employed to calculate the optical conductivity using Eqn. (2.44). The
optical conductivity spectra for WO3, GazS3 and WO3/Ga,S; thin film are displayed in
Fig. 4.12. Conductivity spectra are similar in behavior of the imaginary part of dielectric

due to the direct relationship between them.
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Fig. 4.12: The optical conductivity spectra for WOs, Gaz2S3 and WO3/Ga;S3 thin films.

The magnitude of conductivity differs for all films; maximum conductivity is observed
for GaS3 films. Oppositely, the minimum conductivity is detected for WOs3/Ga,S;
heterojunction. Namely, it is clear from the figure that the deposition of amorphous Ga,S3
onto amorphous WOj3 lowers the value of the optical conductivity owing to the increased

randomness at the surface. The optical conductivity for the double junction is shown in
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the enlargement which appears in inset-1 in Fig. 4.12. The decrease in the value of

o upon WO3/GazS3 interfacing can be assigned to the increased randomness at the

interface owing to the amorphous nature of the two films.

4.3 Electrical properties

4.3.1 Current (I)-Voltage (V) characteristics

When a metal is contacted with a semiconductor, a barrier is formed in the metal-
semiconductor interface. This formed barrier controls the current conduction and the
capacitance behavior. In the p-n junction the current transport is mainly due to the
minority carriers, in contrast to the metal-semiconductor contacts, the majority carriers
are responsible of conduction [47]. In the case of metal-semiconductor contact, charge
will move from the semiconductor to the metal until thermal equilibrium is established.
The I-V characteristics for Yb/WOs3/Auand Yb/WO3/GazS3/Au, interfaces are measured
using computerized a Keithley 6485 picoammeter and a Keithley 230 voltage source in
the dark. The current behavior of each device is investigated in the following figures that
represent the forward and reverse bias in the presence of applied voltage.

From the measured I-V characteristics of Yb/WQO3/Au, there is no rectification indicating
the ohmic nature of the Yb/WQOs/Au contact. This behavior is not normal as a schottky
contact was expected. It most probably happens due to the large defect density at the
interface which may form short channels of conduction.

For the heterojunction devices, Fig. 4.13 shows the current-voltage graph for
Yb/WO3/GazS3/Au in the range of -5 to 5 V. It is clear that the rectification of the device

increase by adding Ga,S; films, at forward bias the current is 28.4 pA at 4 V where at
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reverse bias it exhibit value of -5.18 pA at -4 V. The forward current is large compared to

the reverse current.
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Fig. 4.13: The I-V characteristic for Yb/WO3/Ga,S3/Au device.
In general, the basic transport processes in the forward process is mainly due to the
emission of electrons from the semiconductor over the barrier, diffusion of electrons in
the depletion region, injection of holes from the metal to semiconductors, tunneling of
electrons through the barrier and recombination process [47]. Assuming the thermionic
emission to be mainly responsible for the transport of electrons in Yb/WO3/GazSs/Au

devices, we have carried out detailed analysis to explore the nature of conduction.
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Fig. 4.14: The In (I)-V characteristic for Yb/WO3/Ga;S3/Au device.

The figure displays In (I)-V variations. Under forward biased conditions, the current
increases at the same rate as the reverse at low voltage, but at high voltage the forward
current rapidly increases compared to the reverse biased process. The In (I) —V analyses
were handled assuming thermionic emission of charge carriers over the barrier height.
The equation of thermionic emission Eqn. (2.58) was applied substituting the constants as
A= 7.84%103 cm?, A"= 120 m" = 33.67 A.cm™K?, assuming the effective mass for p-
WO3/n-GazS3 is m*= 0.28 mo which is calculated using

= —— (4.2)
m*(W03/GazS3) mp(W03) mg(GazSs)

Where the hole effective mass for WO3(m}, ) equals 0.94 mo [70] and electron effective

mass (m; ) for GasSs is 0.40 mp [56].
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Fig. 4.15 reveals a linearity of In (I) in low voltage region, with the ideality factors being
4.46 and 4.96 under forward and reverse bias conditions, respectively. In addition, the
forward barrier height was 0.73 eV which is very close to reverse barrier height as 0.72

eV.
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Fig. 4.15: The In (I)-V plot at (a) forward and (b) reverse bias for Yb/WO3/GazS3/Au device.

The non-unity values of 1 may be attributed to series resistance effect. To check the
series resistance effect, the derivatives dV/d (In (I)) were evaluated and plotted as a
function of I as presented in Fig. 4.16. As seen the derivative gives linear symmetric
behavior in low voltage region; using the linear fitting method the slope and intercept are

determined. Recalling that the derivative is given by:

dv KT
Zany; = R+ () (4.3)
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Fig. 4.16: Plot of dV/d(In I) versus I at (a) forward (b) reverse bias for Yb/WO3/Ga»S3/Au device.

Then, the slop equals the series resistance (Rs) which has large values of 2.82 and 1.08
MQ at forward and reverse biasing, respectively. While this method reduces the value of
n and making it closer to unity, the extrapolation of the graph gives the intercept with the
[-axis which indicates the value of n to be equal 1.54 and 0.95 at forward and reverse
biasing, respectively, so this method is valid to use Cheung function H (I), which is also
based on thermionic emission theory and it is applied to detect the series resistance effect.
A plot of Cheung function H (I) from Eqn.(4.4) versus I is displayed in Fig. 4.17, which

H (I) can be written as,
KT 1
H D=V -n(Din(5757) (4.4)

H(I)=IRs+ s (45)
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Fig. 4.17: Plot of H (I) versus I at (a) forward and (b) reverse directions for Yb/WO3/Ga,Ss/Au

device.

As can be seen from the Fig.4.17, the linearity of the Cheung function as a function of the
current helps us find the second determination of series resistance and the barrier height of
the device in both directions through Eqn.(4.5). From Fig. 4.17 the slope equals the series
resistance which has the value 2.36 MQ and 1.04 MQ for forward and reverse bias,
respectively. The values of R from figures 16 and 17 are in good agreement with each
other. The barrier height which is determined from the slope is found to be 0.72 and 0.51
at forward and reverse process, respectively, as shown in Table 4.2. The values of the
barrier height in the forward direction is very close to the values which calculated from
Fig.4.15. Whereas in the reverse direction it differs and this may be ascribed to the

presence of another current mechanism such as quantum tunneling mechanism.
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Table 4.2: The values of Rs, 1 and ¢B using the derivative dV/d(In(I)) and the Cheung

function H (I) for Yb/WO3/Ga2S3/Au schottky devices.

Sample n (V) Rs(Q) n Rs () o8 (eV)
Forward bias 4.46 0.73 282M 1.54 236 M 0.72
Reverse bias 4.96 0.72 1.08M  0.95 1.04 M 0.41

It is not normal to observe that the series resistance and barrier height of the studied
samples is larger during the forward bias than the reverse bias. One of the probable
reasons of this behavior is the hybrid nature of the device. Namely, the device is
composed of p-n junction connected to two back to back schottky diodes. Injection of
current from p-side make the p-schottkey forward biased and the majority arrive at the p-
side of p-n junction. The junction is also forward biased during this process and as the p-
n contacts with minority carriers the other schottky (n-type) is reversed biased so the
current is minimized but because the interface resistance between Yb/WO3 is different

than that of Au/Ga,S3 are may expect higher values of resistance.

4.4 Energy band diagram

Using the hot-probe technique the conductivity types of semiconductors were identified,
WOs exhibits p-type, while Ga>Ss shows n-type, as a result, anisotype (p-n)
heterojunction is formed. The electron affinities and energy band gaps of WO3 and Ga:S;
are qy1 = 3.33 eV [71] and Egz =3.17 eV and qyx2 =3.30 eV [72] and Eg= 2.53 €V,
respectively, where the E; was previously determined from Tauc's equation. The
difference in energy gap is (AEg =|AEg2—AEg1|)= 0.64 eV, then, the respective
conduction (AE.= |qy, — qx1|) and valence band (AE, =|AEg - AECI) offsets are 0.03

eV and 0.61 eV. As obvious the conduction band offset is approximately zero. In
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addition, the work function of WO3; and GayS3 are 5.05 eV [73] and 3.46 eV [55],
respectively. Because the work function of Yb (2.51 eV) [20] is less than that of WO; (p-
type), the Yb/WO3 interface is schottky contact. Similarly, as the work function of Au
(5.34 eV) [74] is larger than that of Ga2Ss (n-type), the Ga;S3/Au interface forms a
schottky barrier. So Yb/WO3/GazS3/Au reveals hybrid device composed of p-n junction
and two Schottky shoulders. The barrier height (q¢s = qdm+ Eg—qx) and the built in
voltage (qQVvi = qdm+ Eg—qd1) at the Yb/WO;3 side are 2.35 and 0.63 eV, respectively.
The values of (qds = qdm—qx) and (qQVsi = qdm— qd1) for the Au/Ga,S3 are 2.04 and
1.88 eV, respectively. The energy band diagram data of the hybrid device
(Yb/WO3/GazS3/Au) reveals good features as electronic device which can be used in
telecommunication applications. The deviation of the experimentally calculated barrier
height and built in voltage from the theoretically determined most probably ascribed to
the surface states which reduces the barrier height through forming short channels for
conduction [47].

The energy band diagram for Yb/WO3/Ga2S3/Au device is shown in Fig. 4.18.
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Fig. 4.18: The energy band diagram for Yb/WO3/Ga,S3/Au device.

4.4 The Capacitance (C)-Voltage (V) analysis
The capacitance (C)-voltage (V) characteristics for the Yb/WO3/Ga2S3/Au device which
were recorded at low frequency of 1.0 MHz in the voltage range -2 and 2 V are shown in

Figure 4.19.
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Fig. 4.19: The Capacitance-Voltage characteristic, inset-1 shows the C? — V variations for

Yb/WO3/GasS3/Au device.

This figure presents metal-oxide semiconductor MOSFET characteristic in which the
device is swept from the accumulation to the inversion mode while measuring the
capacitance. At different frequencies in the range of 1-5 MHz, the same behavior was
observed. The depletion region of Yb/ WO3/Ga,S3/Au is dominant in the range of 0.62 to
-0.65 V depending on the biasing direction. This behavior is similar to that observed for
Au/IngSes/GazS3/C device with a depletion region being dominant in the range of 0.68 to
-0.62 V [17]. Plotting C>~V curve allow determining the built in voltage and effective
carrier density through using the relation,

C 2= 2(Voi— V— kT/q)/(A%qeNs) (4.6)
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The linear behavior was observed in inset-1, the slop of the solid line is used to determine
the donor density which is calculated as 7.61x 10'® cm® Whereas, the built in voltage of

our hybrid device is also evaluated from the intercept to be equal 1.61 eV.

4.5 Impedance Spectroscopy Analysis

The impedance spectroscopy was investigated in the range of frequency 10-1800 MHz
using Agilent 4291B RF Signal Generator impedance analyzer, in which the effect of the
AC signal on the samples is studied. In this part, the capacitance, impedance and
conductance are investigated as a function of frequency for Yb/WOs3/Au and

Yb/WO3/GazS3/Au devices.
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Fig. 4.20: The parallel capacitance for Yb/WOs3/Au and Yb/WO3/Ga2Ss/Au devices.
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As can see from the figure, the capacitance of Yb/WOs3/GazS3/Au is much larger than that
of Yb/WO3/Au. It begins from almost 47 pF then decreases with increasing the frequency
to reach 6 pF, while Yb/WOs3/Au exhibits invariant capacitance. These large capacitance
values are due to coating of GazS3 on the surface of WO3 which forms depletion layer at
the interface between Ga2S3 and WOs.

The impedance (Z) and conductance (G) spectra are shown in Fig. 4.21 and Fig. 4.22,
respectively. As shown in Fig.21 the logarithmic plot of impedance versus frequency
shows smaller values for Yb/WO3/GazS3/Au device compared to the Yb/WOs/Au. 1t is
clear that the impedance for Yb/WO3/GaxS3/Au device decreases until the oscillatory
field frequency reaches 1.45 GHz. Then after this frequency it starts to increase smoothly
in the range 1.45-1.80 GHz. Coating Ga;S3; onto WOs affected the impedance value, such

behavior may be attributed to changes in the current mechanism [75].
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Fig. 4.21: The impedance for Yb/WO3/Au and Yb/WO3/Ga,S3/Au devices.
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Fig. 4.22: The conductance for Yb/WO3/Au and Yb/WO3/GazSs/Au devices.

In contrast to the behavior of impedance, the conductance (G) increases after depositing
GazS; onto WOs because of the formation of depletion layer at the interface as we
mentioned in the capacitance analysis. The trend of variation of the conductance also
changes. When the applied signal frequency reaches 1.45 GHz, a maximum in the
conductance value is observed. This behavior may be assigned to the current transport
mechanism as a result of the surface charge dynamics [75, 76]. It is reported that the
increase of conductance with increasing signal frequency happens as a result of quantum
mechanical tunneling effect through thin energy barriers. On the other hand, the
decreasing trend of variation of conductance with increasing frequency is ascribed to the
hopping of charged particles through correlated barriers.

As a complementary work, Fig. 4.23 shows the amplitude of the reflection coefficient (p)

spectra. The p spectra are always less than 1.0, indicating the impedance match between
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the device and the source [77]. The better match between the source and the device when
p has smaller values. Yb/WOQO3/Au device exhibits a notch frequency at 1.65 GHz
indicating band stop filter features. At this notch frequency (1.65 GHz) the microwave
signals are trapped [78]. Similar to the previously mentioned Au/Ga;S3/Yb varactor diode
can be used as a low/high pass filter or as band stop filter which can be employed in
microwave applications [9]. While Yb/WO3/GazS3/Au device shows decreasing trend of

variation indicating low pass filtering property.
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Fig. 4.23: The reflection coefficient(p) for Yb/WOs3/Au and Yb/WO3/Ga,S3/Au devices.
The quality of the filters is realized by calculating the absolute value of the return loss as
shown in Fig.4.24. We can obtain information about good match for higher values of L,

the larger value of L;=> |20| dB, the better match implied [9]. The maximum L, value for
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Yb/WOs/Au device is 15.24 dB which is detected at 1.61 GHz. While coating WO3 with
Ga,S3 increases Lr to 29.75 dB at frequency of 1.77 GHz. In the light of these numerical
analyses, formation of Yb/WQO3/Ga;S3/Au heterojunctions highly improved the features

of the device as microwave cavity.
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Fig.4.24: The return loss (L) for Yb/WO3/Au and Yb/WO3/GasS3/Au devices.
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Chapter five

Conclusions

In this we have designed a hybrid device made of WO;3 coated onto Yb thin film
substrates and covered with Ga,S; thin film layers. The top contact of the device is made
of gold pads. The structural and morphological analysis of the formed structures
indicated the formation of physical layers. The heterojunction forms of this device which
is prepared onto glass substrates displayed nonlinear optical properties that nominate it
for use in optoelectronics. The optical absorption spectral analyses of these two interfaces
suggested well aligned conduction bands and valance band offsets that are large enough
to make the heterojunction device suitable for the process of quantum confinement
needed for separation of electron-hole pairs. The absorbability of WO; increased when it
was coated with Ga;S3;. In addition, the studies of the dielectric spectra of the
heterojunction devices displayed different resonance peaks in the visible and IR range of
light indicating the usability of the heterojunction to store electromagnetic energy. This
property is important when WO3/Ga;S; are used as receivers in visible light
communication systems. The electrical characterization presented by the dynamic and
passive modes of operation has shown that the device is a rectifier and exhibit features of
metal-oxide-semiconductor field effect transistor that can be used for memory storage
and as electronic switches. Moreover, the impedance spectroscopy analysis revealed
features of tunable capacitor that works at the gigahertz range of frequency. The wide
range of impedance variation allowed the device to work at high and low impedance

modes. The analysis of the magnitude of the reflection coefficient and return loss spectra
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displayed the features of band stop filters nominating the device to be used as microwave

cavities.
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Appendix A
Starting with the expression of the absorption coefficient (o) in order to derive Tauc

equation

hw)(transition probability /volume time
g = GeX pmta“ ¥ / ) (A1)

(ha))"vief
o=———"—

: (A2)

Where w is the angular frequency of photon, # is Planck's constant = h/27r = 1.054x103*

J.s and w,_, ,is a quantum transition from a lower state to a higher state with a photon of

angular frequency ofw, w;_, , was reported to take the form,

Wor = 22| M[ g(00) (A3)
M is a matrix describes the perturbation of electron due to the light and g(fw) is the
density of states.

M = f|H'|i) (A4)
Or it can be written in the integral form as

M= [y, OHY;0d'r (A5)
H'is the perturbation that is caused by light interaction with electrons, (i, f) are the initial
and final states and r is the position of electron.

The external perturbation that couples initial and final states can be expressed by

H="C 45 (A.6)
m

(]

Where = i#d is the momentum of electron, A is a vector potential of the incident field

and m, is the mass of free electron.
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Where A can be expressed as
A(r,f) = A (A7)

The exponential term can be understood by the Taylor series, (k.r)~ 107, where k.r
equals i
L)

Because of the wavelength at the optical frequency is 1.0 pm and the dimension of the
atom size is nearly 1071° m so that (k.r) ~ 10 which is very small so Taylor series can be
used.

The presence of an electric field shifts the energy of charged particles of — pE, pis the
electric dipole moment and E is the electric field of the light which given by

E(r) E ée*" (A.8)

photon =
P, =—€r (A.9)

Thus, the appropriate perturbation is

H'=-p,.E (A.10)
Substitute Eqn. (A.8) and (A.9) in (A.10) we obtain

H =eE,e*'r (A.11)

Describing the electron wave function by Bloch theorem as

V(D) = % u (r)e*” (A.12)
V(0= (e (A.13)

Where V is the normalization volume, u;(r), u,(r) are appropriate periodic functions

and ki, kr are the wave vector of the initial and final states of the electron, so M becomes
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e Al4
M=§Iu}(r)e “TE re*rul (r)e d’r (A.19)

Two consideration must be taking into consideration to solve this integral, first is the

conservation of the momentum (photon momentum must equal the change in the electron
momentum) and the second is that Bloch’s theorem requires that both u;(r) and u,(r)
are periodic functions.

The density of electron states in the band per unit energy is g(fiw)

g(E) dE =2 g(k) dk (A.15)

g(k) is the density of state in momentum space. The number 2 in the equation is related to

the presence of electron spin state.

2g(k
eB)=222 (A.16)

dE /dkis the gradient of E-kcurve in the band diagram, g(k) is the number of state per

unit volume in k-space, that mean 1/(2r)* is multiplied by incremental volume from k to

k+ dkwhich is 474 dk, thus g(k) becomes

g(k)dk = 21; _ dk (A.17)
2(k) = 21; . (A.18)

Eqn. (A.16) becomes

1 2111* 3/2 p1/2
) = . E A.19
g( 9 2 ( ; 2 ) ( )

Where m" is known as the mass effective.

Using the conservation of energy which state that
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k> Rk
+

* *
zmc thole

ha)=Eg+

E, is the energy band gap

The reduced mass can be defined as

1 1 1
+—

—=—
/l mc mholc

Substitute Eqn. (A.21) in Eqn. (A.20) we have

212
ha)=Eg+hk
2p
2 &3/2 (hw — E,;)Y/2, when hw > E
g(hw):{ZHZ(ﬁz) (hw — Eg)™/%, when hw > Eq
0 ,when hw < E

Using Eqns. (A.3) and (A.23) to simplify Eqn. (A.2), we get

C(ha)—Eg)”z
hw

Where c is a constant
_ _ 1/2
ohw = c(hw Eg)

aho « (hw — E;)'/?

(A.20)

(A21)

(A22)

(A.23)

(A.24)

(A.25)

(A.26)

Eqn. (A.25) represent Tauc equation of direct allowed band gap (p =1/2). In general,

Tauc relation states that,

afiw x (hw — E )P

(A.27)

Where Aw is the photon energy, from plotting («E)" versus E, and taking the widest

linear region using linear fitting, the energy gap for semiconductor can be determined

from the intercept of the E-axis.
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Appendix B
Suppose an eclectic field in the x-axis and propagating in the z direction include both of
the reflected and incident waves.
E, = Boeitkz-0t) (B.1)
Where k is the wave vector and w is the angular frequency. Eo is the amplitude at z = 0.

k and w are therefore related to each other through:

2r_nw
=om - < (B.2)

That can be generalized and using complex refractive index:

k= % ~complex (B3)

E:x = Eoei(wzﬁ/c—wt) (B.4)
. WZ . WZ

= E,e'Cc™D L g, e teD (B.5)

E,=E +E, (B.6)

Where Eo, E1 and E; are relating by the continuity equation for the tangential component

of Hy across the boundary of the solid, using Maxwell’s equation

VxE=_ﬁa_H=1w_'ua_H (B.7)
c Ot c Ot
OE, _ iy oH (B.8)
0z c Ot '
Derive Eqn. (B.5) we get
[0 w o =
Eok = E ; - EZ ; = Eo —C_ Nwmplcx (B9)
El - E = Eoﬁcomplex (B 10)

Solving the equations (B.10) and (B.6) we get
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1 ~
EZ =§Eo(1_Ncomplcx) (Bll)
1 s
Eizbil%(L+P%mwa (BJQ)
The normal incident reflectivity is given by the relation,
2
E
R=|=2 (B.13)
l%
Simplifying Eqn. (B.13) by substituting equations (B.11) and (B.12)
(1= Ny
= |3 eompler (B.14)
(1+—bkmwk9
Where Ncomplex consists of real and imaginary parts, Ncomplex =n+iK
2 3
_1+n"-2n+K (B.15)

1+’ +2n+K?
Suppose that n= K > 1 (strongly absorbing medium, larger value of n and K) [41], so
the unity terms are cancelled, Eqn. (B.15) becomes
Ri? +2nR+ K*’R=n* —2n+ K> (B.16)
(R-Dn* +2n(R+1)+ K*(R-1)=0 (B.17)
using the solution of square root equation

__ —b+Vb?-4ac

. > (B.18)
we obtain
_ 2R+ DEJ(2R+D) ~ (4R-D(R-DK) (B.19)

2(R-1)

HZ_(ﬁ%i:(ﬁgz_Kz (B.20)

R—1 R-1
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The roots are

a=— () + JE - =

m=- () - () - &
We know that

n=[e, (B.21)

Substitute Eqn. (B.21) in equation (B.20) we get

£ =— (E) = (E)2 — K? (B.22)

It is important to define the complex refractive index to derive the dielectric constant

formulas have to introduced

Ncomplex = /,[8 (B23)

Where Nompiex Consists of real and imaginary parts

Nosupre = n+iK (B.24)

l

(B.25)

k=2
Cc

complex

Equation (B.21) can be derived from Maxwell’s equations, n is the refractive index and
K is the extinction coefficient.

For non-magnetic material ( #=1) then Eqn.(B.23) becomes

N complex = geff (B26)
The dielectric constant formula is given by,
Eq=6,+18, (B.27)

&r and €im represents the real and imaginary parts of dielectric, respectively.
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Substitute Eqn. (B.26) in Eqn. (B.24) we get,

N compler = £, = (n+ K’ (B.28)
gqp=1—K*+12nK (B.29)
Comparing Eqn. (B.27) with Eqn. (B.29) the real and imaginary parts are

g =n"-K* (B.30)
&, =2nK (B.31)
To find the relation between K and a consider that an electromagnetic wave propagate in
a medium in the z-direction with an electric field of

E(z,f)= E *™ (B.32)
Where k is the wave number and o is the angular frequency, the relation between the

extinction coefficient K and A is

_ 2
K=y (B.33)

Combining Eqns. (B.24), (B.25), (B.32) and (B.33)

K = %(n +iK) (B.34)

—ot) ke

(=
E(z,t)=Ee ¢ e€° (B.35)
We know that the optical intensity of light wave is proportional to the square of the

electric field where I o EE*

(—km

Tece @ (B.36)

If equation (B.36) is compared with Beer’ equation (2.10) we can find that

Ko 4K (B.37)
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Then,

k=22 (B.38)

4T
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