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Enhancement of Electrical Performance of MoO3 Films via 

Indium Nano Sandwiching 

By  

 Masa Jamal Daraghmeh 

Supervisor  
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Co supervisor 

Dr. Hazem Khanfar 

Abstract 

In this thesis the impact of the Indium nanolayers on the characteristics of MoO3 thin films 

are explored. Indium metallic nano- layers of thicknesses of 50, 75, 100 and 200 nm are 

sandwiched between two 500 nm thick MoO3 thin films. The X-ray diffraction technique is 

used to find out the structural properties of the MoO3 and MoO3/In/MoO3 layers. In 

accordance with this technique, MoO3 exhibit crystalline form called orthorhombic structure 

α-MoO3 phase. The indium induced formation of crystalline phase when its thickness 

exceeds 50 nm.  In addition, the impact of the indium thickness on the electrical performance 

of the films was searched in a wide range of temperature. It was observed that the dielectrical 

conductivity is highly sensitive to temperature and indium thickness. Electrically almost no 

difference was observed between the hall bar and van der pauw type samples. Both conduct 

by thermionic emission revealing an activation energy that become deeper with increased 

indium thickness. Furthermore, the room temperature frequency dependent impedance, 

conductance and capacitance were measured in the frequency range of 10-1800 MHz. 

Remarkable shift in the frequency value of maximum conductance was observed upon 
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indium layer enhancement. The theoretical analysis and computer simulations that targeted 

the exploration of the physics of resonance phenomena which is accompanied  with  by 

negative capacitance phenomena have shown that, the Au/MoO3/C device is of tunneling 

diode type in which the current conduction covert from tunneling to correlated barrier hoping 

at 300 MHz. This type of study is expected to open the doors for efficiently utilize the MoO3 

films in optoelectronic technology with less resistance and best optoelectronic achievement. 
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Chapter One 

Introduction and Literature Survey 

 

 Field of molybdenum oxide (MoO3) thin films is one of most active research areas. MoO3 

materials are attractive among the transition-metal oxides due to their unusual chemistry 

produced by the multiple valence states. They can be used in a wide variety of applications 

such as cathodes in rechargeable batteries, superconductors, thermoelectric materials, field 

emission and electrochromic devices [1-6]. In addition, the molybdenum oxide crystal films 

may be used as solar cells [7]. Moreover, MoO3 finds application as a cathode material in the 

development of high energy density solid-state micro batteries, imaging devices, gas sensors 

[8], supported catalysts and lubricants [9]. MoO3 have a great artistic significance because of 

to their electronic properties. These materials can be applied in other enforcement such as 

solid state microbatteries. The substochiometric film MoO3 with oxygen lack contain surplus 

metal atoms which work as doping centers, these centers control the electrical film 

Characteristics [10]. 

The growth of MoO3 films is done by different deposition methods including the thermal 

evaporation, electron beam evaporation, sputtering, electrodeposition, sol-gel process, and 

chemical vapor deposition [11-14]. Lin et al prepared MoO3 films by sol-gel process heated 

at 360º C. At this temperature, the phase transformation from the amorphous to the crystalline 

MoO3 film occurs [15]. Moreover, the experimental results of Yang et al showed that 

thickness and heat-treatment temperature will have the string influence on the electrochromic 

properties of MoO3 thin films [8]. Furthermore, thin films of MoO3 were attended by spray 



2 
 

 
 

pyrolysis method on glass substrates, by using 0.1 M of molybdenum, effect of substrate 

temperature on the structural properties range from 200 to 300 C, the films are made in the 

range from 250 to 300º C are polycrystalline with orthorhombic symmetry and the films 

which prepared at 200º C are monoclinic ,The orthorhombic status (α-MoO3) has a layered 

structure .MoO3 thin films are prepared by various routes, such as flash evaporation [10]. 

 In another work of Kamoun et al, an aqueous solution of ammonium Molybdate including 

different condensation of Europium (0–2%) is sprinkled on a glass substrate heated at 460 

°C in air, X-ray diffraction (XRD) turns out that all the generated films crystallized in the 

form of Orthorhombic α-MoO3 [16], Orthorhombic molybdenum trioxide (α-MoO3) 

nanorods have been industrialized widely using a hydrothermal technique for 

electrochemical energy storage supercapacitor devices [17]. Kalantar-Zadeh et al, described 

the MoO3 plates of Nano scale thickness, they are wrought from various basic plates of 

orthorhombic α-MoO3, these plates are made of double layers of the deformed MoO6 

octahedra, which can be processed in bulk and at low cost synthesis road that combines 

mechanical exfoliation and thermal evaporation. The minimum resolvable thickness of these 

plates is 1.4 nm which is equal to the thickness of two double-layers inside one unit cell of 

the α- MoO3 crystal, as measured by the Atomic force microscopy (AFM) [18]. 

Due to their special physical and chemical properties, MoO3 have many applications in 

electronic devices, the conductivity values of MoO3 ranges from dielectric MoO3 to 

semiconductor Mo18O52 (𝜌 = 78.1 Ω⋅cm) [19]. In another experiment, which carried out on 

MoO3 powders calcined at different temperatures using a system operating under high 

vacuum conditions demonstrated that the dc-conductivity increases by more than five orders 

of magnitude with an increase in the working temperature from 77–300 K. These results also 
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revealed a high dependence of dc-conductivity on the calcination temperature for the 

MoO3 products. The presence of at least three different electrical conduction mechanisms for 

the same MoO3 tablet is revealed by the dependence of dc-conductivity on the operating 

temperature [20]. The threshold switching in thin-film metal-oxide-metal (MOM) structures 

with Mo oxides provides the possibility of this material to be applicable in oxide electronics 

as micro- and nanostructured switching elements [21].  

In this thesis the MoO3 films was reshaped during the nanosandwiching technique. This 

technique is based on entering nanometallic (Indium) layers of thickness between 50 nm to 

200 nm in the structure of MoO3 films. The indium sandwiching between two layers of MoO3 

films are probably to change the physical characteristic of MoO3. Thus the structural, 

electrical and impedance characteristic of the sandwiched films will be studied in order to 

explore the features and applications of this structure. 

In the second chapter, all the basic theories used in the thesis was discussed, such as debating 

the Bragg’s law and the Sherrer equation and anticipating the practical results needed to 

analyze the results. 

In the third chapter, the measurements that are taken by our devices in the lab will be 

discussed. The evaporation process will be discussed for thin films, XRD for study structure, 

electrical and impedance, all of which will be presented in details. 

In chapter four, we present our results in detail, discussing the structural characteristics in 

detail and the electrical properties obtained through the experiments and study other results 

in details. The conclusions will be discussed in chapter five. 
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Chapter 2 

Theoretical background 

 

2.1 The x-ray diffraction. 

X-ray Diffraction (XRD) is innovated for enforcement in the microstructure mensuration and 

in-depth research realization. XRD is a diffraction system in several domains so the X-ray 

diffractometry (XRD) that are significant for the description of materials, X-ray 

diffractometer supply the structure analysis of polycrystalline, single crystal and amorphous 

materials. The X-ray scattering methods are gropes of non-destructive analytical methods 

which display properties about the crystalline structure, thin films and physical features of 

materials, these methods depend on watching the scattered intensity of an X-ray beam hitting 

a sample as a function of incident, polarization, scattered angle and wavelength, where the 

characteristics and functions of materials relate on the crystal structures, therefore X-ray 

diffraction properties have been on a range wide applied as means in materials research, 

production  and development so that XRD is an indispensable method for materials 

characterization [22]. 

2.1.1 Bragg’s Law. 

The principle known as the Bragg's law is based on constructive interference of 

monochromatic X-ray radiations, where the constructive interference shows if it was the path 

of the partial waves on the lattice planes, when the beam collides with the atoms at a certain 

level ℎ𝑘𝑙 a constructive intervention happened when the difference in path length is an 

integer number of wavelengths as shown in Fig.2.1 [23]. 
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Constructive interference occurs only when: 

𝑛𝜆 = 𝐶𝐵 + 𝐶𝐷         (2.1) 

Where    𝐶𝐵 = 𝐶𝐷 ; 

𝐶𝐵 = 𝑑sin𝜽              (2.2) 

𝑛𝜆 = 2𝑑sin𝜽             (2.3) 

Where (λ) is the wavelength of the incident wave, (d) is the lattice inter planar spacing of 

the crystal, (n) is a positive integer and (θ) is the angle of incidence [24]. 

Figure 2.1: Schematic stretching of Bragg's law which can be derived from the triangle ABC [25]. 

 

 

 



6 
 

 
 

2.1.2. The formula to calculating the lattice constant of types structures. 

The relation between d and the lattice constant for type’s structures is expressed 

mathematically by:  

Tetragonal structure is: 

1

𝑑ℎ𝑘𝑙
2 = (ℎ2 + 𝑘2 + 𝑙2 (

𝑎

𝑐
)

2

) (
1

𝑎2
)           (2.4)  

Cubic structure is: 

1

𝑑ℎ𝑘𝑙
2 = (ℎ2 + 𝑘2 + 𝑙2) (

1

𝑎2
)                      (2.5) 

Orthorhombic structure is: 

1

𝑑ℎ𝑘𝑙
2 =

ℎ2

𝑎2
+

𝑘2

𝑏2
+

𝑙2

𝑐2
                                 (2.6) 

Where,  

𝑎 , 𝑏 and 𝑐 are the lattice constants. 

 ℎ, 𝑘 and 𝑙 are miller indices. 

2.1.3 Derivation of scherrer equation. 

Scherrer equation is determine the crystallite size (D). In 1918, Scherrer was suggested a 

formula that linked between the width of the X-ray diffraction peak and the crystallite size 

(D). The scherrer equation is given as: 

𝐷 =
𝐾 𝜆

𝛽 cos θ
                                       (2.7) 



7 
 

 
 

Where, β is the peak expanding at full width half maximum peak , the constant K is the form 

factor which associated to crystallite form and normally taken 0.94, 𝜆 = 0.15418 nm is the x-

ray wavelength and θ is the Bragg angle [26].  The easier method to derivative the scherrer 

equation is the differentiation of Bragg's law, let n=1 and multiplying both side of equation 

(2.3) by an integer m, then the equation becomes: 

𝑚𝜆 = 2 𝑚 𝑑 sin(θ)                                  (2.8) 

Since that the interplanar distance 𝑑 doubled with m integers equal the thickness of crystal 

(t), then the equation (2.8) simplifies as: 

𝑚𝜆 = 2 𝑡 sin(θ)                                         (2.9) 

This equation can also be explained as the mth order reflection from a group of planes with 

an interplanar distance (t). By differentiate both side of equation (2.9) and observed that m𝜆 

is constant, this yields to: 

0 = 2 ∆𝑡 sin(θ) +  2 t cos θ  ∆θ                (2.10) 

𝑡 =  
∆𝑡  sin(𝜃)

cos(𝜃)   ∆𝜃
                                              (2.11) 
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Figure 2.2: X-ray diffraction by a crystal with thickness t and diffraction curve for the 

crystal [27]. 

Since the small increment in the thickness is d (t = d), d sin (𝛉) = 𝜆/2 from equation (2.3), 

and 𝛉 can be positive or negative, so the absolute value must be taken. 𝛉 is the have width 

of the peak and (2𝛉=𝛽) is the full width half maximum peak. The substituting of these 

factors in equation (2.11) gives: 

𝑡 =  
𝑑  sin(𝜃)

cos(𝜃)   ∆𝜃
=  

𝜆

2 cos(𝜃)   ∆𝜃
                  (2.12) 

𝑡 = 𝐷 =
𝜆

 cos(𝜃)   𝛽
                                            (2.13) 

                                                                                                                        

If the Gaussian function is applied to represent the peak, a shape factor K = 0.94 is applied.  

Then Scherrer equation will be given as [27]: 
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𝐷 =
0.94 𝜆

 cos(𝜃)   𝛽
                                           (2.14) 

In addition, the stacking faults (SF), micro-strains () and dislocation densities (𝛿) defined 

by the following relations. The differences of the micro strain (ε), which arises from 

displacement of the unit cells about their normal positions. 

𝑚𝑖𝑐𝑟𝑜 −  𝑠𝑡𝑟𝑎𝑖𝑛  ( 𝜀 ) =
𝛽

4 tan 𝛳
           (2.15) 

The dislocation density (𝛿) is an irregular atom distribution within a crystal structure, it is 

the total length of dislocation lines per unit area: 

𝛿 =
15𝜀

𝑎𝐷
                                                       (2.16) 

Where (𝑎) is the lattice constant. 

A stacking fault (𝑆𝐹) is a kind of defect which characterizes the disordering of 

crystallographic planes. It is thus considered a planar defect. It is any defect that alters the 

periodic sequence of layers, these defects may be a wrong layer inserted into the sequence, a 

change of the layer sequence or a different translation between two subsequent layers, the 

stacking faults (𝑆𝐹) can be calculated as equation [28]: 

𝑆F =
2π2β

45 √3tan𝜃
                                    (2.17) 

 

We calculate the lattice mismatch between the MoO3, Indium and Au layers by using the 

equation [29]: 
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∆1 =
𝑎𝑀𝑜𝑂₃ − 𝑎𝐼𝑛 

𝑎𝐼𝑛 
  × 100%                          (2.18) 

 

∆2 =
𝑎𝑀𝑜𝑂₃ − 𝑎𝐼𝑛 

𝑎𝑀𝑜𝑂₃ 
  × 100%                            (2.19) 

∆3=
𝑎𝑀𝑜𝑂₃ − 𝑎𝐴𝑢 

𝑎𝑀𝑜𝑂₃  
  × 100%                               (2.20 )  

Where the lattice mismatches causes dislocation at the surface and it related to the maximum 

allowed epitaxial layer. In the equation, 𝑎𝑀𝑜𝑂₃ , 𝑎𝐼𝑛 and 𝑎𝐴𝑢 is the lattice constant of MoO3, 

indium and Au, respectively.                                                                                                

2.2 Electrical Characteristics. 

The activity of electrons in the solid determines its electrical properties, but the task of 

obtaining the actual behavior of the electron in crystalline matter is a difficult task, there are 

many electrons interact with each other and with the atoms that constitute the lattice structure. 

Until the electrical conduction occurs, electrons must have more energy than the energy gap 

to control and overcome the energy barrier. Depending on the extent of the energy gap for 

each material, it is classified as insulator, semiconductor or conductor. Conductors have their 

valence band and conduction band overlapped so they have free electrons moving in all parts 

of the material, but the insulators have a wide band gap which stops electrons movement, 

semiconductors contains a small band gap so many electrons can hop to the conduction band 

when the material is affected by an electric field [30]. 

The electrical conductivity of a semiconductor is related to the temperature by [31]: 



11 
 

 
 

𝜎 = 𝜎˳ exp (−
𝐸𝑎

𝑘𝑇
)                         (2.21) 

Where (𝜎˳) is the pre-exponential factor, (𝐸𝑎) is the activation energy, (T) is the temperature 

in kelvin and (𝐾) is Boltzmann constant. 

Thus,  

𝐿𝑛𝜎 = 𝐿𝑛𝜎˳ −
𝐸𝑎

𝑘𝑇
                         (2.22) 

2.2.1 Van der Pauw’s Theorem. 

Van der pauw is a method to determine the resistivity of sample as shown Fig 2.3. 

 

 

Figure. 2.3: The geometry of van der pauw method [32]. 
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𝑅12,34 =
𝑉34

𝐼12
                              ( 2.23) 

Where, (V34) is the voltage connected between points 3 and 4 and (I12) is the current 

connected between points 1 and 2. 

To calculate the resistivity for van der pauw sample: 

𝜌 =
𝜋𝑡(𝑅1 + 𝑅2)

2𝐿𝑛2
𝑓 (

𝑅1

𝑅2
)        (2.24) 

Where; 

𝑅1 =
𝑉₂₃

𝐼₁₄
                                 (2.25) 

(V23) is the voltage connected between points 2 and 3 and (I14) is the current connected 

between points 1 and 4. 

And, 

𝑅2 =
𝑉₃₄

𝐼₁₂
                              (2.26) 

Where   (  𝑓 (
𝑅1

𝑅2
)   ) is known Van der Pauw function (function of ratio of the potential 

difference V23 and V14. The Van der Pauw function displayed in figure 2.4. When the contacts 

are symmetrical the function should equal one. 
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Figure 2.4: Graph of Van Der Pauw function. 

 

2.2.2 Hall bar technique. 

The hall bar sample consists of two contact points (current and voltage) is another technique 

to study the resistivity by using equation (2.27). 

ρ =
1

𝜎
                              (2.27) 

Where; 
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𝜎 =
𝐼𝐿

𝑉𝐴
                             (2.28) 

Where, (𝐴) is the cross-sectional area, (𝐿) is the length, (𝜌) is the electrical resistivity of the 

material and (𝜎) is the electrical conductivity of the material. 

Shown hall- bar geometry in Fig. 2.5, in which l, w and t are the length, width and thickness 

of the sandwiched films, respectively. 

 

Figure 2.5: Hall- bar geometry. 

 

2.3 Impedance Spectroscopy. 

Impedance spectroscopy method to discover the electronic density of states in semiconductor 

materials. This process Includes in mensuration of the charge transfer conductance, 

resistance, capacitance and another of a semiconductor interface at a different frequencies. It 

is a basic tool for studying semiconductor electronics, it includes information about the 

structure of the electronic interface [33]. 
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2.3.1 AC Capacitance.  

The AC capacitance is the capability to store electrical energy. It is the very significant part 

in several amorphous semiconductors and insulators, it is an important part to know the 

electrical structure of any appliance [34]. 

To derive the AC capacitance [35]: 

𝐶(𝜔) =
1

𝜔
 𝐼𝑛[𝑌(𝜔)]                                                      (2.29) 

And, 

𝑌(𝜔) =
𝛿𝐼(𝜔)

𝛿𝑉(𝜔)
                                                                   (2.30) 

If this device have the small signal harmonic current and small signal 

voltage 𝛿𝐼 𝑎𝑛𝑑 𝛿𝑉 ~𝑒𝑖𝑤𝑡. Let us consider transient current in a semiconductor device in 

response to an applied voltage is: 

δ𝑉(𝑡) = 𝑉(𝑡) − 𝑉(0) = 𝑉∆𝜃(𝑡)                                           (2.31) 

But transport current is: 

δ𝐼(𝑡) = 𝐼(𝑡) − 𝐼(0) = [𝐼(𝑡) − 𝐼(∞)]𝜃(𝑡) + [𝐼(∞) −   𝐼(0)]𝜃(𝑡)             (2.32)  

Where 𝜃(𝑡) is unity step function, The quantities of "+" and "-" superscripts denote single-

sided values of the discontinuous functions for example: (0) = lim
𝑡→0

𝑉(𝑡), 𝑡 < 0 , let the 

transient current equal 𝛿𝐽(𝑡) = [𝐼(𝑡) − 𝐼(∞)]𝜃(𝑡) so that 𝛿𝐽(𝑡) → 0 𝑎𝑡  𝑡 → ∞.                                                                           

Substituting equation (2.31) & (2.32) in equation (2.30) and noting that∫ 𝜃(𝑡)𝑒𝑖𝑤𝑡∞

−∞
=

1

𝑖𝜔
:                                                                                                            
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𝑌(𝜔) = 𝑖𝜔 ∫ 𝛿𝐼(𝑡)𝑒𝑖𝜔𝑡

∞

0

𝑑𝑡                   (2.33) 

 

Separated of real and imaginary part in equation (2.33) to get the formula of capacitance:                                                                                                                       

𝐶(𝜔) =
1

∆𝑉
∫ 𝛿𝐽(𝑡) cos(𝜔𝑡) 𝑑𝑡 

∞

0

                         (2.34) 

In general:                                                                                                                        

𝛿𝐽(𝑡) = 𝐶0∆𝑉𝛿(𝑡) + 𝛿𝑗(𝑡)                                     (2.35) 

Where C0 is the cold capacitance and 𝛿(𝑡) is the delta function.                                      

Rewrite equation (2.34) in terms of𝛿𝑗(𝑡): 

𝐶(𝜔) = 𝐶0 +
1

∆𝑉
∫ 𝛿𝑗(𝑡) cos(𝜔𝑡) 𝑑𝑡 
∞

0
                      (2.36)   

Integrate equation (2.36) by parts and we get: 

𝐶(𝜔) = 𝐶0 +
1

𝜔∆𝑉
∫[−

𝑑𝛿𝑗(𝑡)

𝑑𝑡
] sin(𝜔𝑡) 𝑑𝑡 

∞

0

            (2.37) 

The capacitance equation has a two parts (C0 and C1) where and by comparing equation (2.36) 

& (2.37):                                                                                              

 

𝐶1 =  
1

∆𝑉
∫ 𝛿𝑗(𝑡) cos(𝜔𝑡) 𝑑𝑡 

∞

0

=
1

𝜔∆𝑉
∫[−

𝑑𝛿𝑗(𝑡)

𝑑𝑡
] sin(𝜔𝑡) 𝑑𝑡 

∞

0

              (2.38) 
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We assume two different frequency domains (w-wn) and (w-wp), where wn and wp are the 

domain frequency in the n-region and p-region, respectively [36]. After that we can rewrite 

equation (2.38) to become:                                                              

𝐶1 =  
1

∆𝑉
∫ 𝛿𝑗(𝑡) cos(𝜔 − 𝜔𝑛,𝑝)𝑡 𝑑𝑡 

∞

0

=
1

𝜔∆𝑉
∫[−

𝑑𝛿𝑗(𝑡)

𝑑𝑡
] sin(𝜔 − 𝜔𝑛,𝑝)𝑡 𝑑𝑡 

∞

0

          (2.39) 

To explain these considerations, let us consider a simple general type of transient response 

composed of negative and positive exponential components:                           

𝛿𝑗(𝑡) = ∆𝑉 (𝑎𝑛 exp (−
𝑡

𝜏𝑛
) − 𝑎𝑝 exp (−

𝑡

𝜏𝑝
))                             (2.40) 

By substitute equation (2.40) in equation (2.39) and integrate us get: 

𝐶1 =
𝑎𝑛𝜏𝑛

1 + (𝜔 − 𝜔𝑛)2𝜏𝑛
2

−
𝑎𝑝𝜏𝑝

1 + (𝜔 − 𝜔𝑝)
2

𝜏𝑝
2

                                   (2.41) 

  

Where (𝜔) = 𝐶0 + 𝐶1 , so that the final formula for the capacitance in terms of frequency is: 

𝐶(𝜔) = 𝐶0 +
𝑎𝑛𝜏𝑛

1 + (𝜔 − 𝜔𝑛)2𝜏𝑛
2

−
𝑎𝑝𝜏𝑝

1 + (𝜔 − 𝜔𝑝)
2

𝜏𝑝
2

                     (2.42) 

The AC capacitance depends on frequency, where (𝐶0) is the geometrical capacitance, 

(𝑎𝑛 , 𝑎𝑝) are assumed to be the parameter, (𝜔𝑛 , 𝜔𝑝) are the Plasmon frequencies for n-type 

material and p-type material respectively, and 𝜏0, 𝜏𝑛 𝑎𝑛𝑑 𝜏𝑝 are the respective relaxation 
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times. Equation (2.42) assume that the semiconductor have self-compensation properties so 

that both carriers do exist in the material. 

2.3.2 The reflection coefficient. 

Reflection coefficient (𝜌) is the capability of the device to transport or refuse AC signals. It 

also appears the quality of the impedance (Z) between the film and the source. As the value 

of the reflection coefficient reduces the match between the film and the source increases [37]: 

𝜌 =
(𝑍 − 1)

(𝑍 + 1)
                                (2.43) 

The impedance Z is measured an LCR meter. 

2.3.3 The return loss. 

The return loss (Lr) is the measure of the power that is not absorbed by the load and it returns 

back to the source and measured in dB and it is calculated from [38]: 

𝐿𝑟 = −20 log 𝜌                          (2.44) 
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Chapter Three 

Experimental Details 

 

3.1 Preparation of samples.  

Thin films are prepared onto ultrasonically cleaned glass substrates which are cleaned by 

distilled water heat at temperature below 75°C for 40 minute. The slides were then taken out 

of the ultrasonic device and immersed in alcohol and dried using a hair dryer. 

We prepared samples by using the evaporation source, An MoO3 layer of thickness 500 nm 

was evaporated (figure 3.1). 

For any deposition cycle, the following procedure can be followed: 

1- Put the MoO3 powder in the metal heating resistor (boat shaped) (item 1 in figure 3a). 

2- Placed the glass substrates and Au metal and Van der Paw masks on the base metal (item 

2 in figure a). 

3- Put Au and Van der Paw masks with glass for later use in electrical measurement. 

4- The shutter that covers the samples (item 3 in figure 3a) and the device is closed by the 

chamber (item 5 in figure 3b). 

5- Check the connection between the software and the system to control the thickness 

monitor.  
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Figure 3.1: The physical vapor deposition system. a. from inside. b. from outside. 

5 
b 

a 
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6- Start carrying out the physical vapor deposition technique, after locking the system and 

eliminating air inside by employing vent valve, and waiting the pressure to reach 10 mbar 

for operating the turbo pump. 

7- When the vacuum reaches to 10-5 mbar provide a current about 20 A and turn on the shutter 

with clockwise. 

8- Two minutes after raising to the current 50A and increase the current to loot and current 

reached 60A and open the shatter so until the thickness of 500 nm, (item 4 in figure a). 

9- After the MoO3/In interface has formed Indium the second cycle of evaporation, Indium 

was attended in five evaporation. 

10- The evaporated Indium films of thickness of 0, 50, 75, 100 and 200 nm onto MoO3 thin 

film bases gradually. 

11- The obtained interfaces were applied as a new base for the evaporation of another 500 

nm MoO3. The final form MoO3/In/MoO3 (MIM-d (nm)) nanosandwiching films as appeared 

(figure 3.2 and figure 3.3). 

 

3.2. The geometrical shape and optical image nanosandwiching films. 

For the electrical characterizations, the manufacturing of MoO3/In/MoO3 requires the metal 

substrate instead of glass. Gold permit an electrical contact to the semiconductor the 

application of electrical fields shown in figure (3.2, 3.3). After getting Au/MoO3/In/MoO3 

films, the Au contacts were deposited onto the film surface to form ohmic/rectifying contacts 

utilizing suitablemasks. The conductive gold point contacts were deposited on the surface of 

the films shown in figure 3.4. 
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Figure 3.2: The geometrical design of MIM and Au/MIM thin films. 

 

 

 

Figure. 3.3 optical image nanosandwiched films d=0, 50, 75, 100 and 200nm. 

 

 

Figure. 3.4: The geometrical design of Au/MIM/Au thin films. 
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3.3 X- ray diffraction (XRD) measurements. 

We used the device that named Rikagu Miniflex 600 diffractometer (figure 3.5) to measure 

the X-rays of the samples which includes MIM thin films and Au/MIM for all thicknesses, 

the samples were measured in the angle range of 10°-70° with scan rate was 1°/min and the 

step size of 0.5°. We used TREOR-92 computer program to analyze the X-ray patterns and 

even find the structure parameter for samples. 

 

 

Figure. 3.5: Rikagu Miniflex 600 diffractometer. 

XRD is the accurate analytical method used for determining the crystalline nature of the 

substance, (wavelength equals 1.5405 A). So the X rays is unique to study the crystalline 

properties of the material because the wavelength of the convergence of the distance between 

atoms and between levels and therefore possible to get an interference and diffraction. Using 

the Bragg’s law in section (2.1.1) to get the intensity of a diffract X-ray beam as a function 
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of angle. The device consists of the following basic parts: (a) Source of X-ray. (b) Collimator. 

(c) Detector. (d) Holder. (e) Signal processor. (figure. 3.6) 

The principle of machine operation is based on the standard tools which used a line focus x-

ray tube (most of their consist of Cu-radiation), Soller-slits and collimators to determine the 

beam divergence. It is also used to limit the wavelength range .The diffractometer is turned 

on a detector rotation and running in θ/2θ mode for the samples and a symmetrical radiation. 

The flat multilayer monochromators (Göbel-Mirrors) can be tuned to any wavelength with 

some minor changes in the path of the primary radiation, this allows a quick modification of 

wavelengths to improve the breakthrough depth for a high signal [39]. 
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Figure. 3.6: Schematic view of Bragg-Brentano system. 
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3.4 The Impedance measurements. 

The impedance spectroscopy was measured at room temperature of 300 K in the frequency 

range of (10 MHz -1.8 GHz) using the device shown in figure 3.7 which is called  Agilent 

4291B impedance analyzer the operation principle is to insert an electric felid (AC signal ) 

on the RLC circuit. 

We placed a small point of carbon on the samples and then we put the samples (Au/MIM/ C) 

into the device and used the MATLAB program to control the measure of the samples, the 

device calculates a lot of parameters include impedance (Z), resistance (R),  reactance (X), 

conductance (G) and reflection Coefficient |r|. 

 

Figure 3.7: Agilent 4291B 1.0 M-1.8 GHz impedance analyzer. 

 



27 
 

 
 

3.5 The electrical measurements. 

We used the Keithley 230 as a voltage source, Keithley 6485 picoametar (figure 3.8) to 

measure the (I–V) characteristics of the samples ( Hall bar and Van der Paw) ,the electrical 

connection was obtained from points of gold  deposited on the sample using the evaporation 

device as discussed in section 3.1. 

MATLAB program was used to control the voltage and current of the samples at different 

temperatures. The samples were mounted on a holder. The holder is surrounded by copper 

wire connected with the devices in order to increase the temperature of the sample. A k-type 

thermocouple is fixed on the top of the sample to monitor the temperature through digital 

multimeter that allow readily k-type thermocouple, so that the voltage is constant and equals 

100V. 
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Figure. 3.8: Electrical measurement setup. 

 

Hall bar samples were measured as shown in figure 3.9 where we placed sample whose length 

is four times the width on a glass base and placed two copper wires on the sample and fixed 

the wire in a piece of glass and put a little silver on the wire and on the part of the sample for 

electrical contact. 
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Figure. 3.9: The hall bar design. 

Van der Paw samples were measured as shown in figure 3.10 where we placed four copper 

wires on the points of contact (gold points) and fixed the wires by the welded-indium, and 

we connected the wires in points 1 and 4 with the current and connect wires in points 2 and 

3 with the voltage and read the measurements. 

 

 

Figure. 3.10: The van der Paw design. 
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3.6 The "hot-probe" technique. 

The "hot-probe" technique which is shown in figure 3.11 was applied to differentiate between 

n-type and p-type employ a heater with temperature ~ 450 C° and a standard digital multi-

meter (DMM), the hot-probe technique is  that defined the conductivity type of 

semiconductors. In this technique the hot iron is linked to the positive terminal of the 

multimeter while the cold one is linked to the negative terminal, if the DMM is reading out 

positive voltage then the semiconductor is an n-type, but p-type if the voltage negative. As 

an explication for this experience when the heater connected the surface, thermally raised 

majority free charged carriers are spread during the semiconductor from the hot to the cold 

probe. These explicit majority carriers limited the electrical potential sign in the multimeter. 

Thus, the hot probe surround zone be charged with minority carriers but cold probe remains 

neutral [40]. 

 

Fig. 3.11: Experimental set-up of the "hot-probe" experiment. 
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Chapter Four  

Results and discussion 

 

4.1 Structural analysis. 

In this chapter we discuss the results that emerged from thin films of MoO3/Indium/MoO3 

(MIM) and Au/MIM. The thickness of indium layer was varied in the range of 50-200 nm. 

The crystalline and nature of the films will be explored by means of x-ray diffraction. The 

structural analysis will take into account the films which are prepared onto glass and onto 

metal substrate.  

4.1.1 MoO3/In/MoO3 films grown onto glass substrate. 

The X-ray diffraction patterns are measured for the MIM samples of different thicknesses (0, 

50, 75, 100 and 200 nm) and for an indium sample at room temperature. When the thickness 

of indium is increased, the crystalline structure improves as illustrated in Fig 4.1. There is no 

peaks for MIM-0 nm and MIM-50 nm, so that it is amorphous structure because the gross 

volume of the grain is minimal [41]. MIM 0, 50 nm are amorphous so that the size of oxygen 

vacancy is so large. As a result, the deformation in the MIM sample, is expected to be large 

[42]. 

As seen from Fig 4.1, there is one peak for MIM-75nm and MIM-100nm so that they are 

polycrystalline structure. The peak for MIM-75 nm occurs at 2𝜃 =33.75˚ and the peak for 

MIM-100 nm occurs at 2 𝜃 =33.45˚.These peaks referred to tetragonal indium, (we used a 

TREOR 92 X-ray diffraction program to analyze the pecks). MIM-200 nm is also of 
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crystalline structure with three peaks, the first peak occurs at 2𝜃 =30.4 ˚, the second peak 

which has the maximum intensity occurs at 2𝜃 =33.65 ˚, these peaks also referred to indium 

tetragonal, however, the last peak occurs at 2𝜃 =37˚ referred to the orthorhombic phase of -

MoO3
 [43] 

 

Figure 4.1: XRD pattern of indium metal and the (MIM) sandwiched films  

(Measured at room temperature). 

 

The lattice parameters are calculated using the "TREOR 92" software. Table 4.1 shows 

mechanical parameters for MIM-75 nm, MIM-100 nm and MIM-200 nm. That were 

calculated using equations (2.16-2.17).
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Table 4. 1: Mechanical parameters for MIM-75 nm, MIM-100 nm and MIM-200 nm. 

Parameter  Symbol 

MIM-75 nm 

referred to 

In 

MIM-100 nm 

referred to 

In 

MIM-200 nm 

Referred to 

In 

MIM-200 nm 

referred to 

3MoO 

 Angle 2 33.75 33.45 33.65 37 

Intensity I (a.u.) 997 1398 19939 1719 

FWHM β(rad) 0.009071 0.001744 0.002617 0.003489 

Grain size D (nm) 16 86 57 43 

Strain ε3-x10  7.4 1.4 2.1 2.6 

Stacking faults SF% 41.6 8.0 12.0 15.2 

Dislocation density )2line/cmδa (x 20.6 0.77 1.72 2.25 

Dislocation density )2line/cmδb (x - - - 0.64 

Dislocation density )2line/cmδc (x 13.5 
0.50 
 

0.13 2.41 

Lattice parameter a(Aº) 3.25 3.25 3.25 3.97 

Lattice parameter b(Aº) - - - 13.90 

Lattice parameter c(Aº) 4.947 4.947 4.947 3.69 
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In table 4.1, in the description of Indium peaks, we observed that the intensity of indium 

increases when the thickness for indium layer increases. The grain size of indium in MIM-

75 nm equals 16.6 nm then it increase in MIM-100 nm to 86.6 nm, thereafter its decreases to 

57.8 nm. 

The strain, stacking faults and dislocation density parameters for indium decreases for MIM-

100 nm, then its increases in MIM-200 nm, even though, the lattice parameters remain 

constant. Pointing out that there is one peak occurs at 2𝜃 =37˚ referred to -MoO3. The 

decrees in the grain size of the indium layer upon growth of -MoO3 is assigned to the stress 

caused by the formation of regular grains in the structure of top layer of MIM samples. 

To understand the changes that have happened in the former values for each of D, SF and δ, 

it has been taken into account many factors (deformation, critical thickness and lattice 

mismatch). Because O2 atoms in MoO3 include much vacancies and random configuration 

of atoms, so when we add indium, it will not place the atoms in the appropriate place. It 

means that there is defect in the configuration of atoms within the MIM, which results in 

changing values of D, SF and δ [44, 45]. 

To explained the nano-sandwiching impact on the structure of the films, we observe the 

distribution of Mo vacancies is useful. Oxygen ion (O+6) has an ionic radius of 1.40 A° [46] 

which is larger than that of Mo ion (Mo+6)0.59 A° [47] and indium ion (In+3)0.94 A° [48]. 

Thus the substitution of indium in the Mo site can be excluded, while the interaction of O 

with indium and the formation of In2O3 should also be considered. It is possible for the In+3 

ion to replace the vacant sites of Mo+6 and form In2O3 bonds. The formation of this bond 

would acquire more oxygen atoms because the In+3 ion (acceptor impurity) provide an extra 
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hole due to its deficiency in valence electrons. Also, the bond length of Mo-Mo is 2.419 A° 

[49] and the bond length of the Mo-O1 is 1.71 A° [50]. The bond length of Mo-O2 is 1.98 A° 

[50]. The bond length of Mo-O3 is 1.98 Aº [50]. The bond length of In-Mo is 2.739A° [51]. 

The bond length of In-O is 2.12-2.21 A° [52].  Mo-O1 bonds are shorter than In-O bonds 

indicating that MoO3 electronic transition should be preferred over In2O3 transition. 

However, because the X-ray patterns did not display intensive peak that relate to the In2O3, 

it is possible to accept that the MoO3/In/MoO3 sandwiched structure is mostly of physical 

type (substitutional and/or interstitial). With these features, the indium film can be mostly 

regarded as a metallic slab being inserted between two layers of MoO3. Generally, The Mo 

vacancies and interstitial oxygen are reported to act as acceptors, while oxygen vacancies 

and interstitial Mo act as donors [53]. 

4.1.2 MIM samples prepared onto Au substrate. 

The same previous study was repeated with a change of substrate from glass (amorphous 

material) to Au (crystalline material) thin film. Figure (4.2) shows the XRD pattern for Au-

MIM at different thicknesses of indium.  

We used crystalline surface (Au) to stimulate the formation of another crystal, but this only 

happened when indium high thickness, where at adding the indium after a certain level turns 

the material from amorphous to crystal and when adding more indium becomes a better 

crystal. 

The Au-MIM-0 nm has five peaks; four of them referred to Au with cubic structure at 2𝜃 

=35.2, 39.00, 45.3, 65.55˚ in different orientations, whereas the fifth peak occurs at 2𝜃 
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=23.15˚ with orientation of (110) which referred to -MoO3. The Au-MIM-50 nm and Au-

MIM-75 nm have four peaks that referred to Au. Au-MIM-100 nm has five peaks, four of 

them are the same as Au-MIM-75 nm and a new peak is referred to indium which accrues at 

2𝜃 =33.6˚ with (101) orientation. Au-MIM-200 nm has three new peaks (when it is compare 

with MIM -50 nm), two of them referred to -MoO3 at 2𝜃 =37.00 ˚ and 2𝜃 =55.3˚ and the 

third peak referred to indium at 2𝜃 =30.4˚ with (110) orientation.  

 

 Figure 4.2: XRD pattern of Indium (In), gold (Au) metals and the (Au/MIM) sandwiched films 

measured at room temperature. 
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Table 4.2 shows the x-ray diffraction parameters for Au-MIM-200 nm. It has been described 

MoO3 peaks. We observed that the intensity for MoO3 decreases when the angle increases. 

The grain size (D) in Au-MIM-200 nm at 2=37.00 ˚ equals 29 nm then it increase at 

2=55.3 ˚ equals 187.4 nm. 

The strain, stacking faults and dislocation density parameters for MoO3 decreases, even 

though, the lattice parameters remain constant.
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Table 4.2: Mechanical parameters for-MoO3 and Au for Au/MIM-200 nm. 

Parameter  Symbol 

Au-MIM-200 nm 
at 

2= 37 
 

Au-MIM-200 nm 
at 

2= 55.3 

Au-MIM-200 nm 

at 

2= 35.15 

Au-MIM-200 nm 
at 

2= 38.9 

Au-MIM-200 nm 
at 

2= 45.35 

Au-MIM-200 nm 
at 

2= 65.55 

Material - 3MoO 3MoO Au Au Au Au 

Intensity I (a.u.) 2072 675 2055 8371 862 711 

FWHM β (rad) 0.005233 0.000872 0.005233 0.006106 0.019189 0.009594 

Grain size D (nm) 29.17 187.4 29.02 25.15 8.17 17.9 

Plane direction Hkl 111 042 220 111 200 220 

Strain ε3-x10 3.9 4.1 4.1 4.3 11 3.7 

Stacking faults SF% 22.8 3.0 23.5 26.0 75.1 30.2 

Dislocation density )2line/cmδa (x 5.0 0.08 5.2 6.3 51.0 9.0 

Dislocation density )2line/cmδb (x 1.4 0.02 - - - - 

Dislocation density )2line/cmδc (x 1.4 0.02 - - - - 

Lattice parameter a(Aº) 3.97 3.97 4.08 4.08 4.08 4.08 

Lattice parameter b(Aº) 13.90 13.90 - - - - 

Lattice parameter c(Aº) 3.69 3.69 - - - - 
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From chemical point of view, the ionic radius of 𝐴𝑢+ is 0.0137 Aº [54] smaller than for   

𝑂+6and 𝑀𝑜+6 [49].  In this case, the substituting of 𝐴𝑢+  in  𝑂+6 or 𝑀𝑜+6 sites is possible 

and subistatial of 𝐴𝑢+  ions between Mo-Mo bonds to form Au-Mo bonds may have 

occurred.  The Au metal belongs to 𝐹𝑚−3𝑚 space group and exhibit an FCC structure of 

lattice constant 4.08 Å [54], which indicates a lattice mismatch in table 4.3. Although large 

lattice mismatched heterojunctions causes high performances in solar energy 

transformations, it may lead to relaxation via the generation of dislocations. The formation 

of such dislocations that behave as minority carrier recombination centers which reduce the 

performances [54] of photovoltaic materials is reduced by the nanosandwiching of indium 

between layers of MoO3. 

Table 4.3: Lattice mismatch between -MoO3, indium and Au slab. 

All samples )1Lattice mismatch (∆ )2Lattice mismatch (∆ )3(∆Lattice mismatch 

 22% 18% 2.7% 

 

4.2 Electrical Characteristics. 

The electrical conduction plays a significant role in the investigation of the semiconductor 

devices. In this section, the samples of Van Der Pauw and Hall bar are measured as function 

of temperature. Having evaluated the room temperature I-V characteristic, the samples were 

then subjected to a heating and cooling processes while monitory the heating (IH) and cooling 

(IC) currants. The behavior and value of IH and IC are the same, therefor the average current 

for all samples is taken as (Iav). During measurements, the van der pauw technique is 
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implemented using points 1 and 4 the current (I14), and points 2 and 3 for the voltage (V23) 

as shown in figure 3.10. In addition, the hall bar sample consists of two contact points (current 

and voltage) as shown in figure 2.4. 

4.2.1. I-V response of Van Der Pauw and Hall bar MIM films. 

The current voltage characteristic are measured at room temperature for Van Der Pauw MIM-

samples with thicknesses of 75, and 100 nm. Figure 4.3(a) shows the I-V characteristic MIM-

75 nm which exhibits ohmic behaviorAlso,  figure 4.3(b) shows the I-V characteristic for 

MIM-100 nm whose behavior is also ohmic The current of MIM-75 nm is less than ten times 

of the current of MIM-100 nm, this shows how the sample conductivity is improved by 

doping, so that the current for MIM-75 nm increase ten times when the indium thickness 

raised to 100 nm ( the slope (
1

𝑅
) for MIM-100 nm equal ten times for the slope 75 nm). 

Whereas increases indium thickness, the valance electrons in the indium are increased and 

the free electrons are increased so the conductivity increases. 

The Ohmic nature of the contact predominates when the work function of the metal is less 

than the work function of the semiconductor of n-type(𝑞
𝑚

< 𝑞
𝑠𝑚

).  This is expected for 

indium (𝑞
𝑚

= 4.09 𝑒𝑉) [44], which is less than that of MoO3 (𝑞
𝑠𝑚

= 4.36𝑒𝑉_4.95𝑒𝑉) 

[55]. 
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Figure 4.3.  I-V response of Van Der Pauw MIM with thickness 75 and100nm of indium at room 

temperature. 

Figure 4.4 shows I-V response, the current versus voltage is measured with Hall Bar 

technique for all samples with different thicknesses (0, 50, 75, 100 and 200 nm) of indium. 

The measured current is in the range of nano amber (nA) for all samples except MIM-200, it 

is in the micro amber (µA) range (inset of Fig 4.4). For all samples the current increases with 

increasing the voltage in different ranges, began with MIM-0 nm the current increase 

gradually when the MIM samples increases expect the MIM-75 nm, the increases of current 

for which is less than the increases of current MIM-50 nm. 
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 Figure 4.4.  I-V response of Hall bar MIM all samples as grown at room temperature. 

This can be explained by XRD, for MIM-75 nm sample, a peak appears and explains that the 

material is transformed from amorphous to polycrystalline. However, for this sample, the 

crystalinity of indium is still not dominant which means that there exist mixed structure 

composed of amorphous and polycrystalline material. The crystalinity of indium indicate that 

a physical layer of indium start to form, this make transition of free charge carries controlled 

by the indium inside the sample, while the MIM-100nm sample crystalinity was more 

pronounced, so then turns from amorphous to crystals. Thus, there’s grain growth. The layer 

the grains the narrower the barrier at the grain boundaries the higher the current [56]. For 

MIM-0 nm, there is no indium, it is semi insulator, which has very low current. XRD explains 

this mechanism, we observed that the material was amorphous structure, random distribution 
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and the degree of disorder is very high, so that the resistivity becomes very high. The lower 

resistivity or better conduction appears when materials make transition from amorphous to 

polycrystalline. During the phase transition some of the grains melt grater forming greater 

grains orient to lower the barrier height during this process some of the many far from each 

other should be a reason for the current reduction [56].  

4.2.2 Comparison between van der pauw and hall bar technique to calculate the 

conductivity. 

Conductivity is calculated with van der Paw technique using equation (2.24). In addition, it 

is calculated with Hall bar technique using equation (2.27). The calculated conductivity using 

both technics result in the same order of magnitude and the same trend of variation as shown 

in Table 4.4 and figure 4.5. 

Table 4.4 The conductivity for all samples MIM at room tempreture. 

Thickness 𝜎(VDP)  𝜎(HB) 

MIM-50 nm  9-5.8 x10 9-2.1 x10 

MIM-75 nm  9-x10 .83 9-x10 8.1 

MIM-100 nm 9-x107.4 9-x10 2.2 

MIM-200 nm 6-x10 4.3 6-x10 2.2 

   

 

Figure 4.5 shows the conductivity (𝜎) versus temperature using van der pauw and Hall bar. 

The conductivity increases as the temperature increases. The increases of conductivity results 
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with increasing temperature is assigned to the freedom of charge carriers by thermal 

assistance [57]. The slight numerical difference in the values of electrical conductivity can 

be assigned to the Jeule effect as well as nerst’s effect which affect the electrical conduction. 

Having a look on the curves which are shown in Fig 4.5, one can guess that the thicker the 

indium the closer the conductivity value. This indicate that there is main effect of indium 

distribution in the sample. The Hall Bar technique only will be used in calculating the rest of 

electrical parameters since there is almost no difference between van der pauw and Hall bar 

techniques.  

  

Figure 4.5.  Conductivity of van der pauw and Hall bar of all samples MIM. 
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4.2.3 Effect of indium on electrical conductivity. 

Table 4.4 shows the conductivity for MIM-samples. The conductivity is decreases from 

2.1x10-9 (.cm) -1 to 1.8 x10-9 (.cm)-1  as the thickness of indium increases from MIM-50 

nm to MIM-75 nm, then at MIM-100 nm there is increases in the conductivity, after that 

when the thickness is increases to MIM-200 nm the conductivity is more increase 2.2 x10-6 

(.cm)-1  .  

In order to understand the interfacing nature between the MoO3 and indium. The improved 

electrical conductivity in the electronic orbital distributions in the MoO3 and indium metals. 

The electronic configuration of Mo is 1𝑠22𝑠22𝑝63𝑠23𝑝63𝑑104𝑠24𝑝64𝑑55𝑠1 [58] while that 

of oxygen is1𝑠22𝑠22𝑝4 [59] while that of 

indium1𝑠22𝑠22𝑝63𝑠23𝑝63𝑑104𝑠24𝑝64𝑑105𝑠25𝑝1 [60]. Since the energy level of 5𝑝1 

states are higher than 5𝑠1 and energy level over lapping take place. This makes the bonding 

between indium and MoO3 much powerful make free electron movement easier. Since the 

electrons are now at higher levels it is probably that the conductivity increases by forming 

impurity bands that are created by indium. Increasing the thickness of indium increases 

number of free electrons in the material which make the surface charge more overcrowded 

and the impurities level is shifted closer to the conduction band as result of state filling so 

the conductivity increasing. 

4.2.4 Temperature dependent conductivity. 

Figure 4.6 shows the conductivity versus temperature (𝜎 Vs T (K)). The conductivity 

increases as the temperature increases. The behavior of increasing of conductivity is 
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following the trend of exponential function. Furthermore, it is shown that the conductivity 

conforms Arrhenius behavior which can be regarded as a semiconducting transport conduct 

[61]. 

 

 

Figure 4.6 the conductivity of Hall bar for all samples δ Vs T (K). 

 

Figure 4.7 shows the logarithmic conductivity versus temperature T (K) using Hall bar 

technique. This figure shows the change of the samples from insulator to semiconductor as 

the temperature increases. At the point of change from insulator to semiconductor, the value 

of the conductivity changes suddenly to a higher value after it was increases linearly, expect 
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for the MIM-200 nm sample is semiconductor because of the increases indium, a significant 

increase the number of free electrons turned the material into semiconductors from the 

beginning. For MIM-50 nm the conductivity changes from 5.1x10-6(ΩCm)-1 to 2.7x10-

5(ΩCm)-1, for MIM-75 nm the conductivity is changes from 5.8x10-6(ΩCm)-1 to 2.9x10-

5(ΩCm)-1, for MIM-100 nm the conductivity is changes from 5.0x10-6(ΩCm)-1 to 2.3x10-

5(ΩCm)-1 . The samples become insulator at temperature range from301 K to 352 K, but 

becomes semiconductor at temperature range from 379 K to 445 K. 

 

 

Figure 4.7.  Conductivity of Hall bar for all samples Ln (δ) Vs T (K). 

By using the data of figure 4.8 and equation (2.21) the activation energy can be calculated. 

As shown in figure 4.8 there are two linear different regions for the samples MIM- 50, 75, 



48 
 

 
 

100, 200 nm, so this data can be used to calculate the activation energy by fitting the data 

with equation (2.21). Table 4.5 shows the calculated activation energy for the samples. 

  

 

Figure 4.8.  Conductivity of Hall bar for all samples Ln (δ) Vs 1000/T (K)-1. 

The resulting value of the activation energy in table 4.5 had shown a deep donor level for 

MIM-50 nm which increased when MIM-75 nm.  However, it returned to decrease for MIM-

100 nm and it returned to increase for MIM-200 nm. The analysis of the conductivity data 

point out that the current transport mechanism is the thermionic emission of electrons over 

the potential barrier of semiconductor into the metal In addition, the activation energy found 

to be greater than kT, so it was agreed with the thermionic emission assumption [62].  
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Moreover, figure 4.9 shown the activation energy versus temperature and displayed a 

constant variation with temperature, so the thermionic emission theory is valid. 

Table 4.5. The activation energy for samples. 

Thickness w tempat loEa (HB)  temp at highEa (HB) 

MIM-50 nm 193.7  585.8 

MIM-75 nm 327.4  788.0 

MIM-100 nm 230.9  335.4 

MIM-200 nm 378.3  378.3 

    

 

The activation energy founded by
𝐿𝑛(δ2)−𝐿𝑛(δ2)

1

𝑇2
−

1

𝑇1

. Figure 4.9 shows the activation energy Vs 

temperature which is constant variation with temperature, the activation energy is constant 

and doesn’t change, this means that the current conduction mechanisms are thermionic 

emission of charge carriers over grain boundaries in crystalline samples (MIM-200 nm) [62], 

The amorphous samples (MIM-50 nm) appears also to be a thermally excited [63] 

The conductivity type is n-type of all sample as it is tested by the "hot-probe" technique. 
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Figure 4.9.  Activation energy of Hall bar for all samples. 
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4.3 Impedance Spectroscopy. 

In this section the design and characterization of Au/MIM/C passive mode thin film are 

presented. 

Figure 4.10 shows the capacitance spectra of Au/MIM/C films with 0, 50, 75, 100 nm and 

200 nm of indium thickness.  As observed from the figure of capacitance spectra, there is 

resonance (series) and anti-resonance (parallel) behavior for all samples except 100 nm 

thickness. For Au/MIM-0 nm/C, The resonance frequency occurs at fs =0.28 GHz while the 

anti-resonance (negative capacitance) occurs at fp=0.32 GHz. In addition, the resonance 

frequency appeared at 1.7, 0.78, 0.99 GHz and anti-resonance frequency appeared at 1.8, 

0.82, 1 GHz, for Au/MIM-50, 75, 200 nm/C, respectively. 

To explain the negative capacitance resulting from insertion of minority carriers (tunneling) 

at forward bias. This property is used to the repeal of positive capacitance in change the signal 

characteristic of resonant electronic circuits. 

 Particularly, in time-instituted sensor interfaces to lead the oscillation with enhanced tuning 

and to raise the tuning scope of voltage controlled oscillators (VCOs) with minimal power 

impact or phase noise [64-66]. 

The reasons  for the view of the negative capacitances was clarificated by the non-equilibrium 

interfacial states which compel  electron conduction by hopping from interfacial to the bulk 

states, and the minimum significance of the capacitance it referred to the presence of the deep 

and shallow trap states at the two interfaces [67]. 
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The apparent resonance peaks could be explain by the dynamics of electric dipole, of 

electrical dipoles. Dipoles are oriented with the external oscillating electric field in a short 

period of time growing with rising Ac signal frequency. As a consequence, the dielectric 

constant increases and the number of free charges obtainable for conduction decreases. The 

increase in dielectric constant cause it an increase in the electric flux density because it 

reflects the range to which the material focuses electrostatic lines of flux. This operation 

maintains until the time needed for the dipole guidance is equal to the AC signal time, where 

the maximum resonance peak appears. For shorter AC signal times (bigger frequency values), 

the directed dipole with signal is minimum and the dielectric constant lowers. This operation 

continues until the dipole do not sense the modification of used oscillating electric field, 

which means access a fixed dielectric constant and thus fixed capacitance [68]. 

 

Figure 4.10: The results of the AC signal analysis for the capacitance of Au/MIM/C in the 

frequency range of 0.01 GHz -1.8 GHz. 
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The capacitance measured data shown in figure 4.11 is modeled with equation (2.42) to 

calculate the fitting parameters as shown in table 4.6.    

 

Figure 4.11: The capacitance spectra for the Au/MIM-0, 50, 75, 200 nm/C devices, where the pink 

line is the experiment data and the blue the modeling data using Equ. (2.29). 

 

In table 4.6 shows fitting parameter of capacitance model. We observed n and p its decreases 

by increasing the thickness of indium, but we observed that Wn and Wp have the same 

behavior, they increases by increasing the thickness of indium. 

The solution shown in equation (2.42) is also similar to the Drude Lorentz approach for the 

improvement of the dielectric function assuming linear oscillator slimited by charge carrier-
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plasmon coupling and electronic friction terms [69]. This comparison submit that the 

parameters 𝑎𝑛 and 𝑎𝑝 must be proportional to the free electron and hole densities in the n 

and p-regions, respectively. Physically,the model can illustrated as follows.The capacitance 

is directly proportional to the dielectric constant. The dielectric constant represent the degree 

of polarization.When an alternating electric field is happen into the material,the electric 

dipoles oscillate in a response to that field. When the frequency of the dipoles is greater than 

the AC signal frequency,the dielectric constant is in the constant and no capacitance change 

can be noteies. As the dipole frequency become nearby to signal frequency,all dipoles begain 

replying to the alternating current signal. The capacitance reach very high values when signal 

frequency (𝑤)equal to that of the materials dipole frequency (𝑤𝑛 or 𝑤𝑝) all dipoles oscillate 

with the field and no free charge can be observed. When the value of (𝑤) become much grater 

than that of the dipole,the dielectric constant(capacitance)decreaser any aconstant frequency 

independent value.This phenomena is recognize as typical resonance phenomena [70]. 

 

Table 4.6: The fitting parameter of capacitance model for Au/MIM/C samples. 

 Au/MIM-0 nm/C Au/MIM-50 nm/C Au/MIM-75 nm/C 

 

Au/MIM-200 nm/C    

n 2x10-8 1.6x10-8 1.8x10-9   2.5x10-10 

p  2.3x10-8 1.4x10-8 9.3x10-9 6.6x10-10 

Wn=Wp 2x109 1.5x1010           2.5x1010    3.8x1010 
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It is clear from Fig 4.12 that the conductance spectra exhibit a shift in the maximum peak 

position toward higher frequency values. Particularly, which the maximum appears at 0.311 

GHz in the MIM-0 nm sample it appears at 0.749 GHz for the MIM-75 nm and at 1.009 GHz 

for the MIM-200 nm sample. The shift of the maximum toward the higher frequency could 

be assigned to the free carrier density which increase with increasing indium thicknesses. 

The maximum appears at frequencies equivalent to the plasma frequency. The plasma 

frequency is directly proportional with free carrier density.   

 

Fig. 4.12: The conductance spectra in the frequency range of (0.01 GHz -1.8 GHz) for Au/MIM-

0nm/C, Au/MIM-50nm/C, Au/MIM-75nm/C, Au/MIM-100nm/C, Au/MIM-200nm/C sandwiched 

films. 
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Figure 4.13 displays the impedance (Z) with frequency for Au/MIM/C samples. The total 

impact of the AC signal difference are also noted from the impedance spectra which 

displayed in figure 4.13. For Au / MIM-0 nm / C,  Au / MIM- 75 nm / C and Au / MIM-200 

nm / C samples, the impedance decreases when frequency increases. For Au/MIM-50 nm/C 

and Au/MIM-100 nm/C increases reaching at 90.9  at 0.46 GHz, reach to 90.3 at 0.36 

GHz. It is an advantage of the band stop filters. To detect the high pass / low pass filtering 

feature of the apparatus, the absolute values of the reflection coefficient spectra in equation 

(2.43) are found and shown in figure 4.14. The rate 𝜌 display the quality of the impedance 

match between the device and source. The figure shows a good match between the device 

and source at a critical frequency value of 0.47 GHz for Au/MIM-50nm/C in frequency range 

from 0.4 to 0.54 GHz, at 0.40 GHz for Au/MIM-100nm/C frequency range from 0.24 to 0.5 

GHz, and at 1.4 GHz for Au/MIM-75nm/C frequency range from 1.4 to 1.5 GHz. The device 

appears as low pass band filter. The frequency range from 1.43 to1.8 Ghz, the device displays 

high passes filter features [71]. Thus, the critical frequency being 1.45 GHz represents the 

notch frequency where microwaves are dramatically trapped [72]. 

The frequency regions where the magnitude of 𝜌 in Au/MIM-0nm/C and Au/MIM-200nm/C 

devices decreases pass band filter features appears. The increase in the frequency, is 

accompanied with the decrease the value of 𝜌. The value of 𝜌 reaches 0.13 at 1.8GHz. 
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Figure 4.13. The impedance spectral for Au/MIM/C with frequncey from zero to 1.8 GHz. 

 

Figure 4.14. The reflection coefficient for Au/MIM/C with frequncey from zero to 1.8 GHz. 
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To detect information about the trap wave quality. On the other hand, the return loss Lr 

spectra are found using equation (2.44) and shown in figure 4.15. The increase in the return 

loss value (ideally must = 20dB), the further qualitative the wave trap. The explained spectra 

of Lr submit that Au/MIM-50nm/C, Au/MIM-75nm/C, Au/MIM-100nm/C produce an ideal 

it’s for wave trapping at notch frequency values of 0.47 GHz, 1.49 GHz, 0.4 GHz respectively 

[73]. 

 

 

 

 

Figure 4.15: The return loss for the Au/MIM/C as a function of frequency in the range of 1.0 MHz-

1.8 GHz. 
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Chapter Five 

Conclusions 

 

In this thesis, MoO3 thin films of thickness of 500 nm were prepared by the thermal 

evaporation technique through employing physical vapor deposition procedure under 

vacuum pressure of 10-5 mbar. The produced films are used as substrates for the evaporation 

of indium slabs of thicknesses 0, 50, 75, 100 and 200 nm. 

The resulting MoO3/In films is used as substrate to evaporate another 500 nm thick to MoO3 

form MoO3/In/MoO3 films. The produced films were subjected to X- ray diffraction analysis, 

temperature dependent conductivity and impedance spectroscopy analysis to research the 

structural, electrical and impedance characteristics of the films. 

The X-ray diffraction analysis has shown that while un-sandwiched and films sandwiched 

with 50 nm indium layer exhibit amorphous nature of structure, the other samples are weakly 

polycrystalline. The dominate phase of MoO3 is orthorhombic -phase. The more thick the 

indium layer the more intensive the x-ray patterns of tetragonal indium. 

The electrical execution of the indium sandwiched films was also scrutinized. The films 

exhibits an Ohmic nature of contact when it was connect with indium from the top surfaces 

of the films. Realization of the electrical conductivity of the films was achieved using Hall- 

bar and Van der Puaw geometry. In the temperature dependent conductivity studies, the 

conductivity increased with increasing temperature responding to Arrhenius equation. The 

calculated activation energies of the films increased with increasing the thickness of the 

indium sandwich. 
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On the other hand the ac conduction studies have shown that the MoO3/In/MoO3 thin film 

devices are appropriate for AC signal processing. This note was proved with the impedance 

spectroscopy which appear the possibility of employing these thin film transistors for wave 

trapping and for application where parasitic repeal of capacitance is necessary. The device 

actualize this repeal through the negative capacitance character which display in its natural 

accomplishment. 
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 تحسين الاداء الكهربائي لمركب المالبوديوم اوكسايد بواسطة شرائح الانديوم النانومترية

 الملخص

تم تحسين الخصائص الكهربائية  نم لكل طبقة, في هذه الاطروحة 022 تحضير عينات المولبوديوم اوكسايد بسمكب قمنا 

, وبعد ذلك تم زراعة عنصر الانديوم بسمك  لعنصر المولبوديوم اوكسايد وتم تحضير عينة المولبوديوم اوكسايد بطبقتين

دراسة الخصائص الكهربائية لعنصر المولبوديوم اوكسايد وأخرى عند ب قمنامختلف بين طبقتين المولبوديوم اوكسايد و

 132حساب الموصلية عند درجة حرارة الجو وبعد ذلك قمنا بتسخين العينات الى درجة حرارة ب وقمنازراعة الانديوم . 

ولبوديوم س وقمنا بحساب الموصلية عند درجات حرارة مختلفة . ودراسة تأثير زراعة الانديوم على خصائص الم

            .                                                                                                                            اوكسايد

اعة ر. ودراسة تأثير ز عرف على التركيب البلوريوتم أيضا دراسة الخصائص التركيبية لعنصر المولبوديوم اوكسايد والت

التركيب البلوري له .                                                                                                        الانديوم على   

جيجا هيرتز. وتبين أن مواسعة هذه  1.1دراسة خصائص الطيف لهذا العنصر في تردد يصل الى ال شملتوفي النهاية 

جيجا هيرتز وتزداد هذه الخاصية بزيادة عنصر الانديوم  2.3لبة وأنها تمتلك خاصية حدوث رنين على تردد المادة هي سا

                       وهذا له استخدامات في التطبيقات التكنولوجية.                                                                                  

                                                                                           

 


